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1 

ABSTRACT 

Future spectroscopic observational programmes at Mount 

John University Observatory require the ability to acquire 

spectra with significantly higher spectrophotometric accuracy 

and geometrical stability than can currently be achieved. 

Therefore a solid-state linear-diode-array image detector 

system has been designed and developed for use with the MJUO 

echelle spectrograph. 

A review of those electromechanical design techniques 

of significance to astronomical instrumentation is presented. 

Their application is exemplified with a complete 

electromechanical design for the detector, which is found to 

allow each electronic sub-system implemented within that 

design to achieve its theoretical level of performance. 

The requirements for the video processing electronics 

of a solid-state image detector are explicitly developed, and 

are used to design the electronics for this detector. Subtle 

sources of electronic instability which can appear as noise or 

base-line shifts are identified and controlled in this design. 

In particular, differential non-linearity is identified in an 

existing preamplifier design, and so an alternative design is 

implemented. 

The readout noise of the entire detector system is 

measured to be 200 e-/h pairs for a noiseless signal source of 

zero impedance to ground. This increases to 350 e- /h pairs 

when the impedance of this source is equal to that of the 

diode array, due to an additional noise contribution of 290 

e-/h pairs. The net readout noise with the RL936F/30 diode 

array is 450 e-/h pairs, which is the quadratic sum of the 

detector system noise with the two 210 e-/h pair samples of 

diode capacitance thermodynamic noise. Thus the diode array 

is not found to contribute any noise in excess of its 

theoretical thermodynamic noise. 

A temperature controller is developed for use with 

sensors which are cooled in cryogenic dewars. A short term 

control precision of 1.6 mK r.m.s. is achieved which is 

entirely due to the theoretical noise of the temperature 

sensor. The long term precision over all operating conditions 
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is ±20 mK, which is dependent on the design of the dewar. 

The hardware and software which provide interactive 

instrument control and data reduction are described. In 

particular, they provide for flexible control of the detector 

sub-systems during data acquisition and testing, and enable a 

high level of data reduction to be undertaken while the 

detector is integrating. 

An observational programme has been carried out with 

this detector sys tern on the southern RS CVn sys tern HR4492. 

Radial velocity measurements with a precision of ±0.5 km s- 1 

have enabled a new ephemeris for the binary motion to be 

determined, namely HJD = 2446317.5 ± 21.82E. It is used to 

interpret Ha line profile variations in terms of probable mass 

transfer within the system. 
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INTRODUCTION 

For an overall understanding of the chemical and 

dynamical evolution of our Galaxy, the physical and chemical 

properties of its components have to be deduced. This may 

involve a wide range of observational work (for example, on 

the interstellar medium or individual stars in both the disk 

and halo populations), laboratory work (for example, on line 

oscillator strengths or chemical reaction rates), and 

theoretical work (for example, stellar structure and 

evolution). As part of the observational work, there are many 

astrophysically interesting research areas (for example 

isotopic ratios, stellar radial velocities, and line profile 

analysis), which require the use of detectors capable of 

obtaining data with signal-to-noise ratios significantly 

higher than 100:1, and with correspondingly high 

spectrophotometric accuracy. 

Griffin's (1968) use of photographic plates as a 

detector has shown that it is extremely difficult to calibrate 

their non-linear response to a spectrophotometric precision of 

better than 1% for even the brightest stars. Therefore during 

the last decade, a number of research groups have developed 

solid-state detector systems to address specific astrophysical 

problems which require higher signal-to-noise ratios and 

spectrophotometric accuracies than can be achieved by 

photographic plates. 

The McDonald Observatory system (Vogt, Tull, and Kelton 

1978) has been used extensively by Lambert and his colleagues 

for stellar atmosphere analysis using weak line equivalent 

widths (see for example, Sneden et al. 1981, and Dominy et al. 

1978), and for identifying the secondaries of spectroscopic 

binaries (see Tomkin 1978). High quality data obtained with a 

similar system at the European Southern Observatory coude 

auxiliary-feed telescope, has, for example, been used by 

Federman et al. (1984) to observe weak interstellar features, 

and by Lambert and Danks (1985) to observe the weak helium D3 

line in late-type stars. This latter work illustrates the 

ability to precisely remove the telluric lines from a spectrum 

by dividing it with the spectrum of a stellar continuum 
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source. Gray (1982a,b) has extensively analysed line profiles 

in stellar spectra to obtain their rotation and turbulence 

information, and thereby identify a dynamo rotational braking 

mechanism in stellar evolution. Additional line profile data 

from his system at the University of Ontario (Gray, 1986) are 

leading to an understanding of the turbulent motions within 

stellar atmospheres. Vogt (1982) has developed a system at 

Lick Observatory which he has applied to Doppler imaging of 

starspots in chromospherically active stars (see Vogt and 

Penrod 1983). Finally, Campbell et al. (1979, 1981} has 

introduced an hydrogen-fluoride cell into his optical path in 

an effort to measure radial velocities with the extremely high 

precision of ~10 ms- 1 In common with the work of Gray is the 

demonstration of high geometrical stability in their systems. 

Of 

astronomy 

Indeed, 

revolutionary significance 

are the various solid-state 

the above examples have been 

sensor. 

to observational 

image detectors. 

undertaken using a 

While this thesis self-scanning linear 

will concentrate on 

diode-array 

this type of detecting element, a 

discussion of other types of solid-state detectors used in 

astronomy is given by Timothy (1983), and in references 

therein. 

This thesis is organized to give the reader a thorough 

development of the total concept involved in the design, 

construction, and use of a Linear Diode Array detector for 

high resolution stellar spectroscopy. 

In order to discuss any solid-state detector system, 

the terminology and basic definitions required need to be 

introduced. These will be given in Chapter 1, and will 

include the response of the detector to illumination, its 

sources of noise, its dynamic range, and its efficiency. The 

linear diode array detector will be described in Chapter 2. 

In particular, details of its operating environment, and the 

method by which data is retrieved from the detector are given. 

In addition, the basic ideas raised in Chapter 1 are 

specifically addressed in relation to the linear diode array. 

Most of the material in these two chapters has been developed 

f rom a wide v a r i e t y of reference rna t e r i a 1 . I t i s therefore 

difficult to reference a single text or publication which 

describes all the features which need to be addressed. 
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Having selected a detector, the rest of the instrument 

package must be designed to produce an integrated physical 

system. In Chapter 3, the requirements for the underlying 

electromechanical design of that system are determined, and 

the techniques for achieving them are reviewed. Specific 

details of its implementation in the Mount John University 

Observatory LDA system are given there, and also in Chapter 4. 

This latter chapter also deals with the cryogenics, as well as 

the justification for, and the means by which the temperature 

environment is controlled. 

Chapters 5 and 6 determine the requirements and designs 

the electronic sub-systems which process the video signal and 

control the array. Given their implementation within the 

electromechanical design, this process need only consider the 

circuitry requirements of those electronics. Careful 

attention to detail enables many subtle sources of noise and 

instability to be identified and minimized. 

The acquistion and reduction of the digital data, for 

which this whole system was designed and intended, is outlined 

in Chapter 7. It gives a description of the Data Acquisition 

System hardware, and of the software options which are 

available for performing these tasks. 

Finally, the ultimate proof of the performance of any 

system is how it performs on the astronomical instrument and 

in the working environment for which it was intended. In 

spite of electrostatic discharge damage that existed in the 

diode array chip for this system, a number of moderate quality 

spectra of the chromospherically active HR4492 system are able 

to be given in Chapter 8. They are used to derive a new 

orbital period and ephemeris for HR4492, as well as to detect 

both the helium D3 and Li I 6707A features. Variations in the 

line profile of Ha are reduced from the spectra, and are 

interpreted in terms of possible mass transfer within the 

system. 

The number of tests which can be meaningfully made of 

the performance of this detector system is currently limited 

by the electrostatic discharge damage to the diode array chip. 

Therefore, a number of additional tests, to be performed when 

the new Reticon RL1872F/30 diode array is implemented, will be 

given in Chapter 9. 
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The electronic and geometrical stability of this 

instrument will allow many new astrophysical problems to be 

carried out at Mount John University Observatory. They will 

include weak 

monitoring of 

stars, and 

velocities. 

line abundance and isotopic ratio work, 

subtle line profile variations in a variety of 

the measurement of high precision radial 
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CHAPTER ONE 

CHARACTERISTICS OF SOLID-STATE DETECTORS 

An astronomical instrument is optically configured so 

that it collects the quanta of electromagnetic radiation from 

its target, and images them onto its image detector in a 

desired representation. The image detector is a device that 

captures photons that are incident upon it, and converts them 

into a recordable form. The desirable properties of this 

detector include the following. 

1) A large portion of the image produced by the optical 

configuration of the instrument can be imaged onto it. 

2) It converts a high proportion of the photons that are 

imaged onto it into recordable form. 

3) It operates over a large range of photon arrival rates. 

4) The incident image is reliably and precisely calculable 

from the recorded signal. 

5) It is operationally simple, reliable, and robust. 

Of revolutionary significance to observational astronomy is 

the solid-state group of image detectors. 

A solid-state image detector collects photons from the 

spatial pattern of illumination incident upon its surface, and 

converts them into a voltage waveform which is a discretely 

sampled, ordered, sequential representation of the incident 

radiation pattern. The collection process is referred to as 

an integration, the voltage waveform is referred to as a video 

signal, and the discrete samples in the waveform correspond to 

individual picture elements called pixels. The mechanism for 

producing the time-varying video signal is referred to as 

scanning, and the scanning function is accomplished by the 

application of one or more electrical signals 

the ordered sampling of the pixels. The 

converting the video signal into recordable 

represent the number of photons detected by 

called video processing. The resulting array 

which produce 

technique of 

numbers, which 

each pixel, is 

of numbers is 

referred to as a frame, 

those numbers will be 

and in the general case, the units of 

called video processing units, VPUs. 

The extraction of a frame from the detector is referred to as 
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a readout, and that event signifies the end of the integration 

interval for that frame. 

1.1 Photometric Transfer Functions 

The photometric transfer function of a specified pixel 

is that function which specifies the recorded signal of the 

pixel for a given input illuminance. If the transfer function 

is the same for all pixels, it is said to be homogeneous over 

the detector format. A transfer function is said to be 

homologous over the detector format if it has the same 

functional form for all pixels. 

1.1.1 Two-parameter Linear Functions 

It is scarcely to be hoped that a detector system with 

more than one pixel can have a homogeneous transfer function, 

but a multi-pixel system can realistically be specified to 

have a homologous transfer function. This is truly desirable 

as the procedures for determining the transfer function and 

for performing the corresponding photometric correction 

separately for every pixel in the format could be formidable. 

The most desirable homologous pixel transfer function has a 

linear two-parameter functional form; one additive parameter 

representing the photometric zero point of the pixel, and one 

multiplicative parameter specifying the relative photometric 

sensitivity of the pixel. Equation 1.1 expresses this for 

detector pixel 

zero point FP., 
1 

t i' in terms of 

for a response R. 
1 

the 

as 

R. = S.FF. + FP. 
1 1 1 1 

signal s. 
1 

gain FF., 
1 

and 

( 1. 1) 

The response of the detector to the absence of any signal 

(S. = 0, for all i) is called the fixed pattern, and gives the 
1 

zero point of every pixel. Therefore if the fixed pattern is 

subtracted from the response of the detector to uniform 

illumination (S. =constant, for all i), the resulting frame 
1 

called the flat field will explicitly give the relative 

response of every pixel. Thus if the fixed pattern and flat 

field have been determined, the response of the detector to 

any arbitrary illumination pattern can be transformed into a 
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pattern of relative intensities by subtracting the fixed 

pattern and then dividing by the flat field. 

1.1.2 Photometric Non-Linearity 

It is normally considered a performance irregularity if 

the fixed-patterned response is not linearly related to the 

input signal. Small deviations from linearity can be easily 

corrected if the system transfer function is homologous over 

the detector format, and has the following functional form 

R. = S. FF. + NL(R.-FP.) + FP. 
1 1 1 1 1 1 

( 1. 2) 

The error function NL(R.-FP.) has in general a non-linear 
1 1 

dependence on the fixed-patterned signal level, and is assumed 

to be homogeneous over the detector format. As illustrated in 

figure 1.1, it can be determined from a plot of the fixed

patterned response versus signal level by fitting a linear 

curve with the smallest peak-to-peak deviation from the data. 

(b) 

Figure 1.1: Plot showing (a) the best linear fit to the 

detector response, and (b) the non-linear error 

function for this response. 

The fitted curve is assumed to be the linear term S.FF., and 
1 1 

the difference between this curve and the data curve is 

therefore the required error function. Thus the response to 

an arbitrary illumination pattern is transformed onto a linear 

scale of relative intensities by subtracting the appropriate 

non-linearity error after the fixed pattern subtraction and 

before the flat field division. The uniform illumination 

response to be used as that flat field must first have its 

non-linearity errors subtracted after it is fixed patterned. 
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1.2 Detector Output Noise 

Any random 

representation of 

noise. 

fluctuation causing uncertainty 

an input signal by a de tee tor is 

in the 

called 

1.2.1 The Signal-to-noise Ratio 

The precision with which the signal recorded by a 

detector can represent the actual signal of the illumination 

pattern is dependent on the net noise, and is quantified as 

the quotient of the recorded signal level and the noise level, 

called the signal-to-noise ratio. The signal-to-noise ratio 

can be specified for the signal from an individual pixel, or 

to the amplitude of an image feature spread over many pixels. 

An alternative interpretation of the signal-to-noise ratio is 

that it specifies the information content of the signal under 

analysis. 

1.2.2 Noise Characteristics and Sources 

The probability distribution of noise amplitudes is 

described by Poisson statistics because 

of the quantum events causing noise. 

classical systems, the number of events 

noise is so large that the skewness 

Poisson distribution is 

amplitude probabilities 

negligible. 

can be well 

of the random nature 

However in describing 

causing the observed 

and kurtosis of the 

Therefore the noise 

approximated by a 

continuous Gaussian distribution with the same variance as the 

underlying Poisson distribution. 

If the net noise of a system is contributed to by more 

than one mechanism, it is well known that the instantaneous 

noise is the sum of the noise amplitudes of the individual 

mechanisms. Also, the amplitude distribution of the net noise 

is the convolution of the noise distributions of the 

individual mechanisms. As the convolution of N Gaussians with 

standard deviations a.(i=l. .N) is also a Gaussian, the net 
1 

noise is described by a Gaussian of standard deviation 
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[ 
N 2]0.5 

a = l ai 
i=1 

11 

( 1. 3) 

where the a. are the individual mechanism standard deviations. 
1 

The sources of noise contributing to the net output 

noise of each detector pixel can be grouped into the following 

three categories. 

1) Optical signal noise: the detected optical 

randomly arriving photons has a noise standard 

signal of N 
p 

deviation of 

~N photons according to classical Poisson statistics. This 
p 

signal is the sum of the source and background signals in the 

general case, and the noise mechanism is referred to as shot 

noise. 

2) Dark signal noise: signal that is detected in the absence 

of an optical signal is called the dark signal, and has an 

electronic origin within the sensor. If the dark signal 

amplitude is equivalent to Nd detected photons, the shot noise 

of this signal is ~Nd photons. 

3) Readout noise: the uncertainty with which the scanning 

and video processing electronics can measure the signal is 

called the readout noise. Its standard deviation is expressed 

as an equivalent number of photons, ar, and is independent of 

the signal level. 

Therefore the net readout frame noise of a pixel with 

readout noise a , that 
r 

dark equivalent photons, 

collected Np signal photons, and Nd 

is found from equation 1.3 to be 

( 1. 4) 

The photometric transfer function must be applied to this 

frame to determine the image frame. 

1.2.3 Transfer Fuction Augmented Noise 

Both the fixed pattern and flat field frames have an 

associated noise, and hence applying them to the image readout 

frame for correcting the photometric response of the detector, 

will contribute to the noise of the corrected image frame. 

The noise amplitude for each frame that is used or generated 

by the correction process can be found as follows. 
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Fixed pattern frames: The required integration time to 

acquire a fixed pattern frame could theoretically be zero 

because there is no photon flux, N = 0, to be integrated. 
p 

Thus only a negligible dark signal, Nd ~ 0, can be accumulated 

in the short fixed pattern integration time, and therefore it 

follows from equation 1.4 that the noise of a single fixed 

pattern frame is equal to the detector readout noise. However 

consider a numerically generated frame which is the average of 

nfp fixed pat tern frames, called an averaged fixed pat tern 

frame. The signal component of this frame is unchanged from 

that of any individual frame, whereas the noise component 

found by first using equation 1.3 for the sum of the noises, 

is 

afp = 
a 

r 
( 1. 5) 

Thus the noise of an averaged fixed pattern frame can be made 

smaller than the noise of the image readout frame. If the 

time spent collecting the fixed pattern frames is required to 

be small compared to the integration time of the image frame, 

an upper limit is placed on nfp implying a lower limit on the 

fixed pattern noise. 

Fixed-patterned frames: these numerically generated frames 

are the difference between an image readout frame and an 

averaged fixed pattern frame. Using equation 1.3 to combine 

the noise of the two operand frames, the noise of a pixel in a 

fixed patterned image frame is found to be 

0
irf-fp = J a 2 (1 + _1_) + N + Nd ( 1. 6) 

r nfp p 

and therefore the signal-to-noise ratio of the information 

from that pixel is given by 

N 
s p 

Nfpf 
= h2[1 

( 1. 7) 

+ _1 l + N + Nd 
nfp p 

Flat-fielded frames: these numerically generated frames are 

the quotient of a fixed-patterned image frame and a flat-field 

frame. The flat-field frame is a fixed-patterned frame whose 

image is of a spatially uniform illumination pattern, and the 

noise and signal-to-noise ratio of the individual pixels 
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within the operand frames are given by equations 1.6 and 1.7 

respectively. The probability distribution of a fractional 

error will have the same functional form as the noise 

distribution of its signal. It follows that the distribution 

is Gaussian with a standard deviation equal to the quotient of 

the noise standard deviation and the signal, and that this 

standard deviation is the reciprocal of the signal- to-noise 

ratio of the signal. Thus the fractional uncertainty 

probability distribution of a quotient frame is the 

convolution of the operand distributions, and has a standard 

deviation found by using equation 1.3 of 

a 
__ q_-
s -

q 
( 1. 8) 

where i and f are the operands, and q refers to the quotient 

frame. The interpretation of equation 1.8 allows the signal

to-noise ratio of a flat-fielded frame to be found from the 

signal-to-noise ratios of the image and flat-field frames, 

respectively S/Ni and S/Nf' as 

+ = [ [+J:2 + [+]~2r 5 (1.9) 
Thus in the genera 1 case, the signal- to-noise ratio of 

the final image frame is seen to be degraded by the transfer 

function correction process. The noise of the image and flat

field readout frames, given by equation 1.4, are augmented by 

the subtraction of the averaged fixed-pat tern frame, whose 

noise is given by equation 1.5. The signal-to-noise ratios of 

the resulting fixed-pattern frames are given by equation 1.7, 

and determine the signal-to-noise ratio· of the flat-fielded 

frame according to equation 1.9. This result shows that the 

division by the flat-field further decreases the signal-to

noise ratio of the image. However the degradation of the 

available signal-to-noise ratio in the image read-out frame 

can be kept within any arbitrary limit if the number of 

fixed-patterns to be averaged is sufficiently high, and if the 

ratio (S/N)f/(S/N)i is sufficiently large. 
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1.2.4 The Detector Noise Domains 

If the dark 

negligible compared 

signal 

with 

generation 

the signal 

rate in a detector is 

photon detection rate, 

then equation 1.4 shows that there are two independent noise 

sources which contribute to the net detector output noise: the 

readout noise and the photon shot noise. Therefore the net 

noise of any one frame can be characterized as follows. 

Readout noise limited domain: when the detected photon 

signal of a pixel is negligible by comparison to the square of 

the readout noise of the pixel, the signal is said to be 

readout noise limited. In this response domain the noise is 

independent of the signal level, and thus the signal-to-noise 

ratio is linearly dependent on the signal level. 

Photon noise limited domain: when the square of the readout 

noise of the pixel is negligible by comparison to the detected 

photon signal in that pixel, the signal is said to be photon 

noise limited. In this response domain, both the noise and 

signal- to-noise ratio are equal to the square-root of the 

detected photon signal. An additional property of operating 

in this domain is that the subtraction of the fixed-pattern, 

in the transfer function correction process, does not 

contribute to the net output noise. 

A detector whose operating principle is to count the 

individual photons that have been detected is classified as a 

photon counting detector. Those detectors will not exhibit 

readout noise and so will always operate within the photon 

noise limited domain. Detectors whose operating principle is 

to represent the total number of photons detected by each 

pixel as the magnitude of a physical parameter, are classified 

as integrating detectors. All current integrating detectors 

exhibit a readout noise which is greater than their 

representation of a single detected photon. Therefore at low 

signal levels they operate within the readout noise limited 

domain wheras at sufficiently high signal levels, they can 

operate within the photon noise limited domain. 
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1.3 Dynamic Range 

The dyanamic range of a detector specifies the range of 

responses to which the detector can respond. Therefore 

quantifying dynamic range depends on how the response of the 

detector is defined. For this purpose, the response will be 

defined to be the response from a single pixel when measured 

in units of the signal level that corresponds to unit 

signal-to-noise ratio ( but alternatively see Livingston et 

al. 1976 ) . For a readout noise limited detector that 

exhibits a fixed-pattern signal, the dynamic range is 

therefore the quotient of the maximum possible fixed-patterned 

signal and the net noise of the detector, as given by 

Dynamic Range = Maximum fixed-pattern Signal Level 
Combined Readout and Dark Noise (1.10) 

In the general case, the dynamic range of a photon counting 

detector is also given by equation 1.10 because of the 

detector dark noise, although both the readout noise and fixed 

pattern noise will be zero. However from the original 

definition, the dynamic range of a photon counting detector in 

the absence of dark noise will be the maximum number of 

photons that it can record. 

Thus, dynamic range will be thought of as the maximum 

possible response of the detector relative to the minimum 

response at which the presence of an optical signal can be 

detected. 

1.4 Detector Efficiency 

A detector system can be thought of as an instrument 

that records the information encoded in an illumination 

pattern that is incident upon it. The efficiency with which 

the detector collects that information can be quantified as 

the fraction of the incident information that can be recorded. 

1.4.1 Signal-to-noise Efficiency 

This author uses the signal-to-noise ratio to quantify 

the information content of an image, as introduced in section 
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1.2.1. Therefore the efficiency with which a detector 

collects an image is defined to be the fraction of the signal 

to-noise ratio available in the integrated incident image, 

that has been recorded by the de tee tor in that integration 

time. The author refers to this quantity as the Signal-to-

Noise Efficiency, SNE, and expresses it as 

SNE = 
[+]recorded 

[ ~ ] incident 

{1.11) 

The SNE will be functionally c dependent on the efficiency of 

the underlying quantum detection process of the detector. 

1.4.2 Responsive Quantum Efficiency 

The efficiency with which the quantum detection process 

occurs within the detector can be quantified by the 

probability of an incident photon being recorded, called the 

responsive quantum efficiency, RQE. It follows that in 

equations 1.4, 1.6, and 1.7, the number of detected photons, 

N , is given in terms of the integration time, At, the 
p 

incident photon arrival rate, N., and the RQE as 
1 

N = RQE N. At (1.12) 
p 1 

Therefore in the case of a noiseless detector, the SNE can be 

expressed in terms of the underlying quantum detection process 

as 

SNE = f""N;-
j~ = = 0 . (1.13) 

l 

1.4.3 Detective Quantum Efficiency 

A detector parameter in common use is called the 

detective quantum efficiency, DQE, and is defined to be 

(S/N ) 
2 

recorded 
DQE = 

)
2 

(S/Nincident 

{1.14) 

Therefore the DQE of a detector is equivalent to the RQE that 

a noiseless detector would exhibit under identical operating 
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conditions. The DQE parameter allows the effective efficiency 

of the quantum detection process in different detectors to be 

compared, but does not directly express the efficiency of a 

detector at recording its incident information. The 

dependence of the SNE on the DQE is 

SNE = JnQE (1.15) 
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CHAPTER TWO 

THE LINEAR DIODE ARRAY DETECTOR 

Before a detector system can be designed and operated, 

an understanding of the response of its sensor component to 

its input signal, control signals, and environment must be 

established. Therefore a qualitative description of linear 

diode arrays will be developed in order to understand why the 

responses occur, and upon what they depend. Also, these 

arrays will be modelled so that the processing of the sensor 

signal by the detector system can be optimized by a 

quantitative analysis. 

2.1 Electronic Response And Parameters 

2.1.1 The p-n Junction 

The interface between regions of n-type and p-type 

semi-conductor is called a p-n junction. During the formation 

of the junction, the concentration gradients of electrons and 

holes drive them across it in opposite directions. When a 

given type of charge carrier crosses the junction, it leaves 

behind an oppositely charged immobile ion. Thus immobile net 

charges accumulate near each side of the junction, negative in 

the p-side and positive in the n-side. This is called the 

'depletion region', and its internal electric field opposes 

the diffusive transport of charge across the junction. The 

formation of the depletion region is complete when these two 

processes reach equilibrium. 

The junction is said to be reverse biassed if a 

potential is applied across it with the same polarity as that 

of the depletion region. The applied potential appears almost 

entirely across the depletion region due to an increase in the 

electric field of the region. This is because the net charge 

stored on either side of the junction increases, which is 

achieved by removing additional electrons from the n-side of 

the junction, and holes from its p-side. The dependence of 

the net stored charge in the depletion region on the applied 
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reverse potential is called the depletion region capacitance. 

2.1.2 The Integrating Photo-diode Sensor 

The photo-diode light sensor is a reverse biased p-n 

junction. In 1960 a patent was issued to F.W. Reynolds at 

Bell Telephone Laboratories describing a characteristic of the 

p-n junction which became known as 'Charge Storage Operation'. 

The diodes are operated in charge storage mode by reverse 

biassing their junctions to a certain initial potential to 

store a preset charge on the depletion region capacitance. 

The capacitance then discharges during the specified 

integration time by two principle mechanisms. 

1) The internal photo-electric effect If the energy of an 

absorbed photon exceeds the silicon bandgap energy, an 

electron is raised from the valence energy band into the 

conduction energy band to form an electron-hole pair. If 

diffusion transports this pair to the depletion region within 

their lifetime, they will not recombine, but will discharge 

the depletion region capacitance by one electronic charge. 

2) Thermal charge generation: the thermal fluctuations in 

the energy of valence band electrons can raise those electrons 

into the conduction band. The probability of this depends on 

the temperature of the semi-conductor and on the reverse 

potential of the depletion region. Each electron-hole pair 

which diffuses into the depletion region within its finite 

lifetime will discharge the capacitance of the depletion 

region by one electronic charge. 

At the end of the integration, the amount of charge 

required to rebias the depletion region capacitance to its 

initial value is the measure of the accumulated photon signal 

and thermal dark current. 

The energy from electron-hole pairs which recombine 

with the crystal lattice, and from absorbed photons whose 

energy is less than the bandgap energy, appears as a 

propagating mechanical lattice vibration known as a phonon. 

2.1.3 Physical Organization and Operation 

As shown in figure 2.1. arrays of photo-diodes can be 
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Figure 2.1: Schematic representation of the structure of the 

Reticon RLxxxxF/30 series photo-diode array. 

(based on Livingston et al. 1976) 

fabricated by p-doping surface regions into ann-doped silicon 

substrate. The surface is coated with silicon dioxide to 

prevent surface leakage currents from contributing to the dark 

current, and to saturate the free lattice bonds as described 

in section 2.3.1. The height of the diode sensing area is 

delimited by a metal aperture encircling the array of diodes. 

Access to the diode signals is accomplished by two shift 

register scanning circuits that are fabricated on the same 

substrate as the array of diodes. For the RL936F/30 array, 

each circuit is composed of two video lines, an array of 234 

pairs of MOSFET switches connecting the diodes to their 

appropriate video line, and a 234-bit shift register with 

three input control lines. Figure 2.2 shows a scheme of one 

of these circuits, which is of the generic type whose design 

has been de s c r i bed by Joy n son e t a l. ( 1 9 7 2 ) . I t opera t e s when 

the time-varying voltage waveforms referred to as clocks, and 

shown in figure 2.3, are applied to the control lines. The 

voltages are either 'low' or 'high', and the transitions from 

low to high and high to low are respectively called rising and 
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Figure 2.2: Circuit representation of a shift register 

{based on Joynson et al. 1972). 
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Figure 2.3: Time-varying waveforms {clocks, ~ 1 and ~ 2 • and the 

start pulse) for the shift registers. 

falling edges. Access to the diode array is accomplished when 

a charge packet referred to as a 'bit' is loaded into the 

shift registers first storage node, SN 1 , by a rising edge of 

clock ~1 being co temporal with a low start pulse. The falling 

edge of clock ~2 then shifts the start bit into the first 

address location, AL 1 , thereby turning on the first pair of 

switches, SWP 1 , in the multiplex switch array. That switch 

pair is subsequently turned off when the rising edge of ~2 

moves the shift bit from address location one onto storage 

node two. The falling edge of ~1 then moves the shift bit 

into address location two to turn on the second switch pair, 

and later the rising edge of ~1 turns off switch pair two to 

end the first cycle of this control sequence. The cycle is 

repeated to sequentially access every pair of diodes addressed 

by the shift register. The two shift registers access 
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alternate pairs of diodes along the array. 

2.1.4 The LDA circuit representation 

The physical hardware of a video-line in a self

scanning photo-diode array has the equivalent electronic 

circuit representation shown in figure 2.4. The photo-diodes 

<P. 
SHIFT REGISTER <P2 

START 

VIDEO 

BIAS 

Figure 2.4: Equivalent electronic circuit for a self-scanning 

photo-diode array. 

are represented by an ideal diode in parallel with their diode 

capacitance, cd. The anode of each diode is connected to the 

video line through its own shift register addressed multiplex 

switch, with the 'on' resistance of the switch, Rd' explicitly 

shown. The cathode of each diode is connected to a common 

bias line to allow the diodes to be reversed biassed, and to 

reference the video 1 ine through • on' diodes to the zero 

signal reference of the external electronics. Each multiplex 

switch exhibits a small ~0.15 pF capacitance which effectively 

exists between the video and bias lines. Their parallel sum 

is represented as a single lumped component by the video 

capacitance, C 
v Additionally, each switch exhibits a 

capacitance between its control line and the video line which 

is represented by C cv 
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2.1.5 The Fixed Pattern 

When a multiplex switch changes state, the transition 

in the clock voltage effecting the change will alter the 

potential across the capacitance C The quantity of charge cv 
required to change the potential of the capacitor must be 

sourced or sunk by the video line. Thus when a diode is 

selected by a falling edge during an array scan, and the 

previous diode is deselected by a rising edge, charge is both 

sourced and sunk by the video 1 ine. Imbalance in the C cv 
capacitances between the two switches due to chip layout and 

fabrication differences will result in a net charge transfer 

between the two capacitors and the video 1 ine. The charge 

transferred is additive to the signal charge on the diode 

accessed by the video line, and is therefore a component of 

the fixed pattern of the diode array. Vogt, Tull, and Kelton 

(1978} have found that the amplitude of the fixed pattern 

charge is 

qfp = 500,000 e-/h pairs. (2.1) 

Wood (1979} has claimed that charge pumping in the 

MOSFET multiplex switches contributes the other 

component of the fixed pattern. This mechanism removes 

major 

charge 

from the conducting switch channel connected to the video line 

when the negative control pulse creates or annihilates the 

channe 1. This charge is pumped in to the substrate of the 

switch, reducing the charge on the accessed diode in the 

additive manner of the fixed pattern. 

Both the capacitance C of the MOSFET switch gate to cv 
drain and gate to source capacitances, and the charge pumping 

mechanism, are temperature dependent. This requires operation 

of the diode array at constant temperature to stabilize the 

fixed pattern. 

2.1.6 Intrinsic LDA Noise Sources 

The diode access and reset phases of operating a self

scanning diode array generate intrinsic random fluctuations in 

the signal charge. 
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a) Thermodynamic Reset Noise 

Charge must flow through a conductor or switch of non

zero resistance to reset the diode capacitance, and so the 

Johnson-Nyquist voltage noise of the resistance in that reset 

path (see appendix 2) will cause the reverse bias of the diode 

voltage to fluctuate during the reset time interval. The 

corresponding charge fluctuation on the diode capacitance is 

sampled at the end of the reset period, resulting in an 

uncertain initial charge on the reset diode. As the resistor 

noise voltage has an amplitude proportional to ~R. and the 

noise bandwidth of the resistor-capacitor circuit is inversely 

proportional to ~R. the reset noise amplitude does not depend 

on the resistance. Thus to calculate the noise amplitude, the 

fluctuation energy for a system with one degree of 

given by the equipartition theorem, is equated 

electrostatic energy fluctuation of the capacitor as 

.!. kT 
2 [ = ~ cd v2J 

freedom, 

to the 

(2.2) 

The r.m.s. noise in electronic charge units is then found to 

depend only on the absolute temperature T, and the diode 

capacitance as 

q =.!. ~ n e r~·~d (2.3) 

Additionally, real MOSFET switches can have excess noise of up 

to ~2 times their Johnson-Nyquist resistor noise, which will 

increase the thermodynamic noise by up to ~2 (J.A.Hall 1976, 

p 554). 

b) Fixed Pattern Noise 

The transfer of charge through any potential barrier 

can be described with Poisson statistics, and the associated 

uncertainty in the net charge transferred is called shot 

noise. As the fixed pat tern charge pumping transfers charge 

through the potential barrier between the conducting channel 

of the MOSFET switch, and the substrate, the quantity of 

charge removed from the video line exhibits shot noise. 
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c) Net Intrinsic Detector Noise 

Two contributions of reset noise are made to any 

observation due to resetting the diode at both initialization, 

and readout. If a reset switch excess noise factor of F is 
X 

used, and the net charge pumped is called q , 
p 

the intrinsic 

detector noise is given by 

If F = 1.2. T = 
X 

e-/h pairs (Wood, 

j2Fx2 a. = 
1 

133 kelvins, 

1979), the 

kTCd 
+ qp 

e2 

cd = 0.6pF, 

intrinsic 

(2.4) 

and q ~ 8 x 10 4 

p 
detector noise is 

calculated to be approximately 450 electron-hole pairs. 

However if F = 1 and q = 0 e-/h pairs, then the lower limit 
X p 

on the intrinsic noise is approximately 290 e-/h pairs. 

2.2 Readout Techniques 

The diode signal charge must be conditioned by an 

amplifier attached to the video line to enable subsequent 

signal processing to determine the integrated photon flux. 

This amplifier may be characterized as presenting either a 

high or a low impedance between the video line and the signal 

ground. 

2.2. 1 Video Voltage Level Processing 

In figure 2.5 a high input impedance amplifier (see 

appendix 1) buffers the video line, and a low 'on resistance 

reset switch interconnects the video and signal ground. As no 

charge can leak from the video line when buffered by this 

amplifier, any video line charge variation will appear as a 

voltage variation on the video capacitance. 

a) Reset Switch Action 

To reset the diode under access, the reset switch is 

activated to give the equivalent circuit shown in figure 2.6a. 

This action is the initialization for integrating incident 
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RESET 

BIAS 

Figure 2.5: High input impedance amplifier conditioning the 

video signal. 

(d) (b) 

Figure 2.6: Equivalent circuits for initialization of 

{a) diode capacitance, cd. and 

(b) video capacitance, c . v 

light referred to in section 2.1.2. The diode capacitance 

charges exponentially to the video bias voltage, vb. 

= {Rd+Rr )C d, about 6 ns {Buss 

with a 

et al. time constant of 

1976) . The video capacitance is recharged in a similar way, 

as depicted in figure 2.6b, with a time constant of T = R C , v r v 
about 400 ps. A reset p~riod of N time constants will 

complete the recharging to one part in exp(N), and can be 

terminated when the residual charge is negligible compared to 

the detector noise. 

At the end of the reset period the video voltage has 

settled to zero. This would be retained when an ideal reset 

switch was turned off because no charge would enter or exit 

the video capacitance. However the control voltage transition 

that turns off the reset switch will change the voltage across 

the undesirable capacitance C , requiring the video line to 
r 

source charge in to the capacitor. This reset feed through 
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offsets the video line voltage from zero to 

where AV rp 
the charge 

is the amplitude of the reset control pulse. 

is t ran sf ered through a capacitance, there 

27 

(2.5) 

Since 

is no 

shot noise associated with it. However the noise waveform on 

the reset. control line will also feed through to the video 

line with the dependence of equation 2.5. Thus C must be 
r 

minimized, and the reset control line noise must be kept to an 

appropriate value. 

b) Readout Operation and Response 

The integration is terminated by reading out the 

accumulated diode signal. Figure 2.7 shows the control signal 

<PI 

RESET jl ____ ___.n'--------~n~...--___ _ 
VIDEO ~ ~ f ~ 1 I VOLTAGE 

• , 
RESET SMALL RESET LARGE RESET 
LEVEL SIGNAL LEVEL SIGNAL LEVEL 

Figure 2.7: Schematic representation of the control signal 

timing, the reset switch action, and a typical 

video voltage output at readout. 

timing and a typical video voltage response waveform of the 

readout. The diode that was accessed by the first falling 

edge of 4>1 is reset during the middle of its access period; 

the video voltage is zero during reset, and exhibits the reset 

feedthrough offset immediately afterwards. Th i s reset vide 0 

voltage is held by the video line until the shift register 

action described in section 2.1.3 deselects this diode to 
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select the next diode. Fixed pattern charge is transferred 

onto the video line by this process as described in section 

2. 1. 5; the video vo 1 tage changes in response to the charge. 

Also, the selection of the next diode allows the signal of 

that diode to be interrogated. 

The voltages across the diode and video capacitances, 

as a function of the charge each holds immediately before the 

selection of the diode, are respectively given by 

qv 
' and vr = -c

v 
(2.6) 

After se lee t ion, the diode charge, video charge, and fixed 

pattern charge appear on the parallel combination of the diode 

and video capacitances, changing the video signal voltage to 

Vs = [ qv ~vq~ ~dqfp l (2.7) 

When the result qfp =. Vfp(Cv + Cd) is used for the fixed 

pattern charge, the change in the video signal voltage due to 

the selection of the diode is 

av. = v.- v. = [eve~ ed][vd- v.J + vfp (2.8) 

Since Vd = Vr after resetting, the difference Vd - Vr is the 

diode voltage change that has occurred due to the integration 

of the optically and thermally genera ted signal charge q . 
s 

Therefore equation 2.8 can be expressed as 

AVs = [ed'~·ev] + vfp (2.9) 

which shows that the video difference voltage !V is linearly 
s 

related to the signal 

pattern component. Thus 

charge, and has an additive fixed 

the quantity !V 
s 

can be used by the 

subsequent signal processing to determine the photon signal. 

The capacitance C in equation 2.9 is seen to attenuate 
v 

the signal dV from its maximum possible value of !q /Cd. As s s 
Cv is typically two orders of magnitude greater than C d, the 

noise performance requirements of the readout electronics will 

be greatly increased. Therefore the existence of C is one of 
v 

the significant problems of the self-scanning diode arrays. 
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c) Linearity 

An implicit assumption of section 2.2.1b is that the 

depletion region capacitance of a p-n junction is linear; the 

charge stored is required to be linearly related to the 

reverse voltage. However the real dependence can be shown to 

be an inverse proportionality to the square root of the total 

junction voltage {Holt 1978, p42), and so equation 2.9 is non

linear. This would be an unacceptable signal extraction 

technique in the absence of the signal attenuation by the 

video capacitance. The attenuation restricts the signal 

vo 1 tage variations on these capacitors to be a very small 

fraction of their total reverse voltage. Since any continuous 

function appears linear to within some tolerance, if examined 

in a restricted range, the linearity of equation 2.9 in the 

region of operation is therefore greatly enhanced. Diode 

array signal extraction by this technique is found to be 

linear at the readout noise tolerance level (Vogt, 1981). 

2.2.2 Recharge Current Processing 

In figure 2.8 a low input impedance amplifier 

interfaces the video line to the external signal processing. 

OUTPUT 

V' • - i Rf 0 v 

GP 

Figure 2.8: Low input impedance current-to-voltage amplifier 

interfacing a video line to the external signal 

processing. 
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Any charge on the video capacitance which would cause a 

deviation of the video voltage from zero, will flow into the 

amplifier until the video voltage has returned to zero. The 

amplifier represents this input current linearly as an output 

voltage. 

a) Readout Operation 

The integration is terminated by reading out the 

accumulated diode signal. Figure 2.9 shows the control signal 

OUTPUT (\ 

VOLTAGE ___ -J(\ ____ ____.(\.__ ____ / \__ 
SMALL 

SIGNAL 

ZERO 

SIGNAL 

LARGE 

SIGNAL 

Figure 2.9: Schematic representation of the control signal 

timing for recharge current processing, and the 

resulting output signal. 

timing and a typical video voltage response of a readout. The 

video voltage is zero when a diode is accessed by the next 

falling clock edge. The diode and video capacitance charges 

redistribute onto the parallel combination of those 

capacitances with a time constant of RdCd' and the fixed 

pattern charge is simultaneously transferred onto the video 

line. The video voltage would become that of equation 2.7, 

however the amplifier response is to supply a current pulse to 

restore the zero video voltage. The integral of that pulse is 

I 1 i dt = q + qfp pu se s (2.10) 

and so the integral of the amplifier output in the ideal case 

is linearly related to the signal plus fixed pattern charge. 

Thus the recharge current pulse both resets the accessed diode 
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and measures the diode signal. 

b) Performance and Stability 

The recharge current pulse both starts and finishes 

with the same video voltage, so the non-linearity of the diode 

and video capacitances does not affect the total charge in the 

pulse. This signal extraction technique is therefore linear in 

the case of the ideal current to voltage amplifier of figure 

2.9. 

The infinite bandwidth of the ideal amplifier must be 

limited to reduce the amplifier noise to a finite level. In 

order to reproduce a pulse of fixed temporal width, the 

bandwidth must be such as to recover the pulse frequency 

spectrum sin(vf)/(vf) to the sixth zero crossing. An 
acceptably priced reproduction of a diode array recharge 

current pulse can be made with amplifiers which reach only the 

first zero crossing, a limit which includes most of the pulse 

energy. The consequence of this limitation is that the area 

of the output pulse has a dependence on the input pulse shape 

for a given input pulse area. Thus system instabilities which 

affect the pulse shape contribute directly to the readout 

noise. Since the fixed pattern charge pulse is the sum of the 

cotemporal charge pulses from the rising and falling clock 

edges, phase jitter between these two pulses results in the 

net charge pulse having an unstable shape. This instability 

can contribute significantly to the readout noise because the 

net fixed pattern pulse is typically larger than the signal 

pulse. Vogt, Tull, and Kelton (1978) have found that special 

attention to the stability of their clock waveforms is 

necessary, and Tull (1982) has needed additional clock 

electronics to negate a dependence of the clock phases on the 

temperature of the electronics. Wood (1979) chose to separate 

the clock edges in time, but finds that stringent requirements 

are then placed on the large signal handling capabilities of 

the amplifier because the full positive and negative 

amplitudes of the clock pulses must be handled separately. 
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2.2.3 Readout Technique Comparison 

While recharge current pulse processing has been 

implemented in detector systems which have had a significant 

impact on astronomical research (Vogt, Tull, and Kelton 1978), 

alternatives should be considered in planning new systems. 

This author identifies the following considerations for 

choosing voltage level processing for diode array detectors. 

1) The full diode capacitance energy is extracted by the 

vo 1 tage 1 eve 1 processing technique, whereas for a comparab 1 e 

price, recharge current pu 1 se processing does not because of 

its bandwidth limitation. 

2) The voltage level processing technique produces a static 

signal which is stored on the video line enabling it to be 

integrated for sufficient 

sources to a negligible 

time to reduce non-intrinsic noise 

value. In contrast the current 

recharge pulse technique produces a dynamic signal whose short 

duration requires additional electronics to stretch the pulse 

before noise filtering and signal processing can be performed. 

3) Current recharge pulse processing must explicitly handle 

the fixed pattern current pulse because it is simultaneous 

with the signal pulse. This leads to stringent stability 

requirements on the dynamic parameters influencing the fixed 

pattern. However an intrinsic property of voltage level 

processing is the integration of the fixed pattern and signal 

pulses on the video line storage capacitances. Therefore the 

processing of the video signal can be undertaken after the 

transient dynamic events of diode selection have finished. 

4) The architecture for video level processing is now 

designed into the readout mechanism of charge coupled device 

detector chips, and so a diode array detector system using 

this technique will have a conceptual compatability with the 

premier astronomical detectors of today. 

2.3 Performance Characteristics 

2.3. 1 Responsive Quantum Efficiency 

The probability of a photon of wavelength A being 
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recorded as a depletion region electron-hole pair in a photo

diode of temperature T is called the responsive quantum 

efficiency RQE(/-., T). Figure 2.10 shows RQE(A,) for a Ret icon 

RL-1024S linear diode array operating at approximately 0 °C. 

tor-------------------------------------------------------, 
10 
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Figure 2.10: RQE for a Reticon RL1024S as a function of 

wavelength for T=0°C. 

(adapted from Talmi and Simpson 1980) 

To interpret the general characteristics of this curve, the 

following properties of silicon photo-diodes are used. 

1) Only 70% of the light illuminating a silicon surface at 

normal incidence from a medium of air will pass into the 

silicon. This is because the reflectivity of that surface is 

R = sa 

(nsi - nair ) 2 

(n.+n.J2 s1 a1r 

(2.11) 

where n . = 3.45 and n . = 1.00, which are respectively the 
s 1 a1 r 

refractive indices of silicon and air. 

2) The silicon optical absorption coefficient decreases with 

increasing wavelength, and consequently, the most probable 

depth of absorption moves from near the surface for short 

wavelengths, to deep within the silicon at longer wavelengths. 

3) Not all photons are absorbed within the finite depth of 
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the semiconductor. 

4) The depletion region layer has a finite depth and is 

below the surface of the silicon. 

5) Some of the electron-hole pairs that are not created 

within the depletion region will recombine before they can be 

transported there. This is because the electric field in this 

region is weak due to most of the field associated with the 

reverse potential of the diode appearing across the lower 

conductivity depletion region. Thus the electron-hole pairs 

are only slowly transported to the depletion region which 

enhances their probabi 1 i ty of recombining because they have 

finite lifetimes. 

6) Some of the electron-hole pairs generated within the bulk 

of the silicon are not collected by the depletion region 

capacitance because they are captured in bulk traps. Those 

traps are the energy levels that occur in the band gap due to 

the presence of impurity ions and crystal defects. 

7) Some of the electron-hole pairs generated near the 

silicon surface are not collected by the depletion region 

because they are captured in surface traps. Those traps are 

energy levels in the band gap of the surface silicon which are 

due to the unsaturated bonds at this discontinuity in the 

tetrahedral silicon lattice. The density of those traps is 

minimized by thermally oxidizing the surface to saturate the 

bonds by forming silicon dioxide. 

By separating the RQE(A) curve into three distinct 

wavelength regions, it can be qualitively interpreted. 

250nm -450nm : the mean absorption depth is near the surface 

but their separation increases with increasing wavelength (#2 

above). Therefore the losses due to surface trapping (#7) 

decrease with increasing wavelength, and so the RQE increases 

with wavelength. 

450nm - 700nm : the mean absorption depth is passing through 

the depletion region in this wavelength interval (#2 and #4) 

and so the internal losses (#5, #6, and #7) are at a minimum. 

Therefore the RQE approaches the maximum value allowed by the 

surface reflectivity of silicon {#1). 

700nm llOOnm the mean absorption depth is be 1 ow the 

depletion region and their separation increases with 

increasing wavelength {#2). Therefore the RQE decreases with 
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increasing wavelength due to the increasing losses from bulk 

trapping and recombination (#5 and #6). The RQE becomes zero 

near 1100nm, the wavelength of photons whose energy is equal 

to the silicon bandgap energy. 

Figure 2. 11 shows the RQE temperature dependence by 

plotting RQE{T) I RQE(T=-30°C) against wavelength. At 

8000 10000 
>-(Al 

Figure 2.11: RQE as a function of temperature and wavelength. 

(from Vogt, Tull, and Kelton 1978) 

wavelengths greater than 700nm, the RQE decreases with both 

decreasing temperature and increasing wavelength. This is due 

to the optical absorption coefficient decreasing with the same 

dependence, resulting in an increase in the separation between 

the depletion region and the mean absorption depth, and a 

consequential decrease in the RQE. 

2.3.2 Modulation Transfer Function 

If light of wavelength A is imaged onto a detector in a 

spatially sinusoidal intensity pattern, of spatial frequency f 

and unit amplitude, the modulation transfer function MTF(f,A) 

of that detector is the maximum peak to peak signal with which 

it can respond. Figure 2.12 gives curves of MTF(f=const. ,A) 

for frequencies corresponding to periods of 2p, 4p, and 8p, 

and an interpolated curve for 3p, where p is the width of one 

detector pixel. Also shown are the theoretical MTF values for 

the above frequencies which were found from equation 2.12 (see 

for example Barbe, 1976 p.665). 
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Figure 2.12: MTF as a function of wavelength for the sampling 

frequencies shown. (from Livingston et al. 1976) 

sin 

MTF(f) = 
7r f (2.12} 

2f 
n 

For wavelengths greater than 700nm, the MTF decreases with 

increasing wavelength as the separation between the mean 

absorption depth and the depletion region increases. This 

increasing separation allows increasing lateral motion as an 

electron-hole pair is transported up to the depletion region, 

enhancing the probability than a photon detected under one 

pixel will be recorded in an adjacent pixel. Consequently, 

the increased pixel 

therefore the MTF. 

width wi 11 

2.3.3 Thermal Leakage Current 

decrease contrast, and 

The thermal leakage current is the time rate of thermal 

charge generation as described in section 2.1.2. For silicon 

photo-diodes, the temperature dependence of this leakage was 

found by Ghausi (1965) to be 

( ) 3/2 ( -3 It = canst T exp -7015/T) em (2.13) 

The measured temperature dependence of the rma 1 1 eakage for 
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three different linear diode arrays is given in figure 2.13. 

Campbell (1977) fits his data to equation 2.13 quite well. The 

data of Vogt (1981) deviates decisively from equation 2.13 for 

temperatures below -50°C, however he identifies faults in his 

experimental technique which could account for this. Fitting 

the data of Vogt, Tull, and Kelton (1978) to equation 2.13 is 

not useful because the same cooling configuration was not used 

for all the data points on their curve. 

The detectors described in these last two papers are 

reported by Vogt (1981) to exhibit a temperature independent 

leakage current of up to several electron-hole pairs per pixel 

per second. Vogt, in consul tat ion with others, reports a 

possible explanation for this as charge pumping by the 

continuously operated shift register clocks in their systems. 
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Figure 2.13: Thermal leakage versus temperature for different 

linear diode array systems 

A: Campbell(1977) 

B: Vogt, Tull, and Kelton(1978) 

C: Vogt(1981) 

The open circle represents the MJUO LDA system. 
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2.3.4 Blooming and Image Lag 

Blooming, the loss of signal charge from a high signal 

pixel to an adjacent low signal pixel, could not be detected 

by Horlick (1976). However image lag, the retention of signal 

after the array has been readout and reset has been reported. 

Vogt, Tull, and Kelton (1978) measure a 1% lag for their 

system which 

technique. The 

uses the recharge 

feedback resistance 

current pulse 

of the amplifier 

readout 

in this 

technique forms a reset time constant with the video 

capacitance which can account for the existence of 

(1981) finds no significant evidence of image 

system which uses video voltage level processing. 

2.3.5 Cosmic Ray Sensitivity 

lag. 

lag in 

Vogt 

his 

The M-meson component of the cosmic radiation can 

readily penetrate a typical detector enclosure, and so may 

pass through the detector with each particle creating an 

undesirable trail of up to 60,000 electron-hole pairs within a 

characteristic width of several pixels (Vogt, Tull, and Kelton 

1978). For any specified meson energy, the mean quantity of 

charge in a trail is dependent upon the thickness of the diode 

array substrate, and therefore the thick 300Mm substrate of 

Reticon arrays is a disadvantage. Analysis of cosmic ray 

events detected by CCD detectors show a majority of 

Nelson, and Lynds 

events 

1979). occur in pairs and groups (Marcus, 

and therefore must be attributed to secondary radiation from 

interactions in the immediate environment of the detector. 

More subtle effects arise from the illumination of the 

array by cosmic ray-induced Cerenkov light pulses originating 

in the quartz window of the array. The radiation is emitted 

into a cone of 48° vertex semi-angle centred about the cosmic 

ray's direction of motion, and will spread over several 

hundred diodes producing subtle changes in the continuum. 

2.4 Operation Requirements 

The preceding description of diode array sensors can be 
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used to establish guidelines for the design and operation of a 

linear diode array detector system. These guidelines are 

identified within the following subdivisions. 

1) Environmental: the diode array must be operated 

isothermally to stabilize the on-chip capacitances which 

determine the fixed pattern and flat field responses. The 

temperature must be sufficiently low that the thermal leakage 

is fully tractable and does not cause non-linearity, but not 

so low that the near infra-red RQE is degraded more than is 

necessary. The sensor must either be operated in a vacuum, or 

in a gas free of contaminants that may freeze out onto the 

sensor at its operating temperature. 

2) Shift-register clocks: the level transitions of different 

c 1 ock waveforms should not be co temporal so that the fixed 

pattern charge contribution from the transition of one 

waveform is independent of the transition dynamics of the 

other waveform. The clock waveform amplitude instability and 

noise must be as low as is practicable so that their coupling 

to the video lines contribute significantly less than the 

intrinsic detector noise. 

3) Signal processing: the intrinsic sensor noise should be 

the single dominant source of readout noise. The signal 

processing should be linear over the system dynamic range to 

within a peak-to-peak error equal to the net readout noise. 

The deleterious effect of the preamplifier input current on 

the stored video charge should be comparable to or less than 

the system readout noise during the diode access time. Drift 

in the diode rebiassing voltage supply should be sufficently 

low that the initialization and readout rebiassing of the 

diodes is the same to within the readout noise accuracy over 

all likely integration times. 

4) Reset switch: the reset switch gate to drain capacitance 

must be the lowest that is obtainable to minimize the reset 

feedthrough video offset voltage, and the feedthrough of reset 

waveform noise. The switch leakage current should also meet 

the preamplifier input current specifications. 
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CHAPTER THREE 

ELECTROMECHANICAL DESIGN 

The physical design with which an electronic system is 

fabricated must allow the circuits to perform their required 

operational functions. The requirements of that design must 

be identified, the techniques for achieving them must be 

developed, and then the electromechanical design must be 

produced. 

3.1 Electromagnetic Compatability 

Electrical and electronic devices are said to be 

electromagnetically compatable when the electromagnetic noise 

generated by each cannot cause a malfunction or performance 

degradation in any of the others. Therefore the components 

within a subsystem, the subsytems within a system, and systems 

operating within a common electromagntic environment must all 

be electromagnetically compatable (EMC). 

3.1.1 Electromagnetic Interference 

The presence of currents or voltages originating from 

one device, the emitter, and causing a malfunction or 

performance degradation in another device, the suscep tor, is 

called electromagnetic interference (EMI). The EMI emitter 

may be within the system of the susceptor, generating intra

system EMI, or it may be external, generating intersystem EMI. 

In all cases, EMI arises because of the simultaneous existence 

of three factors, at least one of which is not planned. They 

are a source of electromagnetic energy, a device sensitive to 

the type of energy being generated, and a transmission path 

for coupling the energy between them. The coupling taking 

place in any specified transmission path can be classified as 

one of two forms: 

1) Conductive coupling: this form couples its energy through 

metallic conductors and through physical circuit components 

such as capacitors and transformers. 
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2) Radiative coupling: this form couples its energy through 

radiated electric and magnetic fields. The properties of the 

fie 1 d are determined by the emitter, and by the media and 

separation between the emitter and susceptor. For separations 

less than "A/21T, where A is the characteristic wavelength of 

the field, the properties of the field at the susceptor are 

primarily determined by the emitter: the susceptor is said to 

be in the near field, and the electric and magnetic fields are 

considered separately. At separations greater than "A/21T, the 

properties are primarily determined by the media: the 

susceptor is said to be in the far field, and the field is 

that of electromagnetic radiation. 

The solution of Maxwell's equations for describing and 

quantifying EMI coupling in 'real world' configurations is 

impracticable. Therefore the coupling will be modelled by 

representing the physically distributed transmission paths 

with appropriate lumped components. Because the exact 

numerical values of these lumped components are difficult to 

determine for non-trivial geometries, this representation will 

give an approximation to the correct numerical answer. 

However, it will clearly show how the EMI coupling depends on 

the system parameters. Therefore general models will be 

examined for the most common forms of conductive coupling and 

near field radiative coupling, and this will allow guidelines 

to be established for minimizing the EMI. 

a) Common-impedance Coupling 

Every conductor used for transmitting signals from one 

pas it ion to ana ther has a finite impedance composed of its 

resistance and inductance. When more than one circuit shares 

the same conductor, those circuits have that impedance as a 

common component. The influence of one circuit on another can 

be found from the analysis of figure 3.1. The emitter and 

suscep tor circuits share the same ground plane as a current 

return path, and hence the ground impedance Z. Each of the 

emitter and susceptor circuits is also depicted with a signal 

val tage source, V, an equivalent impedance for the general 

circuit impedances, zg' and a load impedance zl. 

that voltage, V emi, which appears across the 

The EMI is 

load of the 
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Common Impedance 

Figure 3.1: General circuit for common-impedance coupling. 

susceptor circuit due to the operation of the emitter circuit. 

If we assume that the emitter circuit current is much greater 

than the susceptor circuit current, then the voltage across z. 
which is common to both circuits, is 

for Z << Z +Z 1 . ge e ( 3. 1) 

The presence of that externally produced voltage in the 

susceptor circuit appears as the EMI voltage 

V . ~ [ z z!~ ]v for Z << Z +Z 1 (3.2) em1 
1 

c gs s gs s 

Therefore substituting {3.2) into (3.1) explicitly gives the 

EMI voltage 

{3.3) 

The dependence of the EMI voltage on the common impedance 

should be noted because the typical source of that impedance 

is a conductor, in which both the inductance and resistive 

'skin effect' will increase the impedance with frequency. This 

is significant to the electromechanical design of systems 

using high speed solid-state logic devices because of the 

following responses which occur when those devices make a 

logic state transition. 

1) The amplitide of the current that the logic device is 

either sourcing to, or sinking from a static load will 

typically change when the logic state changes. This will 

require the power supply and/or ground conductor current to 

change by Ai within the transition time At of the output, and 
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will therefore induce a voltage pulse across the inductance L 

of that conductor with an amplitude of ~ LAi/At. As depicted 

in figure 3.2, other voltage pulses will also be generated by 

the same mechanism during the transition time. They are due 

to the change in output voltage, AV, charging or discharging 

the output load capacitance, C = C + C., with a current pulse s 1 

of amplitude i ~ CAV/At. That pulse must return to the load 

through either the power supply or ground conductor, and so 

both the rise and fall of that pulse will induce voltage 

pulses across the inductance of the conductor. Therefore the 

signals of other circuits sharing the conductor will be 

corrupted by those pulses due to it coup! ing through the 

common circuit impedance. 

Figure 3.2: An example of an emitter-type logic circuit 

producing common-impedance coupling. 

2) The push-pull circuit depicted in figure 3.3 is used as 

the output stage in the common families of logic devices, and 

is intended to have only one transistor switch closed at a 

time so that the output potential is either that of the power 

Figure 3.3: An example of a susceptor-type logic circuit 

producing common-impedance coupling. 



ELECTROMECHANICAL DESIGN 44 

supply or the ground. However, during the transition time 

required for the output to change from one state to the other, 

both transistors are on, allowing a current to flow from the 

power supply to ground which is only 1 imi ted by the on 

resistances of the transistors. Like the charging pulse for a 

load capacitance, this current pulse can cause common 

impedance coup 1 ing to any other devices on the same power 

supply or ground lines. 

The principles of common impedance coupling will be 

applied to the specific situations of 

1) grounding and shielding in section 3.1.2, 

2) power supply distribution in section 3.1.3, 

3) low level analogue signal transmission in section 

5.3.2c3, 

and 4) high speed logic circuitry in section 3.2.4a. 

b) Electric-field Coupling 

Electric field coupling occurs in the near field when a 

stray capacitance exists between the emitter and susceptor 

circuits. The EMI that occurs can be found from the analysis 

of figure 3.4. It is assumed that the impedance of the 

emitter node to ground is negligible compared to the 

impedance, Z , 
c 

emitter node 

of the coupling capacitance C , which makes the 
c 

appear as a voltage source to the circuit 

comprising the coupling impedance and susceptor circuit. 

Physical Representation Equivalent Circuit 

Figure 3.4: General circuit for electric-field coupling. 

(a) The physical representation, and 

(b) its equivalent circuit. 
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Therefore the EMI voltage is 

Vemi = v.[z.:;.] [z.:!~ •. l for Z //Z
1 

<<Z ge e c (3.4) 

where the second term is the voltage on the emitter node, the 

first term is the fraction of that voltage which appears 

between the susceptor node and ground, and Z is the impedance 
s 

of the susceptor node to ground. 

configurations of significance to 

and can be classified as either 

The electric-field coupling 

this work have z << zl . ge e 
the low or high frequency 

cases depicted by figure 3.5. These classifications are 

Low Frequency Case High Frequency Case 

Figure 3.5: Electric-field coupling configurations in the 

(a) low, and (b) high frequency limit. 

respectively defined by whether the net resistive and 

inductive impedance, Z 1 . r s 
higher or lower than the 

susceptor node to ground. 

respectively 

V . ~ wZ 
1 

C em1 r s c 

and 

of the susceptor node to ground is 

capacitive impedance, zcs' of the 

The EMI voltages for each case are 

(3.5) 

for Z 1 << Z r s c 
(3.6) 

It follows that to reduce electric-field coupling, the 

coupling capacitance must be minimized, and the susceptor 

circuit impedance levels, Z 
1 

and Z , must have the minimum 
r s cs 

value allowed for performing their required functions. C can 
c 

be controlled by reducing the length of the conductors which 

are coupling, and by increasing their separation. 

The principles of electric-field coupling will be 

applied to the specific situations of 

1) grounding and shielding in section 3.1.2, 

and 2) logic coupling to the video line in section 5.3.2c3~ 
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c) Magnetic-field Coupling 

Consider an electronic configuration whose physical 

representation and equivalent circuit are depicted by figure 

3.6. Magnetic-field coupling occurs through the near field 

Physical Representation Equivalent Circuit 

Figure 3.6: General circuit for magnetic-field coupling. 

(a) The physical representation, and 

(b) its equivalent circuit. 

when an emitter circuit current, I , produces a magnetic flux, 
e 

in a susceptor circuit which is proportional to that 4> es 
current and due to a stray mutual inductance of 

M = es 

<P es 
I e 

(3.7) 

Therefore using Faraday's law, the emitter circuit current can 

induce an EMI voltage into the susceptor circuit of 

vemi 
d<P 
dt 

di 
e 

=-M(ft (3.8) 

The emitter circuit current has the general time dependence of 

I (t) = Jror (w' ,t)dw' = Jroi (w')eiwtdw' 
e o e o e 

(3.9) 

and without loss of generality, the EMI voltage of a single 

frequency component, w' = w, can be found using equation 3.8 

as 

V . = -jwMI (w) em1 e 
(3.10) 

A typical coupling configuration is depicted by figure 3.7, 

for which the mutual inductance, and therefore the EMI 

voltage, can be found in terms of the physical circuit 
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Figure 3.7: A simple, but important example of magnetic-field 

coupling. 

parameters. One conductor in this emitter circuit is assumed 

to produce all the coupling flux, and it runs parallel to and 

in the same plane as the susceptor circuit, whose length is L. 
Ampere's law gives the flux density at a radial distance r 

from the emitter wire, which when integrated over the area of 

the susceptor circuit, gives the coupling flux as 

~es ~ s:+~dA ~ S:+h ~!r idr = ~~I ln[d~hl (3.11) 

Therefore the EMI voltage induced into the susceptor circuit 

is found using equation 3.8 as 

vemi ==- J.Li(,Jie(w) ln[d~h] (3.12) 

and it appears in series within the susceptor circuit. This 

is in contrast with an EMI voltage due to electric-field 

coupling which appears in parallel with the susceptor load. 

It can be seen from equation 3.12 that to minimize 

magnetic- field coupling, the following circuit parameters 

must be set as close to the indicated extreme as is consistent 

with the required circuit functions. 

1) Minimize the loop area of the susceptor circuit, 

2) orientate the emitter and susceptor circuits to 

minimize the susceptor circuit loop area as seen by the 

emitter circuit, 

3) maximize the separation of the emitter and suscep tor 

circuits, 

4) maximize the impedance of the emitter circuit, 

and 5) minimize (filter) the bandwidth in the emitter circuit. 
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The principles of magnetic-field coupling will be 

applied to the specific situations of 

1) power supply and signal distribution in section 3.3.2, 

and 2) printed circuit board design in section 3.2.4a. 

d) Methods of Controlling EMI 

In all but the simplest cases, a single unique solution 

may not exist for reducing EM! to an acceptable level. The 

primary techniques which can be applied to control EMI may be 

categorized into one, or more, of the following divisions 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

and 9) 

grounding, 

shielding, 

isolation, 

balancing, 

separation and orientation, 

circuit impedance level control, 

filtering, 

cancellation techniques (frequency or time domain), 

cable design. 

Discussions of these techniques, and their implementation, can 

be found in Ott (1976) and White (1973), which includes a 

detailed discussion of EMC. Of these techniques, grounding 

and shielding are the foundation of all non-trivial electro

mechanical designs, and will be examined at the circuit and 

system level in the following section. An outstanding 

discussion of these is given by Morrison (1967). 

3.1.2 Grounding and Shielding 

The term ground is used to refer to any point or 

distribution of points within an electronic complex whose 

potential is intended to be that of the zero-signal level. It 

is typically a conductor that distributes the zero-signal 

reference to the components of a complex, and is said to be 

earthed if it is ohmically connected to the local earth 

potential. Grounding and earthing are not synonyms. 

A shield is a conductive partition placed between two 

regions of space to control the propagation of electric and 

magnetic fields between the regions. Shields may be applied 
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to keep electromagnetic radiation out of a region containing 

circuitry susceptible to it, or to contain the radiation of an 

emitter. 

a) Signal Sources, Amplifiers, and Grounding 

Each signal source in this work can be represented as a 

two-terminal series network; one terminal defines the zero

signal potential, and the network elements are a signal 

voltage source, V , and a signal source impedance, Z The s s 
signal from each source will be conditioned by one of the two 

categories of amplifiers, which are defined as follows. 

1) Single-ended amplifiers: the single-ended amplifier 

depicted in figure 3.8 will amplify the signal V , developed 
s 

relative to the amplifier zero-signal reference, and present 

it in conditioned form relative to that same zero-signal 

reference. The amplification factor is called the single-

ended gain, A se 

V • A V 
out sE s 

Figure 3.8: A single-ended 

amplifier. 

V •A V +A V 
out D a em cw 

Figure 3.9: A differential 

amplifier. 

2) Differential amplifiers: the differential amplifier 

depicted in figure 3.9 will amplify the 

relative to one zero-signal reference, 

signal V developed 
s 

and present it in 

conditioned form relative to a second zero-signal reference. 

In general, the voltage between the two zero-signal references 

will be a non-zero function of frequency, and is called the 

common-mode vo 1 tage, V It f o 11 ows that the common-mode 
em 

gain, A , is required to be zero so that the output signal is 
em 

purely the product of the input signal and the differential 

gain. However consider a source and differential amplifier as 

depicted in figure 3.10a,b. The difference in impedance of 
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Physical Representation Equivalent Circuit 

Figure 3.10: The (a) physical representation, and {b) 

equivalent circuit for determining the EMI 

of a differential amplifier with a source 

impedance imbalance (from Ott 1976). 
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the source terminals relative to the source ground is called 

the source imbalance. It can be seen that the combination of 

a source imbalance and common-mode voltage will form an 

undesirable differential input voltage of 

v . = v1 - v2 = em1 [ ZI 1]V z1+Z
5 

em (3.13) 

Thus even if the amplifier common-mode gain is zero, the 

presence of a source imbalance will cause a net non-zero 

common-mode gain for the source-amplifier combination. It can 

also be seen that the amplifier input impedance, z
1

• must be 

as high as possible. 

It follows that the criteria for selection of each 

amplifier class are specified in terms of the connections 

between the source and amplifier grounds. They are: 

1) Single-ended amplifiers: this amplifier type can be 

used if only a single connection must be made between the 

ground of the source and amplifier, and the ground of other 

circuitry. That point of connection is called the single 

ground point of the source and amplifier circuitry. However 

consider figure 3.11 which shows the physical representation 

and corresponding equivalent circuit for a source and single

ended amplifier circuit with two connections to external 

grounds. This shows that violating the single ground point 

criteria allows a common-mode potential to appear as an EMI 
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Physical Representation 

2 
g 

Equivalent Circuit 
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Figure 3.11: The (a) physical representation, and (b) 

equivalent circuit of a source and single

ended amplifier with an undesirable connection 

to the external ground (from Ott 1976). 

(3.14) 

for Z //Z 2 << (Z. +Z +Z 1 ) 
g c 1n s c 

2) Differential amplifiers: this amplifier type is used 

when i) the source and amplifier must operate relative to 

different ground references, which includes the special case 

of source and amplifier grounds being ohmically disconnected, 

and ii) when both signal source output terminals exhibit a 

high impedance to the signal source ground (see section b). 

b) The Electrostatic Shield 

A shield for the control of near field electic coupling 

is called an. electrostatic shield, and is a fundamental 

component of non-trivial electromechanical designs. To apply 

such a shield to the current work, the appropriate principles 

of their application and operation must be developed in a 

similar way to Morrison ( 1967). Therefore consider figures 

3.12a,b which are respectively the physical representation and 

equivalent circuit of an amplifier and source enclosed within 

a shield, and with an acceptable single connection to an 
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Physical Representation Eq ul valent Circuit 

Figure 3.12: The (a) physical representation, and (b) 

equivalent circuit of an amplifier shield 
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not connected to the electrostatically shielded 

circuitry (adapted from Morrison 1967). 

external ground. 

exist within the 

into the signal. 

As shown, unavoidable stray capacitances 

system which mix the common-mode potential 

Even in the absence of the connection to an 

external ground, and therefore the components V and C34 , an em 
undesirable feedback network exists around the amplifier 

through the components C23 , C53 , and C63 • By connecting the 

system ground to the shield, the feedback node, FN, is shorted 

to ground which removes both these networks. Figure 3 .12b 

depicts this, and shows that the only result will be an 

enhancement of the amplifier input and output capacitance. 

Therefore the following rule can be stated. 

Rule 1: To be effective, an electrostatic shield should be 

connected to the ground of the circuitry it encloses. 

The position for that connection can be found by considering 

the coupling of external ground potentials into the 

configurations shown in figures 3.13a and b. The stray 

capacitance between their shields and external grounds allows 

the ground potential to drive currents in the respective loops 

of 1-3-4-1 and 1-2-3-4-1. For non-zero emitter frequencies, 

these loops are also susceptor circuits for near-field 

magnetic coupling, and can therefore contain an additional 

current due to this mechanism. In figure 3.13a, this path is 

entirely external to the signal lines and it therefore will 
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Figure 3.13: Two physical representations showing possible 

connections of the electrostatic shield to the 

signal ground (adapted from Morrison 1967). 

not interact with them. However in figure 3.13b, the current 

passes through the signal ground line, and therefore its 

impedance, to generate an EMI vo I tage for the amplifier by 

common impedance coupling. Therefore a second rule can be 

stated which ensures that these EMI currents can exist only 

within the shield conductor. 

Rule 2: If the signal ground is connected to an external 

ground, the connection of the shield to the signal ground must 

be at that same point. 

The preceding system configurations conform to the grounding 

requirements of a single-ended amplifier because the load does 

not require connection to a particular external ground. This 

is the case of the signal being processed for either an 

internal system use, or for an external use if the load 

produces an optical signal which leaves the system. 

When both source and load are connected to external 

grounds, the electronics within the two ground sys terns are 

interfaced with a differential amplifier as depicted in figure 

3.14. The subsystems on either side of the differential 

amplifier can individually be considered as single-ended 

systems, and so they each have a shield governed by the 

preceding shielding rules. These shields are not connected at 

the differential amplifier to decouple stray capacitances like 

C23 and C24 • If this was not the case, those capacitances 

would degrade the theoretically infinite input impedance of 

the amplifier, and also allow the potential difference between 
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Figure 3.14: The physical representation of a correctly 

applied electrostatic shield to a differential 

amplifier {adapted from Morrison 1967). 

the external grounds to drive currents through 

1-2-4-5-1 and 1-2-3-5-1. As previously found, 

properties would generate EMI. 

c) The Utility Power Entrance 

loops like 

both those 

The instruments described in the previous sections 

require operating power, and the utility power is usually 

preferred over such alternative sources as batteries and solar 

cells, which can be internal to the system. Thus the utility 

power must enter the system through the electrostatic shield, 

and this can be effected by the transformer action used to 

convert the utility voltage amplitude to the required level. 

This is possible because the electrostatic shield is usually a 

non-magnetic material, and will allow a magnetic field to 

couple energy from a transformer primary coil outside the 

shield, to a secondary coil inside the shield. The shield or 

shields separating the coils can be an integral part of a 

transformer, and if connected to the system shield, form the 

required extension of that shield. Their design and 

implementation in a real transformer will be discussed in 

section 3.3.1b, but the requirements for their application to 

a system must initially be determined. 

Therefore consider figure 3.15 which depicts a coil of 

n turns with one terminal connected to an electrostatic 

shield, and to ground, and with the average turn having a 

capacitance ct' and therefore reactance Xc' to the shield. If 

the coil voltage is V, the voltage on the m th turn is V /n, 
m 
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Figure 3.15: A coil depicted as a capacitance connected to the 

grounded, electrostatic shield (dash-dot line) 

(adapted from Morrison 1967). 

and so the current in the capacitor coupling that turn to the 

s h i e 1 d i s V In * 1 /X So i f n i s 1 a r g e , the sum o f the m c 
currents from all the turns to the shield is 

n 

I l v : 
1 rv Vn (3.15) = -x rv 2X 

m=1 c c 

Thus the coupling of the coil voltage to a shield can be 

modelled as the total coupling capacitance combined into one 

component and connected to the turn which is at half the total 

coil voltage. Figure 3.16a shows these capacitances for the 

primary and secondary coil of a single shielded transformer. 

The primary coil current loop of 5-3-1-6-5 does not include a 

signal conductor, whereas the secondary coil loop of 7-3-1-2-7 

will produce commom-impedance coupling in the signal ground. 

Figure 3.16: The two examples of ground-shield connections for 

a single-shielded transformer (adapted from 

Morrison 1967). 
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Figure 3.16b shows that the other choice of connection cannot 

eliminate coupling from at least one of the coils, and so the 

connection shown is preferred as the coupling comes from the 

lower voltage coil. In some applications the coupling is 

below an acceptable limit or can be filtered out, but in 

general a second shield must be introduced to the transformer 

as shown in figure 3.17. The coupling from the primary coil 

is now contained within loop 5-8-6-5 and the secondary 

coupling is similarly contained within loop 7-4-2-7. However 

coupling through the intershield capacitance allows 

common-impedance coupling in the signal ground due to the 

ground potential driving current through the loop 1-2-4-8-6-1. 

In some configurations this can be eliminated by returning the 

primary shield to the system shield and signal ground 

connection point. If the level of this coupling is still 

unacceptable, due possibly to a large ground impedance found 

in some signal sources, a third shield must be introduced to 

the transformer as shown in figure 3.18. The primary and 

secondary shields operate as in the case of the double 

shielded transfomer, and the third shield carries the current 

driven by the ground potential via loop 1 3-8-6-1. 

Figure 3.17: Ground-shield Figure 3.18: Ground-shield 

connections for a double- connections for a triple-

shielded transformer. shielded transformer. 

(adapted from Morrison 1967} 
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d) Physical Principles of Shielding Materials 

An informative and detailed discussion of the physical 

principles of shielding materials is given by Ott (1976), and 

so only a summary of the principles is required within this 

work to provide quidelines for the application of shields. 

The shielding effectiveness of a material against electric or 

magnetic fields, respectively S~ or Sh in units of decibels, 

is defined in terms of the field strength incident on the 

shield, Ei or Hi, and the field strength of the transmitted 

wave emerging from the shield, Et or Ht' as 

s. = 20Log 10 [::] sh = 20Log 10 [::] (3.!6) 

Two effects contribute to the effectiveness of a shielding 

material against an incident electromagnetic wave: the wave is 

partially reflected from each surface it encounters, and it is 

attenuated {absorbed) as it passes through the medium. The 

net shielding effectiveness can therefore be considered in 

terms of the reflection loss, R, the absorption loss, A, and a 

correction factor, C, accounting for multiple reflections in 

thin shields, as 

S = R +A+ C (dB). (3.17) 

Table 3.1 indicates the absorption and reflection loses caused 

by planar 0.8mm thickness sheets of magnetic and non-magnetic 

shielding materials, for electric and magnetic fields in the 

common electronic frequency ranges. 

conductivity relative to ·copper is 

permeability relative to free space is 

that: 

For each material, its 

called and its 

called J.L . 
r 

It is seen 

1) magnetic fields are harder to shield against than 

electric fields, 

2) a good conductor should be used to shield against 

electric fields, plane waves, and high-frequency magnetic 

fields, 

and 3) a magnetic material should be used to shield against 

low-frequency magnetic fields. 
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Table 3.1: Effectiveness of shielding materials {from Ott 1976). 

Material Frequency Absorption Reflection loss 

(kHz} loss a Magnetic Electric Plane 

all fields fieldsb field wave 

Magnetic <1 Bad-Poor Bad Excellent Excellent 

(J.Lr = 1000, 1-10 Average-Poor Bad-Poor Excellent Excellent 

C1 = 0.1) 10-100 Excellent Poor Excellent Good r 
)100 Excellent Poor-Average Good Average-Good 

Non- (1 Bad Poor Excellent Excellent 

magnetic 1-10 Bad Average Excellent Excellent 

(J.Lr = 1. 10-100 Poor Average Excellent Excellent 

C1 = 1) )100 r Average-Good Good Excellent Excellent 

Key Attenuation 

Bad 0-10 dB 

Poor 10-30 dB 

Average 30-60 dB 

Good 60-90 dB 

Excellent )90 dB 

aAbsorption loss for 1/32-in. thick shield. 

bMagnetic field reflection loss for a source distance of 1m. (Shielding 

is less if distance is less than 1m, and more if distance is greater than 

1m.) 

In practice the leakage through mechanical 

discontinuities in the shield, like seams, joints, and access 

holes, is of more concern than the intrinsic shielding 

effectiveness of the material. This additional leakage can be 

visualized by considering the circuit theory approach to 

shielding. Normally the noise field induces currents into the 

shield which generate a new field that cancels the original 

field in the shielded area. A discontinuity in the shield 
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will divert the induced currents from the pattern required for 

cancellation of the noise field, and therefore reduce the 

shielding effectiveness. Consideration of figure 3.19 

indicates that leakage through a discontinuity is determined 

by the maximum linear dimension of the discontinuity, and not 

by its area; the array of holes produce less leakage than a 

large hole of the same total area. Therefore good electrical 

continuity should be maintained across all joints in a shield, 

and shield apertures should be of the minimum practical size. 

• • -·INDUCED 
SHIELD 

CURRENTS 

--SECTION OF 
<--------' SHIELD 

·RECTANGULAR 
SLOT 

Figure 3.19: The effectiveness of magnetic shielding. 

(from Ott 1976) 

3.2 The MJUO Electromechanical Design 

The electromechanical design of the Linear Diode Array 

detector to be used on the Mount John University Observatory 

echelle spectrograph must now be produced.' Hence the 

electronic functions to be performed by the system must be 

determined, their essential grounding and earthing 

requirements identified, and their grouping into functionally 

related sub-systems performed so as to ensure their 

electromagnetic compatability. 

3.2.1 Required Electronic Functions 

The 

Chapter 1, 

class in 

description of solid-state image detectors in 

and in particular that of the Linear Diode Array 

Chapter 2, allows the following list of required 

system functions to be formed. 

1) Power Supplies: The utility power should enter the 
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system and be conditioned and distributed so as to supply 

electric power at the appropriate voltage level to the 

electronic components. 

2) Temperature Control and Measurement: The temperature of 

the array must be controlled so that it is temporally stable 

at a selectable value. The array temperature and the status 

of the control process must be available to the detector 

operator. 

3) Control Waveform Generation: The electrical signals 

which perform the scanning function in the array, and which 

exercise control over the subsequent electronics, must be 

generated in sychronization with each other, and with the 

appropriate control characteristics. It is desirable that 

those characteristics can be reconfigured when necessary. 

4) Scanning Control Signal Conditioning: The signals 

generated for use as scanning clocks must be conditioned so 

that they conform to the requirements of the RL936F/30 and RL 

1872F/30 diode arrays as given by their specification sheet in 

appendix 6. 

5) Video Amplification, Processing, and Digitization: The 

information within the video signal must be processed into a 

form suitable for its subsequent digitization, which requires 

that the video signal be amplified to a level at which the 

processing can be performed without contributing to the 

readout noise. Consideration of amplifier specifications 

given by any manufacturer will show that single-ended 

amplifiers generally give more desirable performance than 

differential amplifiers, for the parameters in common to both 

types. Therefore single-ended amplifiers and devices will be 

used wherever possible. 

6) Data Acquistion and User Interface: An interface to the 

system must exist which allows the user flexibility in 

controlling the detector and its acquisition of image frames, 

as well as in processing, displaying, and storing those 

frames. 

3.2.2 Earth Connections 

As will be described in Chapter 4, the array with its 

control and video processing electronics are located together 
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within the 'cryogenic detector head' system module, referred 

to as the dewar. The dewar mounts onto the echelle 

spectrograph with· its metallic structural components 

unavoidably making an electrical contact with the 

spectrograph, and therefore with electrical earth through the 

telescope. Because the metallic structure of the dewar 

constitutes the segment of the detector electronics shield 

that shields the dewar electronics. the grounding and 

shielding rules in section 3.1.2 require the detector 

electronics ground to be connected to the detector electronics 

shield at the dewar. This is because the ground of an 

electronic system must be connected to the system shield, and 

that connection must physically occur at the single allowed 

connection between the shield and an external ground or earth, 

should it exist. The shield-to-ground connection occurs close 

to the ground of the array because its video signals are the 

lowest level and highest impedance signals within the dewar, 

and therfore are the most susceptible to the EMI being 

shielded against. 

Because single-ended signal processing devices have 

been chosen, the procedures of section 3.1.2 require that no 

additional conductive connections be made from the signal 

ground to either external earth or ground points. This also 

applies to the shield to prevent it developing a potential 

along its length due to it becoming one leg of a ground loop. 

However two addi tiona! earth connections within the overall 

system are stipulated by electrical wiring regulations, whose 

presence must not compromise the principle of single 

signal-ground-to-shield and shield-to-earth connections. One 

of those connections to earth is through the utility power 

ground, which is isolated by magnetically coupling that power 

into the signal processing sub-system as described in Section 

3.1.2c. The other possible connection could be formed through 

the communication 1 ink to the Data Acquisition and Control 

sub-system, because that sub-system is earthed to ensure the 

safety of an operator using its peripherals. That connection 

will be electrically isolated by optically coupling the 

signals between the adjacent sides of the communication link. 

Insufficient volume exists within the dewar for the isolation 

processes to be located there, and so the interface function 
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is performed by a separate sub-system. The coupling of the 

dewar to the other sub-systems is depicted in figure 3.20, as 

is the isolation between the three earth points within the 

system. 

DETECTOR 
VIDEO 

PROCESSING 
AND 

CONTROL 
ELECTRONICS 

_]_ 

ELECTRICAL 

DETECTOR 

INTERFACE 0 
OPTICAL 

( ( I } ) MAGNETIC 

UTILITY 
POWER 

ENTRANCE 

DATA 
ACQUISITION USER 

AND 
CONTROL 

ELECTRICAL 
PERIPHERALS 

SYSTEM 

J.. 

Figure 3.20: Schematic representation of the sub-systems of 

the MJUO LDA system, showing the coupling 

between sub-systems and the isolation between 

the three earth points. 

3.2.3 The Electronics Distribution 

Consideration of the earth points within the system, 

and the dewar volume available for electronics, has required 

an electromechanical design based on the couplings and 

sub-systems depicted in figure 3.20. For the Acquisition and 

Peripherals sub-systems, the design represents the radial 

distribution of power and signals from the Acquisition system 

to the peripherals, as described in section 7.1.2. The 

electrical and me chanica l construction of the detector 

electronics and interface, however, require the design to be 

refined so as to physically represent those sub-systems at the 

level of their grounding, shielding, and distribution of 

electronic tasks. The refinement must start with the tasks 

for the video processing and control of the array, and not 

with their interface, because the array constitutes the 

central point for the various detector electronic tasks, and 

it is the location of the earth point upon which the grounding 

and shielding depend. 
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When implemented, the electronic tasks must be electro

magnetically compatible with each other, which requires that 

the appropriate EMC techniques from section 3.1 be applied. 

To achieve this, the detector electronics will be treated as 

six tasks, which result from the considerations of section 

3.2.1. 

1) 

2) 

3} 

4) 

5) 

and 6} 

They are: 

power supply and control signal interfacing, 

array control signal conditioning, 

video-amplification, 

video-processing, 

video signal digitizing, 

array temperature controlling. 

It is already understood that the interface in task 1 is 

physically separate from the remaining tasks, which are 

located within the dewar and electrically connected to the 

interface. To distribute the dewar tasks, the general EMI 

emitters and susceptors within the tasks must be identified, 

as must their principle coupling mechanisms. 

The solid-state logic devices supplying control signals 

to tasks 2,4, and 5 are expected to generate EMI in susceptor 

devices by common-impedance coupling in shared ground and 

power distribution lines, as described by section 3.1.1a. 

Consultation of the application guides 

manufacturers of Analog-to-Digital convertors, 

supplied by 

the principal 

device of task 5, indicates that those devices also generate 

considerable EMI by this mechanism. The most probable 

·susceptors of that EMI are devices sharing the same ground as 

the logic devices. which are processing low-noise tolerance 

analogue signals like those occurring in tasks 3 and 4. 

Similarly. both the content of high freqency components in 

logic signals due to their rapid logic-state transition times, 

and their large amplitudes make those signals primary emitters 

for electric and magnetic field coupling as described in 

sections 3.1.1b and c. Consideration of the equations found 

within those sections indicates that the most probable 

susceptors are high impedance level signals. like on the 

diode-array video lines, and signal lines running close to and 

parallel with a logic line. 

The previous considerations of this section lead to the 

electromechanical design depicted in figure 3.21 for the 
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Figure 3.21: Schematic representation of the grounding, 

shielding, and distribution of tasks within the 

MJUO LDA dewar, where PA -pre-amplifier, VP = 
video processing, TC = temperature controller, 

TCE - temperature controlling element, and 

DAC - diode array controls. 

grounding, shielding, and distribution of tasks within the 

dewar. The dewar flange plate described in section 4.1.3b 

constitutes the zero-signal reference plane depicted, to which 

all other grounds are referenced. The four regions associated 

with the dewar electronic tasks are for the following reasons. 

1) The video amplification is performed within the vacuum 

chamber in the immediate vicinity of the array so that the 

video signals can be amplified relative to the zero-signal 

reference of the array, and so that the length of the high 

impedance video lines can be minimized to reduce electric 

field coupling. 

2) The amplified video signals are processed in a separate 
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shielded region due to 

the video amplifiers, 

differential signal. 
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there being no addi tiona! space near 

and are processed into a single 

3) To prevent the noise of the AID convertor coupling into 

the video processing electronics, the AID convertor is located 

within a second shielded region on a separate path to ground. 

However with the video processing and the AID convertor being 

on different grounds, section 3.1.2 requires the video 

processing signal to be received by a differential amplifier 

at the AID convertor. The unused space within the shielded 

region of the AID convertor is used for the temperature 

controller because a controller typically operates at very low 

frequencies which provides it with immunity to the noise of an 

AID convertor. 

4) The precision conditioning of the diode-array control 

signals is performed within a third shielded region and 

relative to a dedicated ground path to the zero-signal plane. 

This prevents EMI from the AID convertor, and from the control 

logic for the video processing, from coupling into the array 

control signals, and therefore the video signals by the 

capacitive mechanism described in section 2.1.5. 

Figure 3.21 has depicted the grounding, shielding, and 

distribution of tasks which will allow the incompatible tasks 

within the sys tern to co-exist with an accep tab 1 e amount of 

EMI. This electromechanical design is compatible with the 

physical constraints implied in section 4.1.2 for the 

distribution of electronics within the dewar, and with the 

requirement of providing shielding against EMI generated 

externally to the system. The performance of the design must 

not be compromised by the interfacing of power and control 

signals into the dewar. Therefore as common-impedance coupling 

between tasks was controlled by using dedicated ground 

returns, it should also be controlled by using dedicated power 

supplies and power supply distribution paths because of the 

output impedance of each of these. Section 3.1.lc indicates 

that those power supply paths must be the same as the ground 

paths to prevent inductive coupling into the power supply and 

ground lines. Similarly, the distribution of control signals 

within each task must follow the ground path of the task, and 

a separate control signal interface to each task will minimize 
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coupling between the tasks. 

Therefore a separate power and control signal interface 

will be used for each of the three shielded regions external 

to the dewar. The only electrical contact made between the 

interfaces is through the dewar so that ground and shielding 

loops do not exist for EMI to be inductively coupled into. 

For the same reason, the interfaces are said to be 'floating' 

because they are not connected directly to earth. The design 

of the interfaces and their electrical coupling to the dewar 

will be determined after the general principles for the 

implementation of the electronic hardware have been set out. 

3.2.4 General Electronic Hardware Implementation 

The electronic hardware for this system, whose specific 

design and hardware characterisitcs will be developed in later 

sections, has been physically implemented with the same 

general principles. Those principles will now be given so 

that they will form a foundation for the functional aspects of 

each area of the electronics as they arise. 

a) Printed Circuit Boards 

All electronic circuitry is fabricated on double-sided 

fiberglass printed circuit boards of 1.5 mm thickness. The 

conductive tracks and areas are of 2oz. copper which has been 

tin plated, and then solder masked. The component or top side 

of each board is a solid ground plane, and all the tracks are 

on the bottom side of the board. 

The ground plane is the sole zero signal reference on a 

board, to which the terminals of components referenced to 

ground are directly connected. The de resistance between any 

two points in the ground planes of the largest boards is less 

than 0.5 mO. At signal processing and logic frequencies. the 

planar geometry ensures that the inductive reactance and 

resistive skin effect components of the ground impedance are 

also kept as low as is practicable. Therefore the level of 

common impedance coupling in the ground plane will be kept to 

a minimum. The ground plane also acts as a shield against 

both inter- and intra-system EMI by shielding the tracks and 
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components from each other, and by minimizing the loop area of 

the circuits due to the proximity of the tracks to their 

ground. 

A ground plane can be efficiently implemented because 

the power supplies are distributed through Rogers Q/PAC QV2 

60.2.1 0.5 strip transmision line (bus bar). The power supply 

distribution is therefore a component rather than a track, and 

so only signal tracks are required to be routed on the single 

track side of the board. In the design of that layer, the 

components which are interconnected by the tracks have the 

additional role of being used as routes for allowing tracks to 

cross, and as routes for carrying the signal through the 

signal processing electronics. Only on rare occasions are 

zero ohm jumper resistors used to resolve an impasse in the 

routing of a track. 

The bus bar is essentially two strips of metal 

separated by a thin dielectric to form a transmission line of 

very low characteristic impedance. Each strip has a row of 

connection pins separated by 0.2 inches, which are interleaved 

with those of the other strip. All the pins on one strip are 

connected to the ground plane, and the power supply is 

distributed to components through the pins of the other strip. 

The specifications for the bus bar used show that the 

impedance of the power supply to ground will be less than 

approximately 0.5 0 for frequencies below 100 MHz. which 

ensures a very low level of common impedance coupling in the 

power supply lines. Additionally, high frequency ground 

currents will concentrate in the lowest impedance return path, 

and so their amplitude will be reduced in the ground plane, 

which will further reduce common-impedance coupling. It has 

been found that the bus bar can be bent, with care, to a 

radius of curvature at least as low as 65 mm over a 300° arc. 

The symbo 1 s which are used to represent the various 

component types in the subsequent drawings of printed circuit 

boards have been given in the symbol table. 

b} Active Components 

The primary analogue 

operational amplifiers. The 

active components are LF356 

power supply voltages for the 
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signal processing electronics are therefore set by their 

optimum operating voltages of ±15 volts, from which it follows 

that the allowed range of signal voltages is ±13 volts. 

The version of these amplifiers in T099 metal-can 

packages are used because of the intrinsic shielding of the 

can, and because their circular symmmetry allows more 

of freedom in printed circuit board drafting than 

degrees 

do the 

plastic dual-in-line packages. In practice however, one 

orientation has been found to be optimum for use with the bus 

bar, and for mounting in dual-in-line sockets. It has pins 4, 

5, 6, and 7 on one side, and pins 8, 1. 2, and 3 along the 

other side. This allows the power supply pins, 4 and 7, to be 

located next to the bus bar, and the input pins, 2 and 3, to 

be located away from the bus bar where there will be the most 

space for related components to be positioned. This is 

important because to achieve maximum performance from the 

devices, the physical size of the feedback node must be 

minimized by placing the feedback components in close 

proximity to the input pins. 

The resistor-capacitor, RC. networks shown in figure 

3.22a,b are respectively used to filter the positive and 

negative power supplies of amplifiers which are conditioning 

signals that are required to have a low noise content. Their 

GP 
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Figure 3.22: The (a) positive, and {b) negative power supply 

filters for an operational amplifier. 

filter frequency of 650 Hz ensures that the power supplies are 

filtered throughout the upper frequency range of the amplifier 

where the amplifier power supply rejection ratios, as seen in 

appendix 7, are low. The filters are physically implemented, 

as shown in figure 3.23, with the filter capacitors in close 

proximity to the amplifier power supply pins. The use of the 

filters, and their proximity to the amplifier. ensures that 
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Figuer 3.23: The printed circuit board layout of an 

operational amplifier, and its power supply filters. 

the high frequency currents drawn by the amplifier is supplied 

through the capacitors from the ground plane adjacent to the 

amplifier, and therefore that common-impedance coupling in the 

ground plane and power supplies is controlled. The dynamic 

current supplied to the amplifiers is always less than 1 rnA so 

that the voltage waveform it produces across the filter 

resistor, which has the characteristic frequency of the 

filter, can be adequately suppreseed by the amplifier power 

supply rejection ratio. The two filters for a given amplifier 

are represented by the symbol given in the symbol table. 

c) Passive Components 

High quality passive components are uniformly used 

within the electronics to achieve low noise and high 

stability. For the following components, either more exact 

specifications than are supplied by manufacturers were 

required, or the given consideration will be of significance 

in applying the component. 

Roederstein ERO MK2 metal film resistors, of 0.4 watt 

maximum power rating, and with 40 ppm temperature 

coefficients, are primarily used. The temperature 

coefficients have been measured for a number of these 

resistors, from a variety of different values, and have all 

been found to lie in the 0 to +10 ppm range for ambient 

temperatures of approximately 10°C. However in the critical 
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positions of precision voltage references, including the bias 

supply of the diode array, 20k00 Dale PTF60 5 ppm temperature 

coefficient resistors are used. They have been found to have 

temperature coefficients which lie in the range of 0 to +3 

ppm. 

Copal 18 turn top-adjusted variable resistors are used 

when a variable resistance is required, however Spectral 25 

turn devices would have been used if they were initially 

available. Because variable resistors have high temperature 

coefficients and are very noisy, they are always padded with 

fixed resistors so that only the required range of variation 

centred on the nominal value is available. 

ITT tantulum capacitors are used for all filtering 

tasks within the signal processing electronics because they 

were found to exhibit the lowest leakage currents, for a given 

capacitance and voltage rating, in a sample of components from 

a small sample of different manufacturers. Their equivalent 

leakage resistance is typically 4 GO. For this application, 

the leakage current must be small because it is drawn through 

the often high output resistance that is used with the 

reference to achieve adequate filtration. The high 

temperature coefficient of the leakage current, exhibited as a 

voltage variation across that resistance, must not add to the 

temperature coefficient of the reference. 

Diodes are used for the tasks of pro teet ing active 

circuitry. In particular, negative voltages on large 

capacitances are found at the inputs of amplifiers used for 

negative voltage references. A diode between those nodes and 

the negative power supply is used to prevent the amplifier 

input voltage from dropping below that of negative power 

supply during power-down, which would eventually damage the 

amplifier. However the requirements of the diode leakage 

current are the same as for the filter capacitor, and so a 

number of different types were tested. Type 1N4007 were the 

best in the sample with a leakage resistance of ~4 GO, and so 

have been selected 

3.3 The Interface Chassis 

The system requirements and operating principles for 
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objectives will now be 
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have been determined, and so those 

implemented in hardware. The general 

approach to this task will be one of presenting the hardware 

design and then considering how it achieves those objectives. 

A general view of a single interface chassis is shown in plate 

3 . 1. The utility power enters the chassis through the utility 

power conditioning box in the back right corner and is 

delivered to the primary coil of the transformer at front 

right . Three of the secondary coils of the transformer supply 

the three pre-regulating power supplies at the back middle of 

the chassis, and the fourth supplies the interface electronics 

which are at the middle front. Control signals communicate 

with the external sub-systems via the three connectors at back 

left . The middle connector gives entry to six control signals 

generated by the Data Acquisition System, which are 

conditioned for transmission to the dewar by the interface 

electronics, and sent to the dewar with the previously 

Plate 3.1: A general view of an interface chasis. 
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mentioned pre-regulated power through the left hand connector. 

Data from the dewar electronics enters the chassis through 

that connector and is processed by the interface electronics 

and sent to the Data Acquisition System with a signal giving 

the status of the power supplies through the right connector. 

3.3.1 The Power Supplies 

As indicated in section 3.1.2c, operating power will be 

supplied to the detector from the utility power lines, and 

will enter the system by transformer action. Because electric 

field, magnetic field, and common-impedance coupling decrease 

with frequency as shown in section 3.1.1, the possibility for 

EMI emission will be removed from that power by pre-regulating 

it from an ac to a de power source before it is transmitted to 

the dewar electronics. This will also simplify the physical 

shielding as discussed in section f. The grounding, 

shielding, and circuitry of that power supply generation and 

distribution process is depicted for a single positive voltage 

power supply in figure 3.24. It is the subject of the 

following sub-sections. 

a} Utility Power Conditioning 

The utility power enters the chassis through an 

industry standard connector, is controlled by an illuminated 

switch, and is fused for safety. A metal oxide varistor 

between phase and neutral is used to aborb the energy of power 

line voltage transients which could disrupt the operation of 

the power supply and subsequent electronics. The power line 

is then passed through a line interference filter before being 

connected to the transformer of the power supply. The filter 

is a passive multi-port network arranged as a dual low-pass 

filter. One network attenuates the phase or neutral to ground 

common-mode EMI, and the other attenuates the phase to neutral 

differential-mode EMI. The operating principle is that of 

maximizing the common-mode and differential-mode filter-to

line impedance mismatch in the 0.15 - 30 MHz frequency band 

where attenuation is required. 
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Figure 3.24: Electronic circuit for a single positive voltage power supply. 
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of the power line 

the primary shield 

identified as the 

The requirements for the shield 

conditioning components are also those of 

of the transformer, and therefore they are 

same shield. That shield is earthed to satisfy electrical 

safety regulations and the shielding principles of section 

3.1.2 . Because a significant component of power line EMI 

propagates as a field around the power line, the line filter 

is conductively sealed into a bulkhead which allows only 

signals that have passed through the filter to proceed to the 

transformer. 

b) The Transformers 

In sections 3.1 and 3.2, the need for multiply electro

statically shielded transformers was established. The 

transformers that were designed and constructed are shown in 

plates 3.1 and 3.2 . Those plates show that one transformer is 

Plate 3.2: An isolated line driver board and triple-shielded 

transformer . 
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used per interface chassis, and that the transformer operates 

four power supplies from its secondary coils. As a result of 

section c (see below), two coils providing r.m.s. output 

voltages of V , at a maximum r.m.s. output current of rms_sec 
I rms_max' are used for each of the following combinations. 

v = 12.4 volts at I = 3.7 amperes rms_sec rms_max 
and v = 19.5 volts at I = 3.2 amperes. rms_sec rms_max 

It follows that the maximum required VA rating of the 

transformer, the rating with all four secondary coils suppling 

full load, is 215 VA. The primary coil voltage will be 

V. = 235 volts to correspond to the nominal utility rms_prim 
power line voltages at the Mount John University Observatory 

and the Physics Department of the University of Canterbury. 

The transformer is constructed on a H.W.R. 70/18/13 

C-core with 0.3 mm laminations that satisfies D.E.F. 5193 and 

B.S. 5347. The cold rolled grain oriented silicon steel core 

allows 30-40% higher operating fluxes, with a lower iron loss, 

a lower magnetising current, and less wire per coil than does 

a traditional E-I core. The properties of this core include 

3.2 < TPV < 3.54 turns/volt for 1.65 

16 < p < 30 volt-amps for 1. 50 mag 
2.5 < p ( 3.6 watts for 1.50 core 
and TF = 2.8 oc w- 1. 

where TPV is the number of turns per vo 1 t, 

magnetization power, P 
core is the core 

> 
< 
< 

B > 
B < 
B < 

p 
mag 

loss, 

1.5 tesla, 

1.65 tesla, 

1.65 tesla, 

is the core 

TF is the 

temperature factor, and B is the magnetic flux density of the 

core. In addition to the advantages of these cores listed 

above, their geometry will be seen to enable electrostatic 

shielding to be simply implemented, and will minimize the 

leakage inductance of each coil because the coils can be 

tightly wound onto the core, rather than on top of each other. 

To determine the general coil parameters, 

transforming efficiency, e, of the core must be known. 

be deduced from experimental data using 

the 

It can 
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N 
v s 

s 
= e-N- V 

p p 
(3.18) 

where V and V are the primary and secondary coil voltages of 
p s 

coils with N and N turns respectively. With a core magnetic 
p s 

flux density of B = 1.5S tesla, the transforming efficiency 

was measured to be e = 0.972. 

Given the three possible 

requirement that each coil has an 

the number of turns per vo 1 t was 

coil voltages, and the 

integral number of turns, 

treated as a variable in 

determining the number of turns on each of the coil types. To 

optimize the performance of the core, it was also desired to 

hold the magnetic flux density to the lowest practicable value 

within its allowed range. Using the previously determined 

value for the core efficiency, the value TPV = 3.290 was 

determined in conjunction with the following coil parameters 

R.M.S. coil voltage: 

Number of turns 

235 

773 

19.5 

66 

12.4 

42 

For the above TPV value, the values P = 20 V A and mag 
P = 3 watts are determined. The physical designs of the core 
coils are constrained by the window area of the core, and by 

the requirement that the input and output leads of each coil 

are at the same position on the coil. This requirement is so 

that twisted pair leads can be attached to the coil, forming a 

minimum loop area in the circuit containing the coil and power 

supply electronics. It implies that an even number of layers 

of turns must be used in each coil. and so the following 

combinations are used. Six layers of 7 turns each are used 

for the 42 turn coils, six layers of 11 turns each are used 

for the 66 turn coils, and 9 layers of 78 turns with a tenth 

layer of 71 turns are used for the 773 turn coils. 

The physical layout of the coils on the core is 

depicted in figure 3.25, which shows that the core window is 

completely utilized. Figure 3.26 shows the construction of 

the coils with a cross-section through one of the sides of a 

coil. Boron nitride paper is used between the layers, and 

encasing the coil, to provide inflammable high voltage 

insulation. The coils are wrapped in PVC insulation tape to 

provide further insulation, and to bind them together ensuring 
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Figure 3.25: Physical layout of the primary coil (bottom), 

and the four secondary coils (top) on the 

transformer core. 

II 

I 

77 

Figure 3.26: Schematic representation of one of the secondary 

coils (left) showing a side cross-section 

(centre) and a non-shorted aluminium tape 

shield (right). 

high mechanical rigidity. The coils are wound from enamel 

coated copper wire of the largest diameters that would fit in 

the available space. For the primary coils, the diameter is 

0.85 mm, and for the secondary coils, the diameter is 1.6 mm. 

Flexible twisted pair leads are crimped onto the output wires 

near their exit from the coil. The effective cross-sectional 

area of each multi-strand lead is the same as as that of the 

coil wire to which it is attached. 

The measured resistance of each type of coil confirms 

the design values calculated from the length of the mean turn, 
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the number of turns, and the resistance per unit length of the 

wire. Therefore the output resistance of the secondary coils 

can be calculated from 

R = R + 
OS S 

R 
p 

where R and R are respectively the primary 
p s 

coil resistances. Thus the coil resistances 

external circuitry are 

Number of turns 773 66 

Output resistance (0) 4.8 0. 14 

(3.19) 

and secondary 

seen by their 

42 

0.08 

These values complete those required to determine the maximum 

power dissipation of the transformer as the sum 

p 
trans. = pcore + l pcoil 

coils 

{3.20) 

where the power dissipation in the coil output resistance, 

R . 1 , at maximum r.m.s. load, I . 1 , is co1 max_col 

p . 1 
C01 = 

2 
I . 1 R . 1 . max_col col (3.21) 

The maximum current loads have been given for the secondary 

coils, and for the primary coil it is 

I . = I . + max_prlm mag_prlm 

I N \ max_sec sec 
L N . pr1m 

(4.22) 

sec 

The subscripts prim and sec refer to the primary and secondary 

coils, N is the number of turns on the specified coil, and 

I . is the primary coil magnetization current mag_prlm, 

1mag_prim = 
The maximum transformer power 

p 
mag 
v 

p 

dissipation 

(3.23) 

is therefore 

10.0 watts, and so application of the transformer temperature 

factor indicates that the operating temperature at full load 

will be 30 C0 above the ambient temperature. 

A rigorous interpretation of the shielding discussion 

in section 3.1 requires that the transformer coils be 

completely enclosed within the shields. In that case the 

shielding is referred to as box shielding, and the transformer 

is said to be of the instrumentation type. Each coil of the 
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Plate 3.3: Stages in shielding a transformer primary coil. 

transformer under discussion has one complete box shield to 

form a double shielded instrumentation transformer. Three 

stages in the manufacture of the primary coil shielding are 

shown from left to right in plate 3.3. The first is the 

insula ted coi 1 with its leads served, the second has the 

shielding added to the coil and leads, and the third shows the 

coil completed with insulation over the shielding. The 

shielding is adhesive aluminium tape which like the PVC tape 

used for insulation, was wound onto a bobbin for application 

to the co i 1. Both tapes are wound with a 50% over lap to 

effectively give a double layer on the coils. The insulation 

over the shielding on the leads is heat-shrinkable tubing. As 

depicted in figure 3.26, the top and bottom layers in the 

overlap caused by the shielding going around the coil and 

closing back on itself, are insulated from each other to 

prevent the shielding from forming a shorted turn around the 
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Plate 3.4: Stages in shielding a transformer secondary coil. 

core. Thus the large current that would flow in such a turn 

and saturate the core is avoided. Plate 3.4 shows the stages 

of the shielding process on a 66 turn secondary coil. 

A third partial shield is installed in the transformer 

so that the transformer can be used in the triple shielded 

configuration shown in figure 3.24. A copper sheet with PVC 

insulation tape covering its surface is positioned in the 

window of the core between the primary coil and the secondary 

coils. That sheet is connected on one side of the window to 

the core, and together they constitute the second shield of 

the triple-shield design . Care must be taken not to form a 

shorted turn around the core with the shielding sheet. 
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c) Pre-regulation Power Supplies 

A transformer secondary coil, whose output voltage 

will be determined within this section, is shown supplying a 

pre-regulation power supply in figure 3.25. The power supply 

uses the diode bridge, DB, to full-wave rectify the ac 

voltage, and then a capacitor, C , to reduce the voltage 
r 

ripple to an acceptable value. 

by the solid-state 3-terminal 

That voltage is then regulated 

adjustable regulator, AR 1 , to 

give the output voltage determined by the adjustment reference 

voltage. That voltage is set with the divider chain formed by 

resistors 3, 4, and 5. By filtering the adjustment voltage, 

the adjustment capacitor, 6, improves the regulation 

characteristics, and like the output capacitor, 7, it 

decreases the output impedance of the regulator at high 

frequencies. The four capacitors 1-4 are used to suppress 

noise generated by the bridge diodes as they turn off at the 

end of each rectifying cycle. That noise would result from 

the current pulse that occurs due to the change in junction 

capacitance between forward and reverse bias. The capacitors 

sink that pulse and thus prevent it flowing in the power 

supply circuitry where it can produce voltage transients by 

common-impedance coupling. The remaining components are used 

to provide protection when a power supply fault occurs, and 

when the power supply is turned off. 

A 'fast-blow' fuse protects the circuitry being powered 

by the supply from a short circuit of the regulator output to 

ground, and via the 'crow-bar' circuitry, from the common 

regulator failure mode of 

In that case, zener diode 

an input to output short circuit. 

1 detects the output over-voltage 

condition and turns on the triac, T, to create an extremely 

low impedance between the fuse and ground. The f i 1 ter 

capacitor and secondary coil 

through the fuse to blow 

can then drive a large current 

it and thus isolate the the 

electronics from the transformer. Resistor 2 ensures that the 

zener diode provides a low impedance between the supply rail 

and the triac control gate at the voltages on that gate at or 

above the triac turn-on voltage. When combined with resistor 

2 and the 'off' impedance of the zener diode, capacitor 5 
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ensures that the triac is not triggered by harmless spikes on 

the supply rail because once triggered, the power supply must 

be turned off to reset the triac. The regulator input is 

protected by diode 1 which conducts the discharge current from 

the net output load capacitance when the regulator input 

voltage drops below the output voltage. This occurs during 

power down, and when the crow-bar circuitry is active. The 

output discharge resistor, 6, provides the main discharge path 

for residual charge on that capacitance, but also guarantees a 

minimum load for the regulator. The input discharge resistor, 

1, causes a maximum time constant of R
1
Cr for the discharge of 

the regulator capacitance during power down. This ensures 

that the output voltage will decisively drop to zero without 

relying on the characteristics of the load. 

The dewar e 1 ec tron i cs wi 11 operate from power supply 

voltages of +5 volts, and ±15 volts. Therefore to determine 

the required transformer secondary coil voltages, v ' s 
in each 

case, the voltage drop across each component between the coil 

and the dewar regulator must be considered. 

general result is 

Therefore the 

(3.24) 

where V is the dewar regulator output voltage, the V are the 
o r 

minimum voltage differentials between the input and output of 

the regulators, v1 is the line drop in the cables between the 

pre- and post-regulators, V is the peak-to-peak ripple 
c 

voltage on the filter capacitor when delivering the maximum 

output current, and the Vd are the forward voltage drops 

across the legs of the diode bridge when active. The 

specifications for the regulators and diode bridges in use 

give Vr = 3 volts, and Vd ~ 1 volt. The sum of the line drop 

and ripple voltage will be specified here to be (V
1

+Vr) = 4.5 

volts, which allows for a range of possible line resistances, 

maximum supply currents, and capacitor sizes. Therefore the 

peak secondary voltages, and corresponding r.m.s. voltages for 

the specified output voltages are 

v = +5 v = 17.5 volts and v = 12.4 volts 
0 s rms 

v = +15 v = 27.5 vo 1 ts and v = 19.4 volts 
0 s rms 

v = -15 v = 27.5 volts and v = 19.4 volts 
0 s rms 

The 25 meter length power supply distribution cables have a 
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regrettably large line resistance of 2.0 ohms, and therefore a 

maximum load current of 1.0 amperes is set which gives Vd = 2 

volts and a 2 watt maximum power dissipation in the line. 

This requires that V be less than 2.5 volts when suppling the 
r 

maximum load current. Using these values, the author's 

programme POWERCAP determines the required capacitance of the 

regulating capacitor to be c = 3300 r 
used to determine the key parameters 

smoothing circuitry that are given 

+5 volt power supplies, and in table 

power supplies. For a specified load 

IJ.F. It 

for the 

in table 

3.3 for 

current, 

has also been 

rectifying and 

3.2 for the 

the ±15 volt 

Inc· 
tables, 

r.m.s. 

v 
PP 

secondary 

is the capacitor ripple voltage, 

coil current, and I k is the pea 

I rms 
peak 

in those 

is the 

current 

supplied to the capacitor in each charging cycle. 

Table 3.2: Rectifying and smoothing circuit parameters for a 

peak capacitor voltage of 14.5 V in the 5 volt power supplies. 

0.25 

0.50 

0.75 

1.00 

v 
PP 

(V) 

0.68 

1. 31 

1.90 

2.46 

I peak I rms 
(A) (A) 

4.56 0.86 

6.24 1. 42 

7.44 1. 90 

8.38 2.33 

Table 3.3: Rectifying and smoothing circuit parameters for a 

peak capacitor voltage of 24.5 V in the ±15 volt supplies. 

0.25 

0.50 

0.75 

1. 00 

v pp 
(V) 

0.70 

1. 35 

1. 98 

2.58 

I peak I rms 
(A) (A) 

6.03 0.99 

8.33 1. 65 

10.00 2.21 

11.35 2.72 
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The circuit diagram for the negative power supplies is 

that of figure 3.24 with the diodes, zener diode, and 

pola~ized capacitors reversed within the circuitry. The 

regulator adjustment circuitry allows for a possible range of 

17.0 to 19.5 volts for the 19 volt pre-regulators, and +7.5 to 

+10.0 volts for the +9 volt pre-regulator. The regulator 

capacitor can support a maximum r.m.s. current of 5 amperes 

when operating in an ambient temperature of less than 50 °C, 

and has a maximum discharge time constant of 2.2 and 0.7 

seconds respectively. The crow-bar circuitry fires at ±20.6 

and +10.6 volts respectively. 

d) Power Supply Fault Detection 

The pre-regulation power supplies monitor themselves 

for fault conditions with the circuitry given in the top of 

figure 3.24. That circuitry detects if the output voltage is 

within an allowed voldage window, and if the load current is 

within an allowed current window. If one of the 4 possible 

limits is breached, a logic level is generated to warn the 

user that a power supply fault is occurring. Because the 

output signal is optically coupled with the 'light on' state 

indicating 'no fault', the over-voltage condition is not 

explicitly measured as the action of the crow-bar circuit will 

power down the power supply, and therefore indicate a fau 1 t 

because of the resulting 'no light' condition. It follows 

that if the power supply is off, or if the output signal is 

disconnected, a fault is indicated. The remaining three 

limits are checked by comparators which compare the actual 

level against a reference signal indicating the required 

limit. Comparator CP2 monitors the low-voltage level by 

dividing the voltage at A with resistors 7 and 8 so that when 

A drops below the window limit, the divided level drops below 

that of zener reference 2 resulting in CP2 changing output 

state. The load current magnitude is converted into a voltage 

level by the sensing resistor R whose resistance is 
s 

significantly less than the transmission line resistance. 

Comparator CP3 monitors the low-current limit by comparing the 

voltage at node B with the reference level set by the voltage 
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divider action of resistors 14 and 15 on the voltage from 

reference zener 2. Comparator CP4 monitors the high-current 

limit in the same way by using resistors 18 and 19. The 

comparators are open-collector and switch to a logic low level 

when a fault is detected. Therefore the three limits are 

logical 'ORed' into a single fault indicating signal by the 

connection of the three outputs together. Comparator CP1 is 

used to invert that signal, light the indicator LED if no 

fault is occurring, and drive the signal out to an 

optocoupler. Each comparator has a small amount of hysteresis 

due to the positive feedback networks like resistors 9 and 10 

on comparator CP2. This ensures that noise does not trigger 

the comparators, and that the transition is rapid when they 

are triggered. 

The fault signals from each of the four power supplies 

within a given interface chassis are received by optocouplers 

on the control signal board described in section 3.3.2, have 

their level transitions shaped by Schmidt trigger buffers, and 

are logically 'ORed' by the active-low OR-gate into a single 

fault signal from the chassis. That signal is detected by an 

optocoupler in the Data Acquisition System as described in 

section 7.1.3. The signal from any power supply within a 

chassis will be disregarded by the OR-gate if the mini-jump is 

set correctly. 

The circuit diagram for the negative power supplies is 

that of figure 3.24 but with connections C and D crossing 

over, connections A and B crossing over, and the sensing 

resistor moved into the output lead immediately before node A 

(as indicated). For all the power supply voltages, the 

current window is in the 50 mA to 500 mA range. For the +9 

volt supplies, the lower voltage limit is +7.5 volts, and for 

the ±19 volt supplies, the lower limit is ±17.5 volts. The 

hysteresis for each of the comparators is calculated to lie in 

the 4 mY to 9 mY range. The low choice of zener reference 

voltage and the selection of drive current for the 

optocouplers ensures that the circuit correctly signals a low 

voltage condition for all voltages below the lower voltage 

window limit. 
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e) Dewar Power Supply Regulation 

As previously indicated, the pre-regulated power 

supplies are regulated to the required operating voltages 

within the dewar electronics, as depicted in figure 3.24. The 

diode and capacitor are reversed within the circuitry for the 

negative voltage power supplies. The impedance of the pre

regulation power supplies as measured at the input of the 

dewar regulators is effectively the parallel combination of 

the dewar capacitance 8, and the transmission line resistance 

of Rt = 2 ohms. Their pole frequency is 12 hertz which means 

that capacitor 8 supplies the current drawn at frequencies 

above that value, and the pre-regulators supply the current at 

frequencies up to that value. This effectively implies that 

all the dynamic currents drawn by the dewar electronics are 

sourced by the capacitors, and therefore that the activity of 

the dewar power supplies in that upper frequency range is 

relative to the dewar ground, and localized within the dewar. 

Thus the pre-regulation power supplies perform the task of 

'trickle charging' the dewar capacitors, and supplying the low 

frequency currents like that required by the temperature 

controller described in section 4.2. The interaction of Rt 

and capacitor 8 also forms a single-pole low-pass filter which 

attenuates noise on the pre-regulation power supply output, 

and noise that couples onto the transmission line. 

f) The Hardware Implementation 

Because each coil of the transformer is enclosed by one 

box shield, the shield of the primary coil is implemented as 

the first shield of a triple-shield design, as described in 

section 3.1, and the shields of the secondary coils are 

implemented as the third shields of that design. This was 

depicted in figure 3.24 which shows that those choices are 

necessary to contain in the coil circuitry the currents driven 

by the electric fields of the coils. The secondary shield 

design must enclose the tertiary shields and so in general it 

is implemented as the metal framework of the interface 

chassis. However in the transformer, that shield is a partial 
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shield separating 

window of the 

transformer core, 

the primary and secondary coils 

transformer, which is connected 

and which was described in section b . 

87 

in the 

to the 

Given 

these choices for the shields, the implementation of the power 

supplies can now be considered. 

The utility power conditioning described in section a 

is physically implemented as shown in plate 3.5. The 

components are mounted on or within the utility power 

conditioning box which is an extension of the shield that 

encloses the primary transformer coil, the first system 

shield. Therefore the box is insulated from the chassis, the 

second shield, by a perspex spacer that separates it from the 

back panel of the chassis onto which it mounts. The line 

filter is seen mounted in the sub-dividing wall of the box and 

connected to the twisted pair leads of the primary coil. The 

shielding on those leads is connected to the end wall of the 

box as shown in plate 3.2, and therefore to earth as the 

Plate 3.5: Internal view of a utility power conditioning box. 
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utility power earth from 

connected to the bottom of 

3.24 and plates 3.5 and 

88 

the power cord receptacle is 

the box. Consideration of figure 

3.2 allows the isolation of the 

utility power earth, and the confinement of the primary coil 

electric field to be visualized. 

The printed circuit board that is used to implement the 

pre-regulator circuitry of figure 3.24 is given in figure 3.27 

using the same component names. The tracks are on the back 

0 0 

Figure 3.27: Printed circuit board layout for a pre-regulator 

circuit. 

side of the board, and two ground planes are on the front side 

of the board; one is for the fault detection circuitry at the 

top, and the other for the power supply circuitry at the 

bottom. By using the previously given component values, 

correctly orientating the polarized components, and forming 

four firm-wired links, this board can deliver either polarity 

in either of the required voltage amplitudes. The board shown 

is configured for a positive power supply, and three 
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Plate 3.6: Three views of the pre-regulated power supplies . 

perspectives of the completed power supplies are shown in 

plate 3.6. The board is mounted onto a heat sink, as are 

those components which dissipate power . The left example 

shows the adjustable regulator with its output bleeder 

resistor, and the right example shows the diode bridge and 

suppressor capacitors with the input bleeder resistor. On the 

printed circuit board the left side connectors from top to 

bottom are the regulator input, the adjustment circuitry 

signals, and the output and ground connections. On the right 

side from bottom to top, they are the diode bridge inputs and 

the diode bridge ouputs. The bottom four connectors are from 

right to left the secondary- and tertiary-shield shielded 

secondary coil inputs, the secondary-shield shielded fault 

status output lines, the connection to the secondary shield, 

and the secondary-shield shielded regulator output to the 

dewar electronics. The right connector allows for a second 
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shi e 1 d on the secondary coi 1 to be connected to the chassis 

secondary shield, and connects the tertiary shield to the 

power supply ground plane. The metallic heat sink is also 

connected to the ground plane, and together they complete the 

tertiary shield which contains the ac high voltage electric 

field of the secondary coil. Because of the de output voltage 

of these power supplies, and the pseudo-de current supplied by 

them as previously described, a tertiary shield is not used on 

the output leads. Plates 3.1 and 3.2 show the routing of the 

input and output cables to the power supplies, and allow the 

effect of the compromises in the completeness of the shields 

to be visualized. 

3.3.2 Control Signal Distribution 

a) Differential Logic Transmission 

The balanced or differential method of distributing 

logic signals requires a line driver to drive complementary 

signals down the two wires of a transmission line as depicted 

in figure 3.28. The line receiver only responds to the 

I 11 
L+ 11 

L- LJ 
0 11 

Figure 3.28: Differential distribution of logic signals down 

a transmission line. 

difference in the signal between the two lines, which rejects 

the common-mode voltage between the driver and receiver as did 

the analogue differential amplifier in section 3.2. Also of 

significance is the EMC behaviour depicted in figure 3.29. 

The mutual inductance and stray capacitance between the 

external signal line E and each of the transmission lines L+ 

and L- will cause the signal on line E to equally couple onto 

those two lines. However the differential signal at the 
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l~ 

L+~ 

L-~ 

E -----
Figure 3.29: Electromagnetic coupling behaviour along a 

transmission line. 
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receiver is zero and so the transmission process is not 

interferred with. Similarly. the balanced signals on L+ and 

L- result in them coupling no net signal onto line E. 

Therefore the differential transmission technique rejects 

common-mode potentials, and is not a susceptor or emitter of 

radiated EMI. The input currents from the transmission line 

into the line receiver return to the line driver through the 

ground, and can therefore common-impedance couple through the 

ground impedance into other circuitry. If each line receiver 

input terminal exhibits the same impedance to ground, the 

return ground current will not have a dynamic component due to 

the balanced nature of the transmission. Therefore the input 

impedances should be balanced and as high as is practicable. 

b) The Grounding, Shielding, and Circuitry 

Each control signal is transmitted from the Data 

Acquisition System to the dewar with the grounding, shielding, 

and circuitry depicted in figure 3.30. As described in 

section 7 .1.3, each control signal is generated by a system 

timing controller, STC, .in the Data Acquisition System 

interface, and is driven out to an optocoupler in the 

appropriate detector interface chassis. That signal is 

buffered by a schmidt trigger to ensure precisely repeatable 

logic level transitions, and a mini-jump allows the option of 

either inverting or not inverting the signal level. A 

differential line driver then drives the signal along the 

transmission line to the dewar electronics where it is 

received by the line receiver. Resistor 3 and the capacitor 

terminate the transmission line with its own characteristic 
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Figure 3.30: Control signal distribution electronic circuit. 

impedance to prevent line reflections. The blocking 

capacitance C passes the dynamic signals, but blocks the high 

de current allowed by the low value of resistor 3, and 

therefore prevents excessive power dissipation in both the 

driver and transmission line. 

The grounding, shielding, and power supply distribution 

are also depicted in figure 3.30. The shielding of the Data 

Acquisition System is shown connected to its signal ground and 

power supply ground at their single connection to earth, but 

isolated from the interface chassis shielding. Combined with 

the optical coupling of the signals, this is the isolation 

between one of the pairs of earth points referred to in 

section 3.2.2, and the technique used to achieve 

electromagnetic compatability between those sub-systems being 

linked. The two power supplies associated with the control 

signal electronics described in section 3.3.1 are 

schematically depicted. The pre- and post regulators of one 

supply are shown lumped together and supplying the chassis 

electronics relative to their ground. That supply and the 

electronics share the same shield, and are joined together at 

the connection of their grounds to the shield. The 

pre-regulator and shield of the other supply are electrically 

floating within the chassis. It supplies its dewar 

electronics load relative to the dewar ground, and is 

connected to earth at that point. The primary co i 1 of the 

transformer and its shield are external 

and can again be seen to provide the 

to the chassis shield 

isolation between the 
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power ground and the dewar ground that is required. 

c) The Hardware Implementation 

The control signal interface electronics depicted in 

figure 3.30 which are within the interface chassis, are 

located on the main printed circuit board seen in plate 3.1. 

The layout of that board is given in figure 3.31 and plate 

3.2, and shows the interface electronics on the left hand 

side, and their power supply on the right hand side. The 

tracks are on the bottom of the board, and separate ground 

planes for each of the power supply and interface electronics 

areas can be seen on the top of the board. The transformer 

secondary coil and its shield enter the top right connector 

and the shield is connected to the power supply ground plane 

at that point. The other top power supply connector 

distributes the fault status signal while the bottom right 

connector can supply future expansion electronics with the 

fault checking pre-regulated power. The six control signals 

arrive on the board from the Data Acquisition System through 

the six top left connectors. Their shields finish as the 

cables enter the connector plugs, and capacitive coupling of 

the signals to the interface board ground plane is minimized 

by the absence of that plane under both the connector 

receptacles and the input side of the optocouplers. The 

signals are interfaced by the three pairs of channels under 

the connectors, and are line driven out to the dewar through 

the six bottom left connectors. The seventh from bottom left 

connector receives the data from the dewar for interfacing 

with the electronics immediately above it. The data is driven 

out to a Data Acquisition System optocoupler through the fifth 

from top right connector. The four fault status signals 

arrive on the board from the power supplies through the bottom 

two-pin connectors. Their shielding and isolation from the 

ground plane of the board is the same as described for the 

control signal input lines. The signals are interfaced and 

processed by the electronics above the connectors, and the 

composite ORed signal is driven out to a Data Acquisition 

System optocoupler through the fourth from top right 

connector. The third from top right connector is used to joi11 
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Figure 3.31: Printed circuit board layout control signal distribution 

electronics given figure 3.28. 
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the ground plane of the printed circuit board to the shield of 

the electronics, the chassis. That connection is seen to 

occur at the same place as the three connections of the 

pre-regulation power supplies to the chassis. 

With the exception of the connection to the chassis 

shielding, all cables connected to the board are of the 

shielded twisted pair type. Those cables that enter or leave 

the chassis through the three connectors seen mounted on the 

back panel of the chassis in plates 3.1 and 3.5, pass through 

the connector without joining the shields of the cables to the 

metallic connector cases. 

3.4 The LDA Interface and Acquisition Rack 

The three interface chassis and the Data Acquisition 

Sys tern are moun ted in a standard 19" e 1 ec troni cs rack. whose 

front and back views are shown in plates 3.7 and 3.8 

respectively. The Data Acquisition System, to be described in 

Chapter 7, has its 8" Disk Drive chassis at the bottom of the 

rack, and its microprocessor chassis immediately above it. 

The three interface chassis are at the top of the rack, and 

below them is the Utility Power Switching chassis. 

The Utility Power Switching chassis contains two solid

state relays which are individually switched by the Data 

Acquisition System. The utility power can supply the 

interface chassis through one of them. and whichever of the 

spectrograph reference lamps that has been se 1 ec ted through 

the other. 

The front panels of all the chassis are insulated from 

the rack by a strip of perspex on each of the rack mounting 

surfaces. The screws which secure the front panels against 

those surfaces are insulated from the panels to prevent them 

forming a connection between the panels and the rack. 

Finally. small gaps between the panels of adjacent chassis 

ensure that each chassis, when disconnected, is electrically 

isola ted from the other chassis. and from the power earth. 

This ensures that only intended connections of the electro

mechanical design are made to the chassis. 

The cables which interconnect the chassis are visible 
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Plate 3.7: Front view of the LDA Data Acquistion System 

and Interface rack. 
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in plate 3.8 . The general cabling principle is that power is 

on the left hand side, and signals are on the right hand side . 

Not shown are the two utility power cords which supply the 

microprocessor chassis and the switching chassis, and the 

power and signal cables which interconnect the microprocessor 

chassis and the Data Acquisition System peripherals . Also not 

shown are the three cables which interconnect the interface 

chassis and the dewar. 
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Plate 3.8: Rear view of the LDA Data Acquisition System 

and Interface rack. 
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CHAPTER FOUR 

THE CRYOGENIC DETECTOR HEAD 

The diode array must be both mechanically and optically 

interfaced to the spectrograph, the readout and control 

electronics must be appropriately mounted and connected, and 

the array must be cryogenically cooled to a specified 

temporally stable temperature. These tasks form the framework 

of the Cryogenic Detector Head system module, referred to as 

'the dewar', which enable its electronic sub-systems to 

produce the required image frames. The design and 

specifications of the hardware that constitutes that framework 

must therefore be given. 

4.1 The Mechanical Sub-systems 

The operating principle of the dewar is that of a 

vacuum flask whose inner chamber contains the cryogenic liquid 

used to cool the array. In the optimum case, the cryogen will 

only dissipate the heat that originates in the array in order 

to rna in tai n the required temperature. However in rea 1 i ty, 

most of the heat dissipated wi 11 enter the cryogen through 

undesirable leakage paths, which requires those paths to be 

controlled in order to maximize the efficiency with which the 

cryogen is expended by the cooling process. 

The dewar physically divides into three major sub

systems; its tank, lid, and electronics assembly, which will 

be considered individually. The dewar is shown in plate 4.1, 

and depicted with a composite cross-section in figure 4.1. 

4.1.1 The Dewar Tank 

This tank comprises the cryogen storage tank, the 

thermal coupling between the array and cryogen, and the 

mounting for the electronics assembly. With the exception of 

the thermal link, this tank is based upon a Center for 

Astrophysics (Cambridge, Mass.) design. 
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Plate 4.1: The MJUO linear diode array dewar. 

a) The Cryogen Storage Tank 

The cryogenic liquid is held by a cylindrical tank of 

2.0 liter capacity that is mounted within the outer shell of 

the dewar tank. Both tanks are of welded stainless steel 

construction. The base of the cryogen tank sits on a PVC 

mount at the top of a phosphor-bronze support whose five 

radial fingers spring against a PVC ring on the bottom of the 

dewar tank. The top of the cryogen tank is held by three PVC 

cylinders which locate the tank both radially, and vertically 

due to the bottom spring acting against them . Two stainless 

steel filling tubes are connected into the cryogen tank via a 

brass block on the top of the tank. They each pass through a 

custom nut to seat against a lip within their filling hole 

through the block. Their outside is vacuum sealed against the 

lip with indium that is compressed onto the contact by the nut 

iHE !..IB~ARY 
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Figure 4.1: Composite cross-section of the MJUO LDA dewar. 

as it is tightened. The other end of the tubes pass into the 

external environment through soldered conections in their 

individual mountings on the wall of the dewar tank. 

b) The Thermal Link 

The thermal connection through which heat flows from 

the block to be dissipated by the cryogen in the cooling 
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FULL 

Figure 4.2: Thermal circuit diagram which is used for 

determining the diode array block temperature. 

process is called the thermal 1 ink. This process can be 

represented by the thermal circuit diagram in figure 4.2, and 

its analysis is the same as for the analogous electrical 

circuit diagram. The ground potential of the circuit is the 

cryogen temperature, and the thermal resistance of the link, 

Rt. connects the thermal capacitance, Cb' of the block to the 

ground potential. The ambient temperature of the dewar walls 

relative to the cryogen is the temperature difference T which 
a 

drives heat into the cryogen and block through the leakage 

thermal resistances of Rcl and Rbl respectively. These 

I eakage resistances are assumed to be 1 inear, and for the 

present purpose (see also section 4.2) the power source P is s 
the power generated by the array. Therefore the temperature of 

the block is that of the block node, and is 

(4.1) 

If the components Rbl and p do s not exist, ie. Rbl = Oi) and 

p = 0, the temperature of the block is that of the cryogen, 
s 

but in general it is warmer than the cryogen due to heat 

flowing through the thermal link. The thermal 1 ink therefore 

is a component whose value is determined by the required block 

temperature. 

The absence of cryogen in the dewar is equ iva 1 en t to 

the switch being in the position labelled 'empty', with the 

block temperature being Tb = Ta Filling the dewar with 

cryogen is equivalent to changing the switch to the 'full' 

position and results in the block temperature exponentially 
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decreasing to the value given by equation 4.1, with a time 

constant of 

T = [ Rb l R t 
Rbl+Rt ]cb (4.2) 

If the ambient temperature changes by AT while the dewar is 
a 

'full', the block temperature will change with the above time 

dependence by the amount 

ATb = ATa[ Rb:!R, ] (4.3) 

The section of the thermal link making contact with the 

block is the top end of a 60 mm length of 12.7 mm diameter 

copper rod, known as the heater rod, that fits into a matching 

hole through the block. A detachable custom copper bolt in 

the bottom of the rod is connected by a flexible coupling to a 

copper slit block. At manufacture, the coupling is six 

lengths of copper braid held side by side by copper rings 

crimped down around the braid at each end of the coupling to 

an outside diameter of ~5 mm. The crimping rings are then 

soldered into matching holes in each of the bolt and split 

block, with the rings maintaining good 3-dimensional 

flexibility in the coupling by preventing solder 'wicking' 

through the braid. The split block clamps around the top of a 

200 mm length of 12.7 mm diameter copper rod known as the 

cooling rod. Although the cooling rod makes contact with the 

cryogen along its bottom 3 millimeters of length, the primary 

contact is through a 60 mm diameter 3 mm thick copper plate 

sweat-soldered and screwed to the bottom face of the rod. The 

rest of the cooling rod is isolated from the cryogen within an 

evacuated 0.25 mm wall thickness stainless steel sleeve which 

is welded to the rod at the bottom of the cryopump. and open 

to the vacuum chamber at its top. Assuming that the cryogen 

tank is more than 20% full and that the dewar is pointing 

within 70° of the zenith, this sleeve ensures that the thermal 

characteristics of the contact be tween the link and cryogen 

are neither a function of the quantity of cryogen within the 

tank, nor a function of the attitude of the dewar. Therefore 

under the above assumptions, the thermal resistance of the 

link is a constant and so the only operating conditions on 
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which the block temperature depends, as given by equation 4.1, 

are the ambient temperature and the power injected into the 

block. 

For a given thermal leakage resistance to the block, 

the value for the link thermal resistance is determined by the 

required block temperature. Adjustment of that resistance is 

achieved by removing copper from the braid that constitutes 

the flexible coupling, increasing the thermal resistance and 

therefore the block temperature. This irreversible process is 

done iteratively until the block temperature has increased to 

the required value. 

The three detachable metal-to-metal joints within the 

thermal 1 ink each have a film of si 1 icon base heat sinking 

compound within them to eliminate vacuum gaps and thus 

maintain a low thermal resistance across the junctions. 

c) Thermal Insulation 

Thermal insulation is applied within the dewar to 

control heat leakage into the cryogen so that the time taken 

to expend a full tank of cryogen, called the 'hold time', can 

be maximized. Insulation against the conductive, convective, 

and radiative processes operating in the identifiable leakage 

paths must therefore be considered. 

The components that should be considered for heat 

leakage paths into the cryogen are the array mounting and the 

cryogen tank because they are the principal components 

operating at cryogenic temperatures. Convective heat 

transport betwen the dewar walls and any of the components at 

cryogenic temperatures is eliminated by the vacuum within the 

dewar, to be discussed in section 4.1.1d. The residual 

leakage into those components is therefore conductive and 

radiative, and its control for the mounting of the array will 

be discussed in section 4.1.3a. Conductive heat transport 

into the cryogen tank through its mounting is minimized by the 

use of the high thermal resistivity PVC parts described in 

section 4.1.la. According to equation 4.4. the rate of 

radiative transfer to the cryogen tank would be ~0.6W if the 

tank were gold plated, assuming the emissivity of gold is 
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~0.015. A less expensive solution of higher performance was 

to encase the tank within 12 layers of 'super-insulation·. 

Each layer is composed of a sheet of aluminium foil over a 

sheet of fiber-glass matt. The fiber-glass matt provides a 

very high thermal resistance between adjacent layers of foil 

due to the large separation between the contacts of adjacent 

foils on a typical individual fibre, and due to the poor 

contact between the individual fibres minimizing parallel 

conduction paths between any typical pair of contacts. 

Therefore radiation is the only significant heat transport 

mechanism between the foils, and because they are in series, a 

typical temperature difference of only ~18 C0 between adjacent 

foils can be supported for the ~210 C0 temperature drop 

between the two tanks. This change in temperature difference, 

from 210 C0 to 18 C0 between adjacent radiators, is the source 

of insulation. Both the inside of the dewar tank, and the 

outside of the cryogen tank are polished to minimize their 

emissivity to the super-insulation. 

d) The Vacuum and Cryopump 

The dewar vacuum chamber is the region internal to the 

lid and tank of the dewar, but external to the cryogen tank. 

All joints and connections between the non-porous materials 

delimiting the chamber are either soldered, welded, or sealed 

with silicon vacuum grease lubricated 0-rings. Materials that 

release gas into the vacuum are said to out-gas, and include 

paint, glue, plastics, and contaminants like oil and grease on 

internal surfaces. Therefore all metallic and painted 

surfaces are cleaned with a de-greasing solvent, and residual 

·gas is baked out of all components by heating with a heat 

lamp. The dewar is evacuated through a University of 

Canterbury Physics Department (UCPD} vacuum coupling located 

under the filling tubes on the dewar tank. The leak detector 

vacuum pump operated by the cryogenics facility of the UCPD, 

h . h of 10- 7 and w 1c can measure vacuum pressures torr greater, 

wi 11 pump the dewar to a presure of 5x10- 7 within 2 hours, 

2x10- 7 torr within 5 hours, and ~10- 7 torr in ~50 hours. 

Experience gained with the dewar vacuum prior to the time of 
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writing indicates that a vacuum of better than ~10- 5 torr can 

be held for at least one month after evacuation. 

The vacuum pressures given are measured in the absence 

of a cryogen within the dewar. During cryogenic operation, 

residual gas whose freezing point is higher than the boiling 

point of the cryogen will solidify onto the cryogen tank and 

therefore reduce the vacuum pressure. Also, the cryogen cools 

the activated charcoal contained by a gauze within a chamber 

at the bottom of the sleeve surrounding the thermal link. 

This increases the activation energy for the release of gas 

molecules chemically bonded to the charcoal, so that once a 

molecule is absorbed, it is held by the charcoal. Because of 

this, and the porous nature of the charcoal granules resulting 

in their effective surface area being many orders of magnitude 

larger than their external surface area, the charcoal acts as 

a vacuum pump. It is referred to as a cryogenic molecular 

sieve material, and the chamber and its contents are called 

the cryopump. This pump ensures that a high vacuum exists for 

thermal insulation during cryogenic operation, even though the 

vacuum pressure may be several orders of magnitude higher when 

not in operation. 

4.1.2 The Dewar Lid 

This lid constitutes the optical and mechanical 

interface to the spectrograph, a section of the shielding for 

the array and its preamplification electronics, and the top of 

the dewar vacuum chamber. 

a) The Rotation Mechanism 

To avoid light loss at either one or both ends of the 

diode array, the axis of the diode array is required to be 

parallel to the spectral order. The dewar therefore requires 

a mechanism for rotating the array about the axis which is 

perpendicular to the spectrograph focal plane and which passes 

through the centre of the array. The most significant 

parameter for this mechanism is 

i s r e qui red to be s rna 11 e r 

the mechanical flexure, and it 

than the flexure of the 
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spectrograph. 

The mechanism shown in figure 4.1 rotates the entire 

dewar relative to the mounting ring that couples the detector 

head to the spectrograph. The dewar is constrained to rotate 

coplanar to the focal plane by three pairs of bearings which 

are separated in their plane by an angle of 120 degrees as 

subtended from the rotation axis. Rotation about this axis is 

achieved with a further three radially acting bearings within 

the plane of the vertical bearing pairs. Each of these radial 

bearings is at the same distance from the axis as the vertical 

bearing pairs, but on the opposite side of the rotation axis. 

One of the radial bearings, and all three of the top bearings 

in the vertical pairs, are mounted on shafts of eccentric 

cross-section. The shafts are rotated so that all nine 

bearings 

they run 

All the 

are in firm contact with the particular surface that 

on, and are then locked in position with grub screws. 

bearings are affixed to their shafts with a 1 ow-

strength 'loctite' bearing retaining compound. 

Dewar rotation is performed by a worm-gear affixed to 

the mounting ring driving a 210 tooth wheel gear on the main 

body of the dewar 1 id. The worm gear has an engraved 40 

division cyclic vernier which does 

from one wheel tooth to the next. 

one revolution in driving 

The back-lash in the gear 

meshing is less than 0.5 vernier divisions, or approximately 

1 minute of arc. 

The mechanical flexure of the spectrograph and detector 

combination has been determined by comparing a sequence of 

spectrograph comparison lamp spectra which were taken with the 

telescope pointing in different directions. The component of 

flexure parallel to the rotation axis. detected by the change 

in the full width at half height of the emission lines, is not 

detectable at the level of 0.25 pixel width changes. The 

component of flexure parallel to the array axis is detected as 

a shift in the emission line centroids parallel to the array 

axis. The worst shift occurs when the direction changes from 

the array axis being horizontal, to being nearly vertical. In 

this case it is approximately 2.0 pixels, the same as the 

30 ~m shift reported by Hearnshaw (1978). 
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b) Light Trap 

No light is allowed to enter the spectrograph through 

the detector mounting that is measurable by the detector in an 

integration time of several hours. However light does leak 

through the rotating head and so the light trap shown in 

figure 4.1 is used to satisfy the light leakage criteria. The 

leakage path passes around four 90 degree corners, reflecting 

each time from matt black surfaces. The light trap decreases 

the leakage by more than five orders of magnitude. 

c) Optical Window 

Light enters the vacuum dewar through a 40 mm diameter 

entrance aperture of 3.5 mm thick optically polished Schott 

FK5 glass. The transmission loss of this window in the 

wavelength band delimited by the atmosphere becoming 

semi-transparent at 310 nm, and by the wavelength being that 

of the silicon band-gap energy at 1100 nm, is entirely due to 

the surface reflection losses. The window is supported by an 

0-ring on each surface, the bottom one of which maintains the 

vacuum in the dewar. The knife edge aperture that the window 

cover plate presents to the incomming optical beam is used to 

shadow the walls of the entrance hole from that beam. This 

prevents the 1 igh t of the spectral orders in the converging 

camera beam from efficiently reflecting and scattering onto 

the array due to the high ref lee tance of any surface when 

illuminated near grazing incidence. Experience gained at this 

time indicates that a window heater is not neccesary to 

prevent fogging which would occur when the window temperature 

drops below the dew point of the air inside the spectrograph. 

4.1.3 The Electronics Assembly 

The electronics assembly includes the diode array and 

electronics mountings, the signal connection paths into the 

vacuum chamber, and the shielding for the dewar electronics 

located externally to the vacuum chamber. 
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a) The Diode-array Mounting 

The array is required to be opera ted at a constant 

temperature of approximately -130 °C. However the temperature 

gradient along its signal lines will conduct heat into the 

array, and heat is also generated within the array due to its 

internal power dissipation. Therefore the array is required 

to be mounted on a flexure-free constant low temperature heat 

sink at the nominal spectrograph focal plane. The 

implementation of this mounting is an 11.5 mm thick, solid 

circular copper block of 70 mm diameter and 170 J K- 1 heat 

capacity, as shown in figure 4.1, plate 5.1. and in appendix 

10. The array sits at the top centre of the block on a leg 

formed by the two s 1 o t s through whi cb the signal pins are 

connected to the external electronics. This leg connects to 

the main body of the block at each end of the array, and so 

beat from the array enters the leg from the top, passes along 

the leg parallel to the array, and exits into the main block. 

A contact of low thermal resistance is maintained between the 

leg and the ceramic package of the array by a thin film of a 

silicon-based beat sinking compound. 

The array is held on the leg by the grip of the signal 

pin sockets into which the array is plugged (see figure 5.5), 

and by an optical mask attached to the block and in contact 

with the top of the array. That mask positions a precision 

rectangular aperture on the array window. of 13.340 mm X 1.135 

mm dimensions for the RL936F/30 array. The mask prevents 

light from striking the array shift registers, and totally 

masks approximately 20 pixels at each end of the array from 

light within the f/13.5 spectrograph camera beam. 

Any heat that enters the block by conduction or 

radiation will undesirably expend the cryogen; in the optimum 

case the cryogen will only dissipate the beat originating in 

the array in order to stay at the temperature of the block. 

The mounting of the block is one conduction path: it is 

composed of three 12.5 mm diameter PVC rods of 25 mm length 

whose combined thermal resistance is approximately 420 K W 1
• 

The temperature difference across these rods of :::::130 K will 

therefore drive heat at the rate of :::::0.3 watts into the block, 
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an accep tab 1 e va 1 ue. The other conduction paths are the 

signal lines and the preamplifier printed circuit board, and 

will be discussed in section 5.3.2c3. Radiation transfers 

heat from the dewar walls of temperature T . to the block of 
w 

temperature Tb. area A. and emissivity e, at the rate of 

Pr = Aea(Tw
4 

Tb
4

) (4.4) 

where a is the Stefan-Boltzmann constant. This rate is Z3.3 

watts for a black block, e = 1, and so the block is gold 

plated to reduce this to an acceptable rate of Z0.1 watts. 

The mask is required to be matt black to absorb stray light, 

and so its surface area must be as small as practicable to 

minimize its absorption of thermal radiation which would be 

transferred to the block. 

The conduction path out of the array, as described, is 

such that a thermal gradient can exist along the mounting leg, 

producing uneven cooling of the array, and the possibility of 

an undesirable temperature gradient within the array 

electronics. Investigation of the possible performance 

degradation has not been carried out; however Tull {1983) has 

designed the mounting for the McDonald Observatory 'Octicon' 

detector arrays to minimize this problem. This problem can be 

avoided if the conduction path of the mounting is directly 

away from the bottom of the array rather than parallel to it. 

b) The Mounting Flange 

The mounting flange which is depicted in figure 4.1 and 

appendix 12 is an 11.5 mm thick milled aluminium plate on 

which the cold block mounting pillars are located (see also 

section 4.1.3a), to which the electronics boxes are mounted 

(see section 4.1.3d), and through which the signal lines (see 

section 4.1.3c) pass from the vacuum chamber to the external 

electronics. The purpose of the flange is to enable the 

electronics to be assembled and tested as a single module in 

the absence of the dewar lid and cryogenic tank. The flange 

also provides a smooth finish on its top and bottom surfaces 

on which the vacuum 0-rings in the dewar 1 id and cryogenic 

tank can seal. 
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c) The Co-axial Feedthroughs 

The signal exchange between the electronics internal 

and external to the vacuum chamber is via 24 swg tin coated 

copper wires which are vacuum sealed with Araldite glue into 

~3 mm diameter holes which pass through the flange. A hollow 

brass sleeve is screwed into the end of each hole within the 

chamber, protruding ~6 mm into the chamber, and secured to the 

flange by a locking nut. Each wire is insulated with a layer 

of heat-shrinkable tubing while in the chamber, which finishes 

after the wire has passed through the sleeve. Each insulated 

section of wire is then shielded with copper braid to form a 

co-ax ia 1 wire, with the braid bound to the sleeve at the 

flange end, and insulated with a layer of heat-shrinkable 

tubing. The free end of each co-axial wire is terminated with 

a Sealectro 'Conhex miniature co-axial plug' for connection to 

the preamplifier printed circuit board. Therefore each wire 

is co-axial between the preamplifier board and its exit from 

the flange because the flange, at zero signal potential, is a 

continuation of the braided shield. 

To achieve the glued vacuum seals, the wire and flange 

holes were first cleaned with a de-greasing solvent. The glue 

and flange were preheated to 35 °C with heat lamps operated by 

a temperature controller that used a thermocouple to measure 

the flange temperature. The top exit of the hole was sealed 

off using a threaded nylon stopper through which the wire 

passed, and the heated glue was forced into the adjacent hole 

exit with a syringe until it flowed from the other end between 

the insulated wire and sleeve. Heating the glue expels air 

bubbles and enables it to flow, and heating the flange 

prevents the glue from cooling on contact with the flange. 

The temperature of the flange was maintained for 24 hours 

after the above operation to ensure that the chemical process 

which sets the glue would go to completion, preventing out

gassing into the vacuum chamber. 

d) The Electronics Boxes 

An electronics box is moun ted on each of the three 
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interface areas of the flange plate, which can hold a 

rectangular printed ciruit board of 160 rom X 210 rom 

dimensions, and allows the components on the board to be up to 

35 rom high. Each board is supported on its four corners by 

insulating stand-offs, and is connected from an insulation 

displacement socket at the bottom of the board, via 50-way 

ribbon cable, to an Amphenol 57F series connector external to 

the box. Within each box an insulation displacement socket at 

the top of the board connects signals via 64-way ribbon cable 

to the dewar interface board, whose layout is shown in 

appendix 12, through a similar socket. A minimum of 44 ribbon 

cable wires connect the ground planes of the two boards, and a 

gold plated area of the interface board ground plane is firmly 

screwed to the edge of 

potential flange plate. 

the interface area on the zero-signal 

The total ground resistance between 

the electronics board and the flange plate is less than 1 mO. 

Signal tracks on the interface boards connect the appropriate 

socket pins to the co-axial feedthrough wires as they exit the 

flange. Two ribbon cable wires are used for signal lines and 

four are used for power lines, giving a total line resistance 

between the preamplifier and external electronics of 15 mO and 

10 mO respectively. The interface board ground plane is on 

the side of that board which shields the signal and power 

lines from any undesirable coupling with the main electronics 

board. 

The electronics boxes form the external shield for the 

electronics that they contain, as described in section 3.2.3, 

therefore all contacts between the 1.5 rom thickness aluminium 

cover plates and the box framework of 6 rom X 6 mm aluminium 

are conductive metal to metal joints. The shielding on the 

cables entering the external connector are joined through the 

connector to wires 1, 2, 49, and 50 of the 50-way ribbon 

cable, which are connected to the box as a continuation of the 

shield, and not to the electronics ground plane. 

4.1.4 The Cryogenic Performance 

Key parameters by which the cryogenic performance of 

the dewar can be quantified are its thermal leakage rate, its 

thermal time constants, and those conditions affecting the 
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natural temperature. 

a) Thermal Leakage 

The net power dissipation by the cryogen can be 

determined by measuring the rate at which the combined dewar 

and cryogen mass decreases due to the vaporization of the 

cryogen. That rate is the gradient of the mass versus time 

curve plotted in figure 4.3, whose data were collected with 

the electronics running, the temperature controller off, and 

the dewar stabilized at its natural temperature. Therefore 

the power dissipated by the cryogen is 5.6 watts, the product 

of the mass loss rate and the 1.992x10- 5 J kg- 1 latent heat of 

vaporization for the liquid nitrogen cryogen. 

Two thermal leakage paths can be identified over which 

more control should have been exercised in order to reduce the 

high level of leakage. One path is through the filling tubes 

which provide a metallic conduction path between the dewar 

tank walls, which are at ambient temperature, and the cryogen 

tank at the temperature of the cryogen. The other paths are 

all conduction paths from the flange to the block. and are the 

preamplifier printed circuit board and its signal lines to the 

array. 
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Figure 4.3: Rate of change of cryogen mass which is used 

for determining the power dissipation by 

the cryogen. 
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b) Thermal Time Constants 

The thermal leakage rate found in section 4.1.4a will 

result in a typical hold time of ~18 hours, which sets the 

practical requirement of the tank being topped up during 

operation at one half day intervals instead of a more 

desirable one day interval. 

The temporal response of the block temperature to a 

step change in the difference between the ambient and cryogen 

temperatures was modelled in section 4.1.1b. The most common 

case is that of filling the dewar with cryogen, whose response 

is called the cooling curve. A typical cooling curve is given 

in figure 4.4; its initial temperature was 24°C, adjacent data 

points are connected with line segments for clarity, and the 

curve can be judged to have the predicted exponential 

behaviour with a time constant of ~2250 seconds. This time 

constant provides stability against high frequency changes in 

the block temperature, and its large value will be found in 

section 4.2 to be of significance to the performance of the 

block temperature controller. 

Using the thermal capacity of the block that was given 

in section 4.1.3, the net thermal resistance between the block 

and cryogen is found from equation 4.2 to be ~12.5 C0 w- 1
• 
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Figure 4.4: Typical cooling curve for the MJUO dewar. 
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c) The Natural Temperature Dependence 

The design given in section 4.1.1b for the thermal link 

was intended to make the natural temperature of the block 

independent of both the quantity of cryogen within the tank, 

and of the attitude of the dewar. Measurements of the natural 

temperature over the range of operating conditions specified 

in that section have confirmed the independence at a tolerence 

level of ~0.3 C0
. Therefore equation 4.1 indicates that the 

block temperature is only dependent on the heat injected into 

the block, to be discussed in section 4.2, and on ambient 

temperature changes. To determine the constant of 

proportionality in equation 4.3, which relates the change in 

ambient temperature to the change in natural temperature, the 

ambient and block temperatures were simultaneously recorded 

every ten minutes during a 21 hour interval. The constant was 

calculated as the quotient of the amplitudes of variation from 

the respective sources, due to the 11 C0 diurnal ambient 

temperature variation, which allows equation 4.3 to be 

expressed as 

(4.5) 

4.2 The Temperature Controller 

The control of the temperature of the diode array was 

established as an operational requirement in section 1.4. 

Using the work of Talmi and Simpson (1980), the precision with 

which the temperature must be controlled during a 30 minute 

integration with an array giving 500 electron-hole pairs 

readout noise, and being operated at 50°C, is ~6 mK. 

However their result is based on the temperature dependence of 

the leakage current, and so is not useful when that current is 

negligible as occurs with cryogenically cooled arrays. For 

this case of the operating temperature, critical parameters of 

the array, for example those causing the fixed-pattern and 

flat-field responses, are the quantities being stabilized. 

The author is unaware of any quantitative determination of the 

requirements for the temperature stability of those 

parameters. The range of precisions to which the temperatures 
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of some exsisting cryogenically cooled solid-state detectors 

are controlled, includes Campbell {1977) with ~1°C, Campbell 

et al. (1981) with ±0.2°C, Vogt et al. (1978) with ±0.1°C, 

Vogt (1981) with with ±0.05°C, and Marcus et al. (1979) with 

±0.01°C. Based on these, a design goal of 0.01°C will be set 

for the temperature controlling precision in this detector, to 

ensure that the de tee tor performance wi 11 not be adversely 

affected in any way by temperature instability. 

The principles of a temperature controller will now be 

given, the techniques for applying them developed, and the 

controller designed and constructed. The design will be 

considered in a single pass through the controller, and so 

because the design is normally an iterative procedure, some 

values will be specified and used before the section occurs in 

which they are determined. 

4.2.1 The Servo-Loop Principle 

During operation of the con tro 11 er, the temperature of 

the array mounting block, the controlled object, will be 

higher than the natural temperature of the block due to the 

controller heating the block. The controller will increase or 

decrease the operating temperature by increasing or decreasing 

the heating power it is delivering to the block. The control 

principle is that of a servo-loop which compares the 

temperature of the block to the required temperature, and if 

the difference is non-zero, alters the amount of heat supplied 

to the block so as to change the temperature to the required 

value. 

a) Servo-Loop Theory 

A servo-loop model and its analysis given by Forgan 

(1974) forms the basis of this section on the operating 

principles of a temperature controller. Figure 4.5 depicts 

the mode 1 as five sub-sys terns that are 1 inked together in a 

loop by a variety of physical signals. Each sub-system has a 

transfer function which governs the conversion of its input 

signal into its output signal as 
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Figure 4.5: Block diagram for a servo-loop controller. 

(Output Signal) =(Transfer Function)(Input Signal). (4.6) 

In general. the input and output signals will have different 

units, and the transfer functions wi 11 be complex so as to 

indicate their gain and phase shift as a function of the 

frequency of the input signal. 

T(w), is converted by the 

The temperature of the block, 

transfer function of the 

thermometer, s(w), into a feedback voltage signal, F(w). The 

difference between it and the reference signal voltage, R(w), 

is the error voltage signal, E(w), that indicates the 

the actual temperature from the required deviation of 

temperature. The transfer function of the amplifier in the 

temperature controller, g(w), produces a correction voltage 

signal, C{w), in response to that error. When the correction 

signal is responded to by the transfer function of the heater, 

h(w), the heater supplies power W{w) to the block. That power 

combined with any pertubation, P{w), from sources external to 

the servo-loop, changes the temperature of the block via the 

transfer function of the block, b(w). It follows that in 

algebraic form, the temperature of the block is 

T(w) = b(w)[W{w) + P{w)] = b{w)[h{w)C(w) + P(w)] , (4.7) 

and that the correction signal is 

C{w) = g(w)E(w) = g(w)[R(w) - s(w)T{w)] . (4.8) 

Solving for the temperature gives the servo-loop control 
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equation of (4.9) 

T{w) _ ( b(w)h(w)g(w) )R(w) + ( b(w) )P( ) 
- 1+b(w)h(w)g(w)s(w) 1+b(w)h(w)g(w)s(w) w 

To make use of this equation, the functional form of the 

transfer functions must be determined. Excluding that sub-

system referred to as the amplifier, the general function x(w) 

will be assumed to be of the form 

(4.10) 

which is linear with an exponential response of time constant 

X to a step change 

amplitude at zero 

in its input signal. It also 

frequency which implies that 

has unit 

all the 

constants of proportionality are combined together in the 

transfer function of the amplifier. 

has the functional form 

g(w) = G a(w) , 

That transfer function 

(4.11) 

where G is the constant referred to, which must be the 

servo-loop gain at zero frequency, and a(w) gives the 

frequency dependence of the amplifier. This amplifier must 

therefore also have unit amplitude when the frequency is zero 

so that the control equation becomes 

T(w) = [G~ 1 ]R(w) (4.12) 

This shows that the temperature becomes that specified by the 

reference as the gain tends to infinity. However the control 

equation becomes unstable when the gain is increased to the 

critical gain 

denominator of 

value, 

that 

frequency w given by 
c 

G , the value 
c 

equation goes to 

that 

zero 

b(w )h(w )g(w )s(w ) = -1 . . c c c c 

occurs 

at the 

when the 

critical 

(4.13) 

At this gain, the system has self-sustaining temperature 

oscillations of frequency w . The work of Nyquist as given by 
c 

Forgan (1974) can be used to determine the following results 

regarding this instability. 

1) The system is unstable at all gains above the critical 

gain. 

2) If the time constants are well spaced in value, the 

critical gain is approximately the quotient of the largest and 



THE CRYOGENIC DETECTOR HEAD 118 

smallest values. 

3) The stability of the control equation tends to decrease 

as the number of time constants increases. 

It follows that it is desirable for the critical gain to be as 

high as is possible so that a high gain value can be used to 

give good stabilization as indicated by equation 4.12. 

Therefore the value of the time constants should be well 

spaced in values, and the number of those constants should be 

minimized if possible. 

b) Amplifier Types 

The simplest amplifier type is called an On-Off 

controller because it turns the heater full 'On' if the error 

signal is positive, and full 'Off' if the error signal is 

negative. Its transfer function is therefore g(w) = oo, having 

an infinite gain, G = 00 , at all frequencies, a(w) = 1. The 

temperature will therefore oscillate about the reference 

temperature with a peak-to-peak amplitude set by the 

servo-loop time constants. This amplifier type can be used if 

that amplitude is within the design specification for the 

temperature fluctuations. 

Superior control can be achieved by an amplifier that 

manipulates the heater power to be proportional to the 

negative of the error signal. This amplifier type is referred 

to as a reverse acting proportional amplifier, and as it is 

the basis of the controller that has been designed for this 

detector, its operation will be illustrated with the schematic 

response curves of that implementation that are given in 

figure 4.6. Those curves are for a temperature of the air 

around the dewar of 10°C. The block transfer curve, BTC, 

gives the equilibrium temperature of the block as a function 

of the heater power, with the natural temperature, TN' of the 

block occuring at zero power, and the maximum power of the 

heater being P . The amplifier transfer curve shows that max 
the heater power is proportionally adjusted from 0% to 100% 

over a range of temperatures called the proportional band, PB, 

that the heater is either at 0% or 100% power for temperatures 

that are respectively above or below the limits of that band, 

and that the temperature at the centre of the proportional 
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Figure 4.6: Controller power and block transfer curves as a 

function of temperature. 

band is the control temperature, T . 
c 

Clearly as the gain of 

the amplifier is increased, the width of the proportional band 

decreases as the gradient of the transfer curve becomes more 

negative. Therefore the On-Off controller is the limiting 

case of a proportional band of zero width. The operating 

temperature, Top' of the controller must correspond to the 

intersection of the two transfer curves, and so the following 

properties of this type of amplifier are indicated by the 

position of that point. 

1) The average power, Pave' supplied to the block must be 

that required to maintain the difference between the block and 

natural temperatures. 

2) The operating temperature wi II in genera 1 be different 

from the reference temperature, with the difference being 

called the temperature offset. This is because the natural 

temperature changes in response to air temperature changes, 

which results in the block transfer curve moving horizontally 

within figure 4.6. Thus the operating point moves along the 

amplifier transfer curve 

on 

to effectively make the 

the air temperature, 

operating 

with temperature 

requirement 

dependent 

that the operating point must be within 

the 

the 

proportional band for the temperature to be controlled. It 

follows that the width of the proportional band must be 

minimized to minimize the variations in operating temperature 
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due to offset, and that the higher the heater power is, the 

wider is the air temperature range 

will operate. 

over which the controller 

The transfer function of 

amplifier previously described is 

the ideal proportional 

gp(w) = G, where the 

frequency dependent term is a(w) = 1. This is not practicable 

because the infinite bandwidth of this amplifier would let an 

infinite amount of noise into the servo-loop from the 

thermometer. Therefore a real proportional amplifier includes 

a low-pass filter to band-limit that noise, and so has the 

transfer function 

gp(w) = (l+~wL] (4.14) 

where L is the time constant of the f i 1 ter. The dynamic 

response of this transfer function is not the optimum one for 

restoring the temperature to the operating point temperature 

when a perturbation occurs. This is because the change in the 

heater power from the operating point power, which corrects 

the error, does not decrease to zero until the temperature is 

restored to the operating temperature. Because of the thermal 

inertia in the servo-1 oop, the temperature over- shoots the 

operating point and so will oscillate about that point with an 

amplitude that decays to zero as it settles with a time 

constant determined by the servo-loop time constants. 

Superior dynamic performance can be achieved with an 

amplifier which before it performs noise-bandwidth limited 

proportional amplification, adds the derivative of the error 

signal to the error signal. It has the functional block 

diagram shown in figure 4.7, and will compensate for the rate 

of change of temperature to minimize the over-shoot. To 

R p 

D 

R• REFERENCE 0 • 01 FFERENTIATOR P • PROPORTIONAL 

Figure 4.7: Block diagram showing the addition of the 

derivative of the servo-loop error signal 

to that signal. 
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Figure 4.8: Circuit representation of a differentiating 

amplifier. 
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determine the transfer function of this proportional plus 

derivative amplifier, the transfer function of the 

differentiator shown in figure 4.8 must be determined using 

appendix 1 as 

gd{w) = k:~J = k +!~( jwC) l 
jwRdC jwD 

= l+jwR C = l+jwP (4.15) 
p 

where the differentiator time constant is D = RdC' and the 

stabilization pole time constant is P = R C. By combining 
p 

equations 4.14 and 4.15 in the way depicted in figure 4.7, the 

transfer function of a proportional plus derivative amplifier 

becomes 

g(w) = gp(w)[1 + gd(w)] 

_ c[ {l+jw[D+P]) J 
- {1+jwL){l+jwS) {4.16) 

This transfer funciton could be improved further by 

adding to it the integral with respect to time of the error 

signal. This addi tiona! signal increases or decreases the 

output power so that the error signal moves towards a zero 

value. Once equilibrium is achieved, the net integrated 

signal modifies the output power from the proportional plus 

derivative section of the amplifier by the amount required to 

move the proportional band so that the error signal, and 

therefore the temperature offset, is zero. Because the width 

of the proportional band is sufficiently small in the 

controller of this detector, integral control is not needed to 

reduce the temperature offset to an acceptable value. 
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4.2.2 Physical Realization 

a) The Temperature Sensor 

The temperature sensor is a diode that is operated in 

forward bias due to a constant current being passed through 

it. During that mode of operation, the potential difference 

across the diode is inversely dependent on the temperature of 

the diode. The diode used is the base-to-collecter junction 

of a BSY 38 transistor, which is biased with a 100 ~A constant 

current. These diodes have been sucessfully operated at 

liquid helium temperatures by Smeathers (1968), and from a 

sample of different diodes tested in the temperature range of 

-196°C to 0°C by Hooker and Ritchie { 1984), were found to 

exhibit the most linear dependence of reverse potential on 

temperature. The characteristics of the diode that is used in 

this controller have been determined for use in designing 

the controller. 

a1) The Implementation 

The circuitry with which the sensor is implemented is 

given in figure 4.9, and the sensor is shown in plate 5.1 

Figure 4.9: Temperature sensor electronic circuit with the 

precision voltage reference circuit at left. 



THE CRYOGENIC DETECTOR HEAD 123 

within its mounting that is thermally connected to the block. 

Sensing diode 1 in its mounting is electrically insulated from 

the block by a mica sheet of 50 Jl.m thickness to prevent 

low-frequency common-impedance coupling in the leads joining 

it to the amplifier. At higher frequencies, common-impedance 

coupling will occur through the high capacitance across that 

mica sheet, but will be rejected because it is outside the 

noise bandwidth of the servo-loop. Good thermal contact 

between the mounting and block is assured by the use of a 

thermal heat sinking compound on either side of the mica 

sheet. 

The constant current source is an LM334 integrated 

circuit that is powered by the LM399 voltage reference. The 

source is operated in conjunction with fixed resistors 4 and 

7, variable resistors 5 and 6, and diode 2. Because the 

temperature coefficients of the diode forward potential and 

the LM334 adjustment terminal to output terminal potential 

have different signs, the variable resistor in each of the two 

current sharing legs can be adjusted to achieve a zero 

temperature coefficient for the output current. The 

temperature coefficient, TC, achieved for the forward current, 

If' which is supplying the sensor is 

TC S 40 ppm (C 0
)-

1 at If= 100.0 JJ.A • (4.17) 

If the constant current source is to be opera ted within a 

given range of ambient temperatures, AT , the change in the ccs 
indicated sensor temperature due to the drift in the forward 

current is given by 

ccs c 
[

AT TC] dVb 
AT = 106 If ~ . (4.18) 

Using the derivatives defined in the following section , the 

temperature sensing error for AT = 20 C0 is 8 mK. ccs 

a2) Physical Parameters 

The time constant of the BSY 38 sensor is used in 

servo-loop calculations, and so has been determined from the 

measurement of its temperature response with time to a step 

change in its ambient temperature. Figure 4.10 gives such a 
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Figure 4.10: Response of a BSY 38 transistor, the temperature 

sensor, to immersion in liquid nitrogen. 

response curve which was generated by immersing the sensor 

from an initial temperature of 20°C into liquid nitrogen. The 

time constant from that curve is taken to be 

S = 5 seconds (4.19) 

Temperatures will be determined from the response curve which 

gives the dependence of forward potential on temperature. This 

curve is assumed to be 1 inear, and so is specified by the 

measured 

mixture, 

They are 

responses at the 

and the -195.8°C 

0 °C t emperature 

temperature of 

of an 

liquid 

Temperature (°C) 

Forward Potential (V) 

0.0 

0.579 

-195.8 

1.023 

ice-water 

nitrogen. 

It follows that the sensor response constant, the rate of 

change with temperature of the base to collector voltage at 

constant forward current, is 

dVbcl ---- - 2.265 mV K- 1 

dT If=const. - ; If = 100 J.LA . (4.20) 

A related derivative is the rate of change of forward 

potential with forward current at constant temperature. It is 
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dVbcl ~ = 0.225 mV K- 1 

f AT=cons t. 
(4.21) 

and is used in specifying the required stability of the 

constant current source. 

a3) Noise Analysis 

Nois~ from the sensor is unavoidable, and will appear 

as a servo-loop error signal. That portion of it which 

reaches the heater will cause an undesirable equal and 

opposite deviation in the block temperature. It must 

therefore be minimized, which requires a technique to be 

developed for calculating the noise as a function of the 

parameters on which it depends. Therefore consider the noise 

model of the circuit diagram in figure 4.9, which is given in 

figure 4.11. The noise components in this figure are: 

Figure 4.11: Block diagram showing the components of noise in 

the temperature sensor circuit. 

1) Rd: the real resistance of the diode at the nominal 

operating temperature, which is the quotient of the forward 

voltage and forward current, 8.75 kO. 

2} ide: the spectral current noise density of the forward 

current, which can be modelled from the noise curve in the 

LM334 specification sheet as 

ide = 22J 
1 ~ pA/~Hz for f ~ 10 Hz, 

and ide = 22 pA/~Hz for f ~ 10 Hz. 

3) iA: the spectral current noise of the amplifier input 

bias current, which will be ignored because the manufacturer's 

specifications show it to be 3 orders of magnitude smaller 

than ide· 
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4) eD: the spectral voltage noise density of the diode 

resistance, which is therefore 12 nV/~Hz . 

5) eR: the spectral voltage noise density of the amplifier 

feedback resistors, which is therefore less than 4 nV/~Hz. 

6) eA: the spectral voltage noise density of the LF357 

amplifier, which can be modelled from the noise curves in its 

specification sheets as 

eA = 12J 1~0 nV/~Hz for f ~ 100 Hz, 

and eA = 12 nV/~Hz for f 2 100 Hz. 

The current noise density appears across the 

resistance, where it e~hibits a voltage noise density of 

= 19oj ~ 0 
and = 190 

nV/~Hz 

nV/~Hz 

for 

for 

f ~ 10 Hz. 

f 2 10 Hz. 

diode 

Clearly eD' eR' and eA are negligible compared with this 

contribution to the noise, and so by ignoring them, the noise 

voltage density of the sensor is simply edc" 

The sensor noise is bandwidth limited by the transfer 

function of the amplifier in the controller, and so the noise 

which passes into the servo-loop has an r.m.s. voltage 

amplitude, E , which is given by 
n 

E 2 
n = Joo e 2 jg{w) 12 df . 

f de 
low 

{4.22) 

The square of the modulus of the transfer function given in 

equation 4.16 is too tedious to integrate, and so the 

integration in equation 4.22 was performed numerically with 

the programme BSY38NSE listed in appendix 13. The result is 

E = 3.77 J.LV n 
{4.23) 

which when divided by the sensor response contant in result 

4.20, gives the r.m.s. fluctuation in the temperature due to 

noise of 

T = '1. 6 mK 
n 

{4.24) 

This level of uncertainty places an unavoidable limit on the 

precision with which the temperature can be controlled. 

However that precision is acceptable for the current work, and 

so the sensor noise will be required to be the single dominant 

noise source in the servo-loop. 
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b) Servo-loop Design 

The combination of servo-loop gain and amplifier time 

constants which give the optimum control must be determined so 

as to completely specify the servo-loop design. Section 4.2.1 

established that in order to achieve precise control. the 

servo-loop gain should be the maximum value with which the 

controller can operate stably. Therefore a technique for 

determining the stability of the controller as a function of 

those parameters must be developed to enable their optimum 

values to be found. 

bl} Theory of Stability Analysis 

An inherently unstable system can appear to be stable 

if its parameters are set precisely to their equilibrium 

values, and the system is not disturbed. That state can occur 

because the system is static. Therefore to determine the 

stability of a system, it should be disturbed from its 

equilibrium state so that the resulting dynamic events can be 

observed. This can be achieved in a control system by making 

the reference temperature a square-wave signal whose 

repetition frequency, f 0 , is much smaller than the critical 

frequency of the controller. The controller will slew the 

block temperature in response to each step change in the 

reference temperature, and the stability of the controller can 

then be quantified by the speed with which the new temperature 

is acquired to within some specified accuracy. If equation 

4.9 is used with a perturbation signal of zero, the settling 

speed can be measured from the resulting block temperature 

versus time curve given by 

T(t) = S(w}R(t) , (4.25) 

where R(t) is the reference temperature waveform, and S(w) is 

the servo-loop transfer function. If the reference waveform 

has an amplitude of unity, it can be expressed as 

00 

R(t} = 0.5 + 

n=O 

sin[(2n+l)2~f 0 t] 
2n+l 

and therefore the block temperature becomes 

(4.26) 
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T(t) = S(w=O) + _g_ \ IS(w) I sin[(2n+1)2~f 0 t + S(w)] 
2 ~ L 2n+1 (4.27) 

n=O 

where wn = 2~(2n+1)f 0 , IS(wn) I is the transfer function 

modulus, and S(w ) is the phase of the transfer function. 
n 

The servo-loop transfer function can be seen in 

equation 4.9 to be 

S(w) = b(w)h(w)g(w) (4.28) 1 + b(w)h(w)g(w)t(w) 

Using equations 4.10 and 4.16, the denominator becomes 

Den = 1 + G(l+ jw[D+ P]) (4.29) (1+jwB)(1+jwH)(l+jwL)(1+jwP)(1+jwT) 

and to increase stability by decreasing the number of time 

constants, the amplifier time constants D and P are chosen to 

be 

T = D + P (4.30) 

Therefore 

Den = 1 + G 
(1+jwB)(l+jwH)(l+jwP)(1+jwL) = 1 + 

G (4.31) R+j1 

where 

R = R(B,H,P,L) = 1- w2 (BH+PL) + w4 (BHPL) - w2 (BP+HP+BL+HL), 

and 

I = I(B,H,P,L) = w(B+H+P+L) - w3 (BPL+HPL+BHP+BHL) . {4.32) 

Similarly, the numerator of the servo-loop transfer function 

Num = G{l+jw[D+P]) 
= (1+jwB)(1+jwH)(1+jwL}{1+jwP) 

Using the following substitutions, 

X = wT Y = G + R , 

the servo-loop transfer function is 

G(l+jwT) 
R+j1 

S(w) = G l+jX 
Y+ji = G 

(1+jwX)(Y+jwi) 
y2 + 12 

and therefore 

S(w) = (Y+X1) + (XY-I) 
y2 + 12 

(4.33) 

(4.34) 

(4.35) 

It follows that the modulus and phase of that transfer 

function are 

IS(w} I = (4.36) 
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a , ( ) - 1 ( XY- I] 
u w = tan Y+XI (4.37) 

As the frequency increases, the quadrant, q, of the phase 

changes and so the actual phase is given by 

e(w) = q(w)~ + tl'(w) (4.38) 

Therefore the quadrant must be determined for each frequency, 

and the following method of calculation uses q(w=O) = 0 

because tl{w=O) = 0, and the result that the derivative of 

equation 4.37 is always negative. The method is to calculate 

the phase from equation 4.37 as the frequency is increased in 

small steps from zero up to the required frequency, and each 

time the phase increases in value, the running value of the 

quadrant is decremented. 

The use of equations 4.36, 4.37, and 4.38 in equation 

4.27 will give the block temperature as a function of time. 

This is performed by the programme TC_STP_R listed in appendix 

14, to which one must give the values of B, T, H, L, D, P, F0 , 

and the accuracy 

calculated. The 

with which the temperatures are to 

time constants are used to calculate 

be 

the 

critical gain and frequency as a guide to the selection of G 

by the user. The temperature is then calculated at user 

specified equal increments of time within a specified range of 

times. 

The critical parameters are determined by rewriting 

equation 4.13 by using parts of equation 4.31 as 

- G = R + ji c w = w . c 
(4.39) 

Because the critical gain is real, I must be zero at the 

critical frequency, and so that frequency is found from I as 

1 J B + H + P + L 
fc = 2v BPL + HPL + BHP + BHL (4.40) 

Substituting this value into equation 4.37 gives 

G = w 2
(BH+BP+BL+HP+HL+PL) - w 4BHPL - 1 c c c (4.41) 

It follows that the servo-loop parameters can be optimized by 

using the curves generated with this technique to determine 

the stability of the controller as a function of those 

parameters. 



THE CRYOGENIC DETECTOR HEAD 130 

b2) Servo-Loop Parameters 

The block and temperature sensor time constants were 

determined in sections 4.1.4b and 4.2.2a respectively as 

B = 2250 seconds, and S = 5 seconds 

However determining the 

non-trivial measurement 

Therefore an estimate of 

heater time 

of thermal 

constant 

power in 

requires the 

real time. 

H 1 second 

has been made based on the experience of Hooker (1984). 

This value is conservatively high so that if the heater time 

constant is the lowest in the servo-loop, a controller 

designed for this value will have better stability when 

operating with the actual value. The reason is that the 

critical gain, approximately the quotient of the highest and 

lowest servo-loop time constants, would increase. However if 

the actual time constant was not the lowest in the servo-loop, 

there would be little change from the stabiltiy calculated 

with the specified time constant. 

The remaining time constants to be specified are the 

Equation 4.30 places a amplifier constants L, D, and P. 

constraint on 

stability, and 

constrained to 

D and P which increases 

according to section 4.2.2a2, 

values which minimize the 

the 

they 

noise 

servo-loop 

are also 

bandwidth 

through which the sensor noise passes into the servo-loop. As 

a result of those considerations, they have been chosen to be 

L = 0.64 seconds, D = 4.36 seconds, and P = 0.64 secdnds. 

Therefore once the required stability has been 

quantified, the dynamic response analysis can be performed to 

determine the servo-loop gain. From the consideration of 

dynamic response curves for a wide range of servo-loop 

parameters, a temperature over-shoot of between 5% and 10% for 

a step input in the reference temperature has been chosen. 

For the above parameters, this corresponds to gains between 

312.5 and 350, and the conservative choice of 
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G = 312.5 

has been made. The step response under these conditions is 

shown in figure 4.12, which shows that the gain is not only 

sufficiently high for the unavoidable temperature sensor time 

constant to determine the rise-time, but also sufficiently low 

that the controller rapidly and smoothly acquires the new 

temperature. 
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Figure 4.12: Response of the temperature controlling circuitry 

to a step input. 

c) The Electronic Circuitry 

The above servo-loop parameters now enable the physical 

hardware to be designed. The designs of the block and 

temperature sensor have already been given in sections 4.1 and 

4.2.2 respectively. Therefore the heater and amplifier remain 

to be designed. 

cl) The Heater 

A design goal has been set that there should be a 

reference temperature at which the controller can hold the 

block over a dewar ambient air temperature range of ATr = 25 

C0
• Given the thermal resistance, Rt' found for the link in 
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section 4.1.4, and equation 4.5, a maximum heater power of 

H = p 

AT 
r 

= 1 watt (4.42} 

is indicated. The heater must be tightly coupled to the block 

to minimize its time constant, and so it is located on the 

heater rod. It is essentially a 100 Q resistor across which 

the controller amplifier can develop a voltage of between 0 

and 10 volt~ to dissipate a power of between 0 and 1 watt. It 

was physically constructed by winding a coil of enamel coated 

constantine wire over a sheet of tobacco paper on the rod 

which was wet due to being soaked in araldite glue. The paper 

provides additional insulation between the coil and rod, and 

is held on the rod during winding by the wet glue. The 

principal purpose of the glue is to provide a low thermal 

resistance contact between the coil and rod to ensure a low 

heater time constant. The 100 Q length of wire was folded in 

half and wound onto the rod as a double strand. This 

non-inductive winding technique ensures that the coil does not 

radiate a magnetic field near the array as the heater current 

changes in the control process. The gauge of wire was chosen 

so that the length required to wind a 100 Q resistor would 

form a coil of 25 mm length on the 12.5 mm diameter heater 

rod. This length ensures that the maximum power dissipation 

per unit area is kept to an acceptable value of 0.1 W cm- 2
. 

c2) The Amplifier Gain 

In the for mali sm of the servo-1 oop theory in sect ion 

4.2.2bl. the combination of the transfer function amplitudes 

into the servo-loop gain can be expressed as 

whose units are 

G = S R H A 
r . t r 

[V/V] = [{V/K)(K/W)(W/V)(V/V)] 

(4.43) 

where Sr is the temperature sensor response constant, Rt is 

the thermal resistance of the block, H is the heater response 
r 

constant, and A is the electronic amplifier gain. The 

previously found values are 
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G = 312.5 V V- 1 

R 13 K W-1 

t = and 

S = 2.265 V K- 1 

r 
H = 0.1 W V- 1 

r 

which implies that the electronic amplifier gain is 

A= 115000 V V- 1
• 
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If the maximum output voltage from the amplifier into the 

heater is V , the width of the proportional band will be 
m 

= 
v m 

S A 
r 

= 

and therefore ATpb = 0.042 K . 

(4.44) 

The controller will be able to operate with a proportional 

band of this width because the peak-to-peak sensor noise, 

which follows from section a3 as approximately 0.01 K, is less 

than the proportional band width. 

c3) The Amplifier Circuit Diagram 

The amplifier that has been previously specified is 

implemented by the circuitry shown in figure 4.13. The four 

amplification stages A1, A2, A3, and A4 provide the gain of A 

that is required from section 4.2.2c2. The gain of stage A1 

is 12, which is the maximum value with which it will not 

saturate if the lower limit of its temperature range is the 

temperature of liquid nitrogen. This enables the stage to be 

used as the preamplifier of a block thermometer. Stage A2 

forms the negative of the temperature error signal. and its 

gain is limited to -1.66 because the low value of the maximum 

available reference voltage is required to correspond to a 

minimum temperature limit of ~ -145°C. Stages A3 and A4 each 

have a gain of 88, and the low-pass filter of time constant 

L = R16C3 is at the input of A4. This position ensures that 

the sensor noise is band-limited before it is amplified to an 

amplitude which would saturate the following amplifiers. 

Amplifier A5 is the differentiator, whose time constants are 

P = R18C4 and D = R18 C4 • The negated sum of the output of A4 

and its derivative is produced by A5, and is the drive signal 

for the heater. Because the power dissipated by the heater is 

proportional to the square of the potential difference across 



Figure 4.13: Temperature controller electronic circuit. 
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its resistance, the square-root of the signal from A6 is 

formed by the AD535K. The unity gain combination of amplifier 

A7 and power transistor T1 supply the current drive for 

applying that signal to the heater, resistor 29, where the 

power developed will be linearly related to the output signal 

of the temperature con t ro 11 er amp 1 if i er. Because the AD535K 

has a maximum input voltage of 10 volts, while the ouput of A6 

can have an amplitude of up to 13.5 volts, the signal from A6 

is attenuated by the factor 10/13.5 with the resistors 24 and 

25. That attenuation is compensated for by the product of the 

gains from stages A1, A2, A3, and A4 being a factor of 1.35 

higher than the required servo-loop value for A. Three 

additional areas of circuitry ensure that the heater is driven 

with the correct noise free signal. Diode 3 and resistor 26 

ensure that the output voltage of the AD535K remains at zero 

volts when its input voltage is negative. Resistor 27 and 

capacitor 5 form a low-pass filter whose time constant is 1.6 

milli-seconds, and which attenuates any high frequency noise 

coupled into the temperature controller so that it is not sent 

into the dewar. Resistor 28 ensures that Tl is biased with a 

non-zero collector-to-emitter current that is independent of 

the load current being supplied to the heater. This is 

required to ensure the transisitor remains active in the 

feedback mechanism to A7 when the heater voltage is zero. 

The heater power signal is connected from node H to the 

A/D convertor input multiplexer, as shown in figure 5.13, so 

that its value can be displayed by the Data Acquisition 

System. Resistors 22, 23, and 24 are used to scale the 0 to 

10 volt range of the heater power signal so that it 1 ies 

within the input range of the A/D convertor. 

The reference temperature used by amplifier A2 to form 

the error signal is one of two user selectable values 

generated by circuitry shown in figure 4.14. Each of those 

signals can be adjusted to a required value by use of the two 

variable resistors. Those resistors are padded with 

additional fixed value resistors to limit the range of 

adjustment to approximately 10°C. The reference voltage used 

is that described in section 4.2.2al. 
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T TR 

o-----~------~--------------~-------oGP 

Figure 4.14: Reference temperature electronic circuit. 

c4) The Printed Circuit Board 

The temperature 

circuit board in the 

controller is situated on the printed 

AID electronics box as specified in 

section 3.2.3. The controller occupies the top right corner 

of that board which is shown in plate 5.3, and whose layout is 

given in figure 5.15. The path of the signal processing 

starts at top centre with the sensor amplifier, and proceeds 

in an anti-clockwise loop around the non-polarized 

differentiator and low-pass filter capacitors, to finish at 

the power transistor. The general design techniques of the 

physical circuitry have been given in section 3.2.4, requiring 

only one additional aspect to be considered. Common-impedance 

coupling must be avoided between the temperature sensor and 

heater ground return paths which pass into the dewar from this 

board. This is because the maximum heater circuit current of 

100 rnA could produce a 0. 1 mY EMI vo 1 tage in the sensor 

circuit, equivalent to 0.05°C, if those circuits shared as 

little as 1 mO of common ground impedance. Therefore 

dedicated ground returns are used for each of those components 

between them and the printed circuit board. 
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4.2.3 Performance 

The precision with which the temperature of the block 

is controlled can be determined by observing the error signal 

within the servo-loop. A technique for achieving this is for 

the user to monitor the temperature controller power that is 

updated at 1 second intervals in the real-time information 

supplied by the LDA programme, as described in Chapter 7. The 

standard deviation, a, of that signal can be found, for 

example, as one third of the estimated width of the error band 

in which five out of six samples fall. The units are 

fractions of the full heater power, and can be converted into 

a temperature because the full heater power corresponds to the 

width of the proportional band. It has been found that an 

upper limit on this standard deviation corresponds to the 

noise of the sensor calculated in section 4.2.2a3. This 

indicates that the precision of the control process is solely 

limited by the noise of the sensor, and that its 6a error band 

is less than 0.01°C. This precision can be maintained over 

periods of many hours, with the long-term precision being 

determined by the width of the proportional band and the 

ambient temperature as discussed in section 4. 2. lb. 

Additional confirmation of this result can be gained by 

monitoring the block thermometer, described in section 4.3.1, 

at the output of the A/D convertor. The least-significant-bit, 

LSB, size for that thermometer corresponds to !/64th C0
, and 

that bit is not seen to toggle in digitized readings from the 

thermometer being made at an 8 kHz rate during periods of 

hundreds of seconds. 

4.3 The Thermometers 

4.3.1 The Block Thermometer 

The temperature of the block is measured by this 

thermometer, and displayed in real time as described in 

section 7.2.1. The thermometer is designed so that its output 

over the maximum conceivable block temperature range of -196°C 

to 30°C can be digitized by the system AID convertor. Because 
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of the input voltage range of that convertor. the zero-point 

of the temperature seale corresponds to thermometer output 

voltage of zero, and that voltage increases as the temperature 

decreases. 

The block temperature sensor developed in section 4.2.2 

for use with the temperature controller, is also used for this 

thermometer. Output node 'P' in figure 4. 9 is used as the 

input to the thermometer, whose circuitry is shown in figure 

4.15. Two amplifiers are used so that the zero-point and 

Figure 4.15: Block thermometer electronic circuit. 

scale factor of the thermometer can be independent of each 

other. Variable resistor 40 is used to set the output voltage 

of amplifier A8 to 0 volts when the sensor temperature is 0 

°C. Variable resistor 47 is then used to trim the input offset 

voltage of amplifier A9 to 0 volts so that amplifier A9 does 

not influence the previously set zero-point. Finally, 

variable resistor 44 is used to set the voltage versus 

temperature scale factor of the thermometer so that the A/D 

convertor LSB size corresponds to 1/64 C0
• The analogue 

output voltage goes to the A/D convertor input multiplexer 

described in section 5.5. 

Sensor noise is bandwidth limited by the action of 

capacitor 7 combining with resistor 46 to from a low-pass 

filter with a 15 millisecond time constant. The r.m.s. noise 

can be found as described in section 4.2.2a3 if the derivative 

and stabilization pole time constants tend to infinity and 

zero respectively. That noise is approximately 1 mK. 

indicating that the peak-to-peak noise will be less than the 
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quantization in 

noise coupling 

the 

to 

thermometer data. 

the thermometer 

Capacitor 6 prevents 

signal through the 

zero-point 

voltage. 

This 

signal that 

thermometer is 

temperature controller on 

plate 5.3, whose layout 

techniques used for its 

section 3.2.4. 

is generated from the reference 

located along the left side of the 

the printed circuit board shown in 

is given in figure 5.15. The 

fabrication have been given in 

4.3.2 The Ambient Thermometer 

The temperature of the air surrounding the dewar is 

measured by the ambient thermometer whose circuitry is given 

in figure 4.16. Its temperature sensor is an LM335 integrated 

Figure 4.16: Ambient thermometer electronic circuit. 

circuit which is located in the temperature equalizer shown 

mounted by a thermal insulating material to the top of the A/D 

electronics box in plate 4.1. 

current source for the sensor, 

constant over an ~0. 25 vo 1 t 

Resistor 48 acts as a constant 

whose current is sufficiently 

variation in the power supply 

voltage for 

~0.01°C. 

the indicated temperature to vary by no more than 

The remaining circuitry performs exactly as 

for the block thermometer, except that the output described 

voltage increases with increasing temperatures, and the 

available temperature range is ~-30°C to +200°C. The analogue 

output voltage goes to the AID convertor input multiplexer 

described in section 5.6.2. 
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This thermometer is located in the top left corner of 

the 'A/D and thermal control' board given in plate 5.3 and 

figure 5.15. 
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CHAPTER FIVE 

VIDEO PROCESSING 

The operating principles developed in Chapters 1 and 2 

indicate that the video processing electronics must perform 

four major tasks. They must bias the diode array, then 

amplify the video signal. minimize its noise content, and 

convert it into recordable numbers. The possible readout 

techniques they can use for acquiring that signal were 

described in section 2.2, where the readout technique of video 

voltage level processing was selected. Given the complete 

framework which has been deve 1 oped for the video processing 

electronics to operate within, the requirements for those 

electronics must be determined, their circuitry must be 

designed, and they must be explicitly fabricated. 

5.1 General Design Requirements 

The performance objectives for the video processing 

electronics must be specified in order to be used for 

determining the requirements of the electronic design. They 

initially enable the selection of a class of components 

capable of achieving the required performance, whose typical 

operating frequency determines the operating frequency of the 

system. 

5.1.1 Performance 

A design principle will be specified which requires the 

net signal error from each type of undesirable video 

processing response 

readout noise, a . 
r 

to be equivalent to some fraction of the 

It follows that a goal must be set for the 

which will be net readout noise, 

( 5. 1) 

for the Reticon RL 936F/30 device to be used. The three types 

of undesirable responses are noise, non-linearity, and 

instability. 



VIDEO PROCESSING 142 

The video processing noise will be quantified as the 

noise measured at the output of the video processing chain 

when the input is a noiseless signal of the same load 

characteristics as the diode array. That noise will be 

required to contribute less than half the net readout noise 

power, which is equivalent to having an amplitude, <Pvp' of 

less than a /~2 = 350 e-/h pairs. 
r 

Non-linearity was discussed in section 1.1.2, and the 

design requirement on the non-linearity error term in the 

transfer function is that its peak amplitude should be less 

than ~a . This will allow it to be ignored in the transfer 
r 

function correction process. 

The sources of instability which will be explicitly 

controlled are those which produce signal level drifts that 

result in an additive offset to the data in fixed patterned 

frames. Any mechanism causing such an offset will be said to 

cause electronic baseline instability. 

frame, this is equivalent to a shift 

which has the undesirable effect of 

In a stellar spectrum 

in the continuum level 

changing spectral 1 ine 

equivalent widths and profiles. By controlling it to within a 

level of ~a , the unavoidable thermal leakage is the only r 
contributor to the baseline. 

5.1.2 Operating Frequency and Hardware 

Section 3.1 indicates that the operating frequency of 

the system should be as low as is practicable to minimize the 

typical EMI coupling components within the system. This 

choice also maximizes the performance of passive components 

because their undesirable reactances, such as capacitance in 

parallel with resistors, and inductance in series with 

capacitors, become negligible. 

The characteristic frequency of the information on a 

given video line can be seen in section 2.2.1 to be 2 times 

the frequency of the !p-clocks, <Pf. Therefore the frequency 

band the system operates within is approximately the decade 

above the frequency of those clocks. Inspection of the 

frequency dependence of key active component parameters, which 

are given in manufacturer specification sheets, shows that 

operational amplifiers and their related devices provide the 
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required noise, linearity, and stability performance at the 

lowest frequencies. Considering the frequencies in which 

their open loop phase shifts are -90°, their open loop gains, 

common-mode rejection ratios, output impedances, and power 

supply rejection ratios are at best while in the frequency 

decade between 1 and 10kHz. Therefore the design will be 

required to use those component types, and ~f will be set at 1 

kHz. 

These choices are consistent with experience gained 

when using Hall's (1981) LDA development system, with Vogt's 

(1981) choice of components and +r = 1.25 kHz, and with 

Geary's {1981) proposed scheme of video processing. 

5.2 Diode Array Bias Supply 

The bias supply reverse biases the photo-diodes so that 

they operate in the charge storage mode as discussed in 

section 2.1.2. 

5.2.1 Requirements 

Percival and Nordsieck (1980) have demonstrated that 

the leakage current of a photo-diode is linearly dependent on 

the charge of the diode. There£ ore the leakage rate is a 

function of the signal charge, which will produce non

linearity of some amplitude between diodes of different signal 

levels within the same spectrum. To ensure that the variation 

in the diode charge due to typical signals is a small fraction 

of the initialized diode charge, and therefore that the 

non-linearity is minimized, the bias supply voltage, Vb' 

should be a high value. A nominal value of Vb = 5 volts will 

be used because the array specification sheet in appendix 6 

indicates that this is a high value which is safe for the 

device. 

The amplitude of the bias supply determines the 

initialization charge on the diode that represents a signal of 

zero. Any variation in that quantity between the times of 

readout and initialization is indistinguishable from an 

equivalent signal charge, and is therefore a baseline shift. 

It follows from equation 5.4 that the maximum allowed baseline 
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will occur for 
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a 62 JLV variation in the bias shift of 

supply. That variation can be due to thermal drift and noise. 

In the case of thermal drift, if a :::::: 4 C0 change in the 

ambient temperature of the bias supply is to be to 1 era ted 

during an integration, the temperature coefficient, TC, for 

the nominal supply voltage of 5 volts is required to be TCb. 
1as 

:::::: 3 ppm (C 0
)-

1
. In the case of noise, if the longest 

integration is to be 2x10 4 seconds, the bias supply noise 

amplitude is required to be less than 62 JLV in the frequency 

band which has a lower limit of fbi 1 = 5x10- 5 hertz. as, ow 
The bias supply is in series with the video line, and 

so its noise is an unattenuated input signal for the video 

processing electronics. Therefore the bias supply noise level 

must also meet the requirements of the readout noise within 

the bandwidth of the video processing electronics. 

5.2.2 The Circuitry and Implementation 

The circuitry for the bias supply is shown in figure 

5.1. The required voltage level is generated from the video 

processing precision voltage reference shown in figure 5.6, by 

the resistor divider network inclusive of resistors 1 and 11. 

Those resistors have positive temperature coefficients of less 

than 5 ppm (C 0
)-

1
. The noise of the reference and divider 

resistors is filtered by the RC circuit formed by the output 

+ BIAS 

GP 

v-

Figure 5.1: Electronic circuit for the LDA bias supply. 
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resistance of the divider, R d' ~ 15 kO, and the capacitors 
0, lV 

1 to 3. They set a noise bandwidth of 0.7 Hz. which will make 

that source of noise negligible in the video processing 

bandwidth. Two 10 J.LF tantalum capacitors are used because 

they can achieve the required capacitance with a leakage 

current temperature variation which will not contribute to 

TCb. for the given value of R d' . 1as o, 1v 
The conditioned reference voltage is buffered by 

amplifer Al, which uses the medium power transistor T1 and 

capacitors 4 and 5 to generate the supply with a low output 

impedance. Resistor 12 ensures that the transistor is biased 

on for zero current loads, and for any positive output 

voltage. 

The supply is passed through the flange to the 

preamplifier board where it feeds two RC filters, which in 

turn supply the two shift registers. Each filter has resistor 

13 and capacitors 6 to 8 which form a noise bandwidth of 34Hz 

to filter the amplifier noise, and any EMI from the 

distribution path. It is possible to have the series resistor 

13 in the supply because the de load current is zero. The AC 

current drawn by the array when reading out is supplied by the 

capacitors 6 to 8, which have an impedance to ground of less 

than 100 mO for all frequencies from the lowest system 

frequency of 1 kHz, to an upper frequency of 20 MHz. The 

location of the capactiors near to the array ensures that the 

zero signal reference of the bias supply is the same as that 

of the array. 

The three position mini-jump in the divider network 

allows rapid selection of one of the three possible output 

voltages 5.00 volts, 3.50 volts, and 2.00 volts. The results 

of Percival and Nordsieck (1980) show that the lower value 

choices will allow the array to be operated at higher 

temperatures for a given leakage rate thermal leakage current. 

This will enhance the RQE for observations at wavelengths 

greater than 10,000 A. 
The bias supply is located in the top centre of the 

Video Processing printed circuit board, whose layout is given 

in figure 5.8, and which is shown in plate 5.2. Its output 

filter is located at the bottom of the preamplifier board 

which is similarly given in figure 5.4 and plate 5.1. 
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5.2.3 Performance 

Using the results of appendix 5 and the divider 

resistor temperature coefficients, the temperature coefficient 

of the divider output voltage is determined to be ±2.5 ppm 

(C 0
)-

1 when the ±1 ppm (C 0
)-

1 coefficent of the reference 

voltage is included. This is combined with the 5 ~V (C 0
)-

1 

input offset voltage drift of the amplifier, which is 

equivalent to a ±1 ppm (C 0
)-

1 temperture coefficient, to give 

the bias supply temperature coefficent of 

(5.2) 

The noise in the video processing bandwidth is entirely 

from the amplifier because at those frequencies, the divider 

RC filter has attenuated the reference and divider noise by 

more than 60 dB. The amplifier spectral voltage noise of 12 

nV/~Hz is attenuated by the bias supply RC filter. The 

attenuation becomes a constant 40 dB above 3.4 kHz, the 

frequency at which the capacitors become self inductive, and 

remains at that level up to a frequency of 20 MHz. The bias 

supply spectral voltage noise is therefore 

ebias ~ 0.4 nV/~Hz ; 1 kHz < f < 20 MHz, (5.3) 

which includes the video processing bandwidth. 

Within the bandwidth set by the duration of an 

observation, the net noise of the bias supply originates from 

the precision reference and the amplifier. For the reference, 

the noise between f 1 b" and the divider noise bandwidth ow, 1as 
limit can be deduced from the manufacturer's specifications to 

be less than 1 ~V r.m.s. The low frequency spectral noise 

density of the LF 356 amplifier used was modelled in section 

4.2.2a2, and when integrated, gives the noise of the amplifier 

within the 50 Hz noise bandwidth of the bias supply as ~ 0.4 

~V. Defining the amplitude of the noise as six times its 

standard deviation, 

and amplifier noise 

the amplitude of the combined 

is ~ 6~V. approximately 10 

maximum allowed value. 

reference 

% of the 
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5.3 Video Amplification 

To obtain maximum sensitivity from the detector, the 

video signal level equivalent to a must be resolved by the r 
A/D convertor. Therefore the video processing electronics 

must contain an amplification process to scale the video 

signal to the appropriate level. 

5.3.1 Video Processing Gain 

The net gain of the video processing chain, Gvp' will 
equivalent be calculated as the quotient of the required 

voltage at the A/D convertor, AVA/D,a' and the 

voltage on the video line·, AV Therefore v,a 
must now be calculated. 

a r 
a equivalent 

r 
those voltages 

The A/D convertor to be described in section 5.6 will 

resolve its full scale input voltage range, AVA/D,fs = 10 

volts, into a 14-bi t binary word. It achieves the accuracy 

required of the conversion process with a = 3 LSBs or more, 
r 

and so the lower limit is chosen to maximize the dynamic range 

of the detector. 

input is 

Therefore the a equivalent signal at its 
r 

AVA/D,a = [2~4] AVA/D,fs (5.4) 

The specification sheet for the diode array, reproduced 

in appendix 6, gives the saturation charge for a diode as 

qsat = 3.2 pC 

when the bias voltage is vb = 5 volts. 

photo-diode capacitance is 

cd = o.64 pF . 

(5.5) 

It follows that the 

(5.6) 

The video line capacitance is also given as 33 pF, and so 

allowing 7 pF for the amplifier and external video line 

capacitance, the net video line capacitance is 

C = 40 pF . 
v 

(5.7) 

With these results, equation 2.8 gives the video voltage 

signal for a saturated diode as 
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AVv.sat ~ [c:~cv]vb ~ 79 mV • 
which corresponds to the actual measured value. 
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(5.8) 

This result 

can be used to write the a equivalent signal on the video 
r 

line as 

AV = [ ar l AV ~ 2.0 ~V . 
v,a qsat v,sat 

(5.9) 

Therefore it follows that the net video processing gain will 

be required to be 

G = vp 
AVAID,a 

AV v,a 

(5.10) 

These results can be used to determine three additional 

parameters which are useful for describing the system. 

The signal charge which corresponds to the full scale 

signal at the AID convertor is 

q - ---a = 2.73 M e-lh pairs, [214] 
AID,fs - 3 r (5.11) 

the video line signal corresponding to the full scale signal 

at the AID is 

AV = [qAID,fs]AV = 10.75 mV, 
v,fs v.sat 

qsat 

(5.12) 

and the equivalent signal charge of an AID convertor LSB is 

(5.13) 

5.3.2 Preamplification 

The first signal processing component of video voltage 

level processing is the high input impedance amplifier 

discussed in section 2.2.1. Its primary purpose is to buffer 

the charge signal on the video line, effectively lowering the 

video line impedance to ground from ~1 TQ at its input. to 

~100 mQ at its output. That process represents the charge 

signal as a voltage level for subsequent amplification. and 

while in some implementations it is also used to provide gain, 

it is called preamplification. 

Consideration of section 3.1.1 indicates that to 

minimze electrostatic coupling to the high impedance video 

lines, the preamplifiers should be as close as is practical to 
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the array. Therefore they will be situated within the dewar 

on the printed circuit board seen attached to 1 the co 1 d b 1 ock 

infigure4.1. 

a) Requirements 

al) Amplification 

The preamplified signal must be transmitted from the 

dewar to the subsequent video processing electronics, and 

therefore the preamplifiers should provide sufficient gain to 

ensure that the amplitude of the ar equivalent signal level is 

significantly higher than the level of EMI in the transmission 

path. Therefore to optimize, the maximum gain that can be 

implemented within the available space is used. An upper 

limit is set for this gain by the video reset offset described 

in section 2.2.la, which will be quantified in section 5.3.2c 

as V = -50 mY. Consideration of section 2.2.1b shows that 
r 

this level is the lowest reached on the video line, and so 

after preamplification. is also the most negative output from 

the preamplifiers. The output level must not exceed the 

amplifier negative saturation level, which was set in section 

3.2.4 as VA t = -12.5 volts for this system, and therefore ,sa 
the upper limit for the preamplifier gain is 

G pa,max = 
VA, sat 

v r 
= 250 v v- 1

• (5.14) 

A variation in the video processing gain between 

reading out an image and its subsequent fixed-pattern frame 

will introduce noise, and can result in baseline instability 

in the difference of those frames. The base 1 ine instability 

results from the variation between the component in the frames 

which is due to the amplified level of the video reset offset. 

The noise results because the fixed pattern component in each 

of the frames will have a different scale. Using result 5.11 

and the amplitude of the fixed pattern for a typical diode, 

given by Vogt et al. {1978) as 250,000 e-/h pairs, it follows 

that the gain variation must be less than 1000 ppm if the 

variation in the fixed pattern for that diode is to be less 

than ~a . There are two possible sources for a variation in 
r 

the gain of an amplifier. 
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The first source is the temperature coefficients of the 

feedback resistors, which result in the temperature 

coefficient for the gain, 

in appendix 5. It shows 

TC(G), quantified by equation A5.8 

that the resistors must be chosen 

with low temperature coefficients of the same sign. 

The second source results from the temperature 

dependence of the open loop gain, A , of the amplifier. 
vo 

The 

closed loop gain of a non-inverting 

Stout and Kaufman (1976) in terms of 

shift, ~ , and the ideal-case closed 
0 

from the resistor values, as 

and 

A = vc 

A vc = 

G 
G 

1 + ~ 
vo 

G 

amplifier is given by 

A , the open loop phase 
vo 

loop gain, G, determined 

(5.15) 

(5.16) 

Table 5.1 uses those results to give the fractional error in 

A as a funtion of the quotient A /G for each of the cases. vc vo 

TABLE 5.1 Amplifier fractional gain error as a function of 

open to closed loop gain ratio. 

A vc error error 

G (~ =00) (~ =90°) 
0 0 

10° -0.50 -0.33 
10 1 -0.09 -6x10- 3 

10 2 10- 2 -6x10- 5 

103 10- 3 -5x10- 7 

10 4 10- 4 -5x10- 9 

The specification sheets for 

leading manufacturers shows 

operational amplifiers made by 

that A will vary by more than 
vo 

one order of magnitude over the operating temperature range of 

the amplifier. Therefore inspection of table 5.1 indicates 

that the temperature coefficient of A 
vc 

will be unacceptable 

in the frequency if A / G is too low for the value of A. 
VO '~'o 

range of interest. It also follows that it is desirable for 

the amplifier to have~ = 90°. 
0 
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a2) Amplifier Noise 

In section 5.1.1, the net input noise of the video 

processing electronics was required to be 

pairs. That noise will be contributed to 

(] 
vp 
by 

~ 350 e- /h 

the formal 

equivalent voltage and current noise sources of the 

components, by their excess noise mechanisms, and by EMI. As 

a design principle, the contribution which is from the 

component sources wi 11 be required to be less than half the 

noise power of o , or o S 250 e-/h pairs. Therefore the vp c,vp 
noise from excess mechanisms and EMI is also allowed to 

contribute up to half of the net noise power, with o < 250 e,vp -
e-/h pairs. 

Section 5.1.2 indicates that this noise performance is 

required for a typical bandwidth of Afbw ~ 10 kHz. By using 

equation 5.9 to convert o c,vp to an equivalent voltage, it 

therefore follows that the maximum input spectral density that 

the component noise can have is 

•c,vp = [::~:p] [A~:~::t] ~ 10 nV/~Hz (5.17) 

The component noise of the video processing electronics 

can be determined from their noise model in figure 5.2 in 

terms of the individual noise source contributions. This 

figure explicitly shows the preamplifier and reset switch, 

combines the remaining video processing electronics into the 

one component, VP, and models the diode array video line 

impedance to ground as the video capacitance, C , in parallel 
v 

with the video line leakage resistance, R . The three v 
possible input voltage noise sources are shown, which are the 

* * * I I r 
pa r• V R 

Figure 5.2: The video processing noise model. 

VP 

GP 
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amplifier input noise, e , the thermal noise (see appendix 2) 
a 

of the feedback resistors, ef' and the net voltage noise of 

the remaining video processing electronics when considered as 

an equivalent input signal, e vp Additionally, the three 

possible electronic current noise sources are shown, which are 

the amplifier bias current noise, Ipa' the leakage current 

noise of the reset switch, Irs' and the equivalent noise 

current (see appendix 2) of the video resistance, I They vr 
can be combined so as to express the component spectral 

voltage noise density as 

where e v,vp 

2 2 
e = e + e. 

2 
c,vp v,vp 1,vp 

is the contribution from the 

(5.18) 

voltage sources, and 

e. is the voltage equivalent contribution from the current 
l,Vp 

sources. Those two terms are explicitly given as 

2 2 2 2 e = e + e + e v,vp a r vp (5.19) 

and 2 z 2[r 2 + I 2 + I 2] 
v pa rs vr (5.20) e. = 

1, vp 

where Z is the video impedance to ground which is seen to be 
v 

R 
v Z (w) = 

v 1 + jwR C 
v v 

(5.21) 

Because z 
v 

has a frequency dependence, e. will dominate 

e c,vp at low 

frequencies. 

in the video 

frequencies, and e v,vp 

l,Vp 
will dominate at high 

To determine the significance of e and e. v,vp 1,vp 
signal bandwith, consider the noise amplitude due 

to e. in a bandwidth between low and high frequency limits 
1, vp 

of f 1 and fh respectively. It is found from the integral 

(5.22) 

where i is the net video current spectral noise density, to 
v 

be 

E 2 = 
i,vp 

27TC v 

(5.23) 

This expression can be evaluated using the video capacitance 

in result 5.7, a low valued guess for the video resistance, 

which minimizes equation 5.23, of R ~ 1 Tn, and the actual 
v 
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value of i for this detector system which is given by result v 
5.30. The maximum possible noise amplitude results from 

f 1 = 0 and fh = oo, and is 

E. ~ 160 ~-LV 
l,Vp 

40,000 e-/h pairs , 0 ~ f < oo • (5.24) 

While the result from this frequency range is unacceptable, 

the result if the lower frequency limit is raised to f 1 = 100 

Hz is 

E. ~ 0.8 J.LV 
1, vp 200 e-/h pairs , 10 2 ~ f(Hz) ~ oo , (5.25) 

and is within the design limits. Comparison of results 5.24 

and 5.25 indicate that the noise is almost entirely below the 

video bandwidth, which is approximately 1 kHz to 10 kHz. 

Therefore it follows that if cancellation techniques can be 

used to reject the current noise at low frequencies, while 

retaining the signal in the video bandwidth, the only term 

that contributes toe in equation 5.18 is e c,vp v,vp 
Assuming the use of a cancellation technique as 

described above, result 5.17 requires e to be less than 10 v,vp 
nV/~Hz. The video processing term in equation 5.19 can be 

made negligible if the preamplifier has a sufficiently high 

gain. This is because e vp' the video processing noise 

referred to the video line, is the quotient of the input noise 

of the video processing unit, VP, and the gain of the 

preamplifier. Also, the feedback resistor noise, e , is the 
r 

thermal noise of the net resistance to ground at the inverting 

terminal of the preamplifier. That resistance is the parallel 

combination of the input and output resistances, Ri and Rf 

respectively, which should be less than ~250 n so that e can 
r 

be neglected through being less than ~2 nV/~Hz. Therefore the 

single significant contributor to the component noise of the 

video processing chain is the input voltage noise of the 

preamplifier, and a design value of ~8 nV/~Hz will satisfy the 

noise requirements. 

a3) Video Current Deleterious Effects 

The bias current of the preamp 1 if i er and the 1 eakage 

current of the reset switch are the primary contributors to 

the undesirable current onto the video line, i , whose noise 
v 

was considered in the previous section. A time rate of change 
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in the video voltage of i /C is the other significant v v 
consequence of that current. The resulting signal is required 

to be sufficiently stable that it does not contribute to the 

readout noise, and that it is a fully tractible component of 

the fixed pattern. 

b) Existing Design 

Low noise high input impedance amplifiers, of the type 

discussed by Maxwell (1977), can be used with negative 

feedback to achieve a higher input impedance and more stable 

gain as described by Motchenbacher and Fitchen (1973). Geary 

(1979) has used an amplifier of this type in his 

photon-counting Reticon detector, and has suggested it for use 

as the preamplifiers in direct imaging applications. 

Subsequently, Vogt (1981) has used amplifiers of this type in 

such a system at Lick Observatory. 

Because of the use of a JFET at the input of this 

amplifier, it readily meets the input impedance requirements 

of a voltage level processing preamplifier. On first 

examination, it also appears to readily meet the component 

noise requirements determined in section 5.3.2a2 above with a 

typical voltage spectral noise density of ~3.5 nV/~Hz. 

The open loop gains of those amplifiers can be found 

by using. for examp 1 e, the general resu 1 t s of Maxwe 11 ( 1977) 

to be approximately 1100 V v- 1
, and 200 V V- 1 respectively. 

The corresponding open loop to closed loop gain ratios are 

then found to be ~11: 1 and ~6: 1 respectively. Given that 

these amplifiers have open loop phase shifts of cp
0 

= 0°, 

consideration of section 5.3.2.a1 indicates that the 

temperature coefficient of their closed loop gains will be 

sufficiently high that noise in flat-field frames, in excess 

of the formal component noise may result. One factor in the 

open loop gain of Vogt's preamplifiers being so low is that he 

has omitted the de bias network connected at the source of the 

JFET in Geary's implementation. 

Vogt {1982) has pointed out that the 220 kO resistance 

connected by Geary to the non-inverting terminal of the 

operational amplifier in his design, which compensates for the 

offset voltage due to the bias current of that amplifier, is 
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in fact a noise source which perform no useful function. An 

analysis of the noise contribution from that resistor 

indicates that it more than doubles the net noise power of the 

amplifier. 

The active amplifier in this design is ac coupled due 

to the capacitor coup 1 ing the JFET stage to the opera t i anal 

amplifier stage. As a natural consequence, the equilbrium 

output voltage is zero. and the response to a step input is a 

step output which then exponentially decays to zero. It 

follows that the video signal of a given diode is expected to 

decay towards zero with a rate 

proportional to the net video 

diode is accessed. This level 

of change of voltage that is 

level immediately after the 

is equal to the sum of the 

diode signal and the video level at the time the diode is 

accessed. Therefore the net change in the video voltage 

during the time interval in which a given diode is being 

processed, is also proportional to the video signal that 

exists at the time the diode is accessed. That signal is a 

function of the previous input signals to the preamplifier, 

and so the net change in the diode signal, due to the 

exponential decay, will vary as the video signal evolves. 

If the variation in the net change from the decay, due 

to the preceeding input sign!, is larger than the readout 

noise, it follows that the signal will be corrupted. Because 

the variation is proportional to the signal size. the 

behaviour of the detector will still be linear in the formal 

sense. However it can be seen that in the simple case of two 

flat-field frames of different signal levels, that the 

quotient will have a residual pattern. Therefore this 

signal-level dependent behaviour is referred to as 

differential non-linearity. 

Vogt (1981) finds that his detector is linear, but does 

not investigate differential non-linearity. However Campbell 

et al. (1981) have reported differential non-linearity, but do 

not indicate their type of preamplifier. 

An extensive attempt to find a combination of 

components which would negate these problems concluded that it 

is not possible to do so. Therefore alternative preamplifier 

circuitry will be developed in the following section. 
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Subsequent to the cons true t ion of the 

new design was developed from the design 
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alternative, a 

that has been 

discussed above. It uses additional 

significantly different component values 

the above problems, and so will be the 

active circuitry and 

to completely negate 

subject of a future 

publication. 

c) The Pre-amplifier Circuit Design 

The 

presenting 

that they 

determined. 

approach to the preamplifier will be one of 

the design and its parameters, and demonstrating 

satisfy the requirement that have been previously 

The circuitry for the preamplifier that has been 

implemented is shown in figure 5.3. 

GP 
REV 
(ROV) 

Figure 5.3: Preamplifier electronic circuit. 

GP 

The preamplifier uses an SD214 D-MOS reset switch 

because their gate-to-drain capacitance of 

cgd = o.3 pF (5.26) 

is the lowest that is available by a substantial margin, and 

therefore results in the lowest video reset offset voltage. 

It is controlled by the signal ROY (reset odd videos) when 

applied to video 1 ines 1 and 2 because they have the odd 

numbered pairs of diodes. Similarly it is called REV (reset 

even videos) when applied to video lines 3 and 4 because they 

have the even numbered pairs of diodes. The amplitude of REV 

and ROY are both 

AV = 5 volts , rp 
(5.27) 
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because this standard logic voltage gives an adequately 

The ref ore the 

low 

'On' switch resistance of R ~ 1000. sw time 

constant for resetting the video capacitance is Tr = Rswcd = 
4ns, and so to ensure that the reset operation is complete, a 

width for the reset pulse of 150T = 600 ns is used. r 
Using results 5.7, 5.27, and allowing 0.1 pf of stray 

capacitance between the gate and drain, the reset video offset 

voltage can be evaluated from equation 2.5 as 

V = -50 mV . (5.28) 
r 

The base (substrate) voltage of the reset switch is 

held at -15 volts 

video line. Noise 

to minimize the leakage current onto the 

on that supply which could couple through 

the base-to-drain capacitance to the video 1 ine, is f i 1 tered 

from the video bandwidth with resistor 14 and capacitor 9. 

Their pole frequency is 100 Hz. 

The preamplifier itself is composed of two stages of 

amplification. The first stage, PAl, is a Burr-Brown OPA102BM 

operational amplifier whose specification sheet is reproduced 

in appendix 7 for reference. Properties specified below for 

this amplifier are those which apply at frequencies within the 

video bandwidth. 

G pa 

The 

= 41 v 
closed 

y-1 
loop gain that 

{32 dB). It 

has been implemented is 

can be deduced from the 

specification sheet that this is the largest value that can be 

used with the open loop phase shift of ~O 

quotient A /G is greater than 100. vc pa 

= 90°, for which the 

Therefore it can be 

determined from table 5.1 that the maximum possible variation 

in G pa is 1 part in 20,000, which is within the requirement 

determined within sectional. 

The input noise spectral 

nV/~Hz, which is better than 

density is typically e = 8 a 
that required by result a2. 

Resistors 15 and 16 are respectively 

the thermal noise of their parallel 

nV/~Hz. It will be shown below 

3000 and 12 kO, and so 

resistance is e = 2.3 r 
that the total video 

processing noise referred to the output of this amplifier is 

less than 20 nV/~Hz, and so that when referred to its input, 

by dividing by G 1 . is less than 0.5 nV/~Hz. pa 
net component noise is 

o = 8.5 nV/~Hz . c,vp 

Therefore the 

(5.29) 
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The second stage of the preamplifier, PA2, is a LF357H 

operational amplifier that is operated with a gain G 2 = 6. pa 
It follows that the net preamplifier gain is 

G = G 1G 2 = 246 V y- 1 
, pa pa pa (5.30) 

which satisfies the gain requirements determined in section 

a1. The voltage noise of PA2 is 12 nV/~Hz, and when combined 

with the thermal noise of resistances 17 and 18, which are 

2k4 Q and 12 kQ respectively. gives a voltage noise of 13 

nV/~Hz. Even if the total voltage noise of the remaining 

video processing circuitry has the unreasonably high value of 

90 nV/~Hz at the output of PA2, the total input noise to PA2, 

excluding that of PAl, is only 20 nV/~Hz. As has been shown, 

this value does not contribute to the net noise of the video 

processing electronics because of the value of G 1 . pa 
The power supply filter for the PAl amplifiers use a 47 

]l.F capacitor in the negative power supply filter. This is 

because the output voltage is always negative, and so the 

dynamic current from the feedback network exits the amplifier 

through the negative power supply pin. The larger capacitor 

ensures that the amp 1 i tude of the r ipp 1 e vo 1 tage, due to the 

power suuply filter resistor in the power supply line, is 

sufficently small that it can be completely rejected by the 

power supply rejection ratio of the amplifier. 

video 

The final parameter of the 

leakage current from PAl 

preamplifier is 

and the reset 

the net 

switch. 

Measurements of that current indicate that when the dewar and 

preamplifier are at equilibrium temperatures, its value is 

(5.31) 

The video voltage changes at a constant rate due to the 

accumulation of leakage current charge on the video 

capacitance. During the 250 Jl.S interval in which the leakage 

current is contributing to the output signal, determined in 

section 5.4.3. an equivalent signal of 1600 e-/h pairs is 

accumulated. It follows that this signal is fully tractible 

as a component of the fixed pattern if the video current 

varies by no more than ~10%, and that baseline instability 

results if the variation is larger than this. Variations 

result from dependences upon the ambient temperature of the 
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devices, and upon 

OPA102BM curves of 

indicates that the 
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the video voltage. Inspection of the 

leakage current versus these parameters 

requirements are satisfied if the ambient 

temperature remains constant to within several degrees between 

the image and fixed-pattern readouts. 

d) Hardware Implementation 

The four preamplifiers are implemented as shown in 

plate 5.1, with the printed circuit board shown in figure 5.4, 

and in appendix 11. The board is circular so as to fit within 

the cavity of the dewar that is seen in figure 4.1. Because 

there is no room for connectors on the board, a second board 

that can be seen in those illustrations is used for that 

purpose . The boards are mounted to each other with standard 

electronic 0.64 mm square pins which connect their respective 

ground planes together. Similar pins carry the signals 

between the Connhex 500 co-axial connectors on the bottom 

Plate 5 . 1: The LDA preamplifier board and cold block. 
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Figure 5.4: Printed circuit board layout for the preamplifier 

electronics given in figure 5.3. 

board, and the circuitry on the top board. The top board is 

screwed to the pedestal on the cold block so as to locate the 

preamplifiers. 

The conection between the preamplifier ground plane and 

the cold block ensures that the block acts as a shield around 

the array, and above the circuitry board. A solid ground 

plane over the entire top surface of the connector board acts 

as the electrostatic shield over the bottom side of the 

circuitry board, and in particular, shield the high impedance 

video lines, and the low signal level circuitry that is on the 

bottom side of that board. 

The diode array is mounted on the two strip sockets 

shown in figure 5.5, which are soldered to the signal tracks 

on the circuitry board which connect the array to the external 

circuitry. Each track has a matching ground track on the 

opposite side of the board along its route to that circuitry 
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Figure 5.5: Cross-section of the cold block, showing the LDA 

mounted in its sockets. 

so that the signal remains shielded and tightly coupled to 

ground. 

The temperature at the centre of the circuitry board is 

that of the cold block, while the temperature of circuitry 

area is close to that of the flange because of the connection 

of the flange to the ground plane through the shielding on the 

co-axial cables. Therefore a temperature difference of 

approximately 130°C exists across the annular gap in the 

ground plane of that board. This gap prevents excessive 

thermal leakage through the thermally conductive ground plane, 

which would rapidly expend the cryogen. For this same reason, 

the cross-sectional area of the signal lines is minimized by 

their having the smallest practical size of 0.4 mm. The net 

leakage through the conductive tracks and the circuit board 

can be calculated to be ~1.6 watts. 

The high impedance video line areas of the printed 

circuit board and components are treated to prevent surface 

leakage currents from being a significant component of the 

video leakage current. The treatment is a light application 

with a mixture made from ~10 ml of benzene and several drops 

of silicone oil. The benzene lifts the contaminants above the 

surface so that the silicone can form a uniform high impedance 

coating in their place. It is most important that the coating 

is not touched after it has been applied because contact 

breaks the coating so that finger oils can reach the surface. 
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5.3.3 Video Amplification 

A final stage of amplification is needed to achieve the 

gain required by result 5.9. 

a) Requirements 

The full video processing gain was not applied with the 

preamplifiers because their pure non-inverting configuration 

would have resulted in the saturation of the output stage, as 

discussed in section 5.3.1. By using equation 5.11 and 5.28 

with result 5.14, it follows that the output video signal is 

in the range of -12.3 volts to -8.0 volts. Therefore if that 

range is offset so as to be centred about 0 volts, additional 

gain can be applied. 

As demonstrated in appendix 1 with figure A1. 1 and 

equation A1.4, an inverting amplifier can be used to both 

amplify and offset the signal. The required gain of this 

video offsetting stage is found from equations 5.10 and 5.14 

to be 

G 
IG I - ~ = 3.78 v y-i (5.32) vo, lo -

G pa 
After this amplification, the amplitude of a full scale signal 

will be the required AVA/D,fs= 10 volts. For this range to be 

centred on 0 volts, and taking into account the negative sign 

of the Gvo' the input voltage of -12.3 volts must become an 

output voltage of +5 volts. Given these two voltages and 

result 5.32, equation A1.4 can be solved for the voltage that 

is necessary at the non-inverting terminal in order to produce 

the required offset. It is found to be 

v. l ~ -8.7 volts 
1+' 0 

(5.33) 

The maximum signal size was found to be 2.73 M e-/h 

pairs in result 5.11. This may be inadequate for extremely 

high signal-to-noise ratio work, and so a second set of 

options will be made available to ex tend that range by a 

factor of 2.5 to 

q = 6.8 Me-/h pairs A/D,fs,hi (5.34) 

It follows that the gain of the video offsetting stage must be 
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V-1 
G h" = 1.51 V vo' l 

(5.35) 

that the voltage at the non-inverting input must be 

v.+ h' = -5.5 volts ' 
l • l 

(5.36) 

and that the signal equivalent of the LSB of the A/D convertor 

is 

qA/D,hi = 418 e-/h pairs (5.37) 

b) Circuitry 

The negative video offset voltages are generated from 

the video offset reference, VOR, shown in figure 5.6. The 

Figure 5.6: Video offset reference (VOR) voltage circuit. 

LM399 precision voltage reference that is used to generate the 

diode array bias supply, is inverted by amplifier A6. The 

mini-jump can be used to change the value of the feedback 

resistance so that VOR has two possible values. The resistors 

are set so that the quotient of those two values is equal to 

the quotient of the non-nonverting input voltages in results 

5. 33 and 5. 36. This will allow a single resistor divider 

network to produce either of the offset voltages by simply 

changing the position of the mini-jump. 

Resistors 32 and 33 are of the precision type discussed 

in section 3.2.4c, which enable the total temperature 

coefficient of VOR to be kept below ~4 ppm (C 0
)-

1
• Its 

voltage spectral noise density is approximately 18 nV/~Hz. 

The amplifier which performs these two tasks is the 

first stage of the video processing electronics which are 

shown in figure 5.7. The preamplified video signal number n, 

PV n' is shown driving the amplifier, and can be amplified by 
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Figure 5.7: Video processing electronic circuit. 
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one of the two required gains which are selected with the 

mini-jump. Variable resistor 19 allows the gain of each video 

line to be individually adjusted so that the net gain of all 

four lines is the same. The signal is offset as a result of 

the network of resistances 23, 24, and 25 dividing VOR down to 

the required value, and variable resistor 24 is used to make 

small adjustments for the characteristics of the particular 

video line being offset. The value of VOR must be correctly 

selected for the gain value being used, because only two of 

the four possible combinations of the mini-jump positions are 

valid. Capacitors 9 and 10 combine with the output resistance 

of the divider network to filter VOR with a pole frequency of 

~10 Hz, and diode 1 protects the amplifier input terminal from 

the energy of the capacitor as it discharges during 

power-down. 

c) Hardware Implementation 

The video processing circuitry is implemented on the 

printed circuit board shown in plate 5.2, which has the layout 

Plate 5.2: The video processing printed circuit board. 
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that is shown in figure 5.8. Two of the four video offsetting 

and final amplification stages are on either side of the bias 

supply across the top of the board. The variable resistors 

above the amplifiers are for the fine adjustments of the 

individual gains, and the variable resistors below the 

amplifiers are for the fine adjustments of the individual 

offsets. 

The video offset reference and the precision reference 

are located below the bias supply. and the offset-selecting 

mini-jump is above them to the right. 

5.4 Video Signal Extraction and Noise Rejection 

The video signal has been amplified to the required 

level with a design that exhibits a low intrinsic noise, and 

which generates a minimum of excess noise due to instability. 

The data encoded in that signal must now be extracted, and the 

components of its noise from the electronic design and the 

diode array must be reduced so as to meet their design 

requirements. 

5.4.1 Correlated Double Sampling 

The data in the video signal from a detector using the 

voltage level readout technique can be determined by a signal 

extraction and processing technique that has been developed by 

White et al. (1974), which they have called correlated double 

sampling. In addition to signal extraction, the action of 

correlated double sampling is a technique for rejecting video 

noise. 

a) Signal Extraction 

The datum in the video signal of a given diode 

(described in section 2.2.1b) is the difference between the 

video levels before and after the diode is read out. These 

video levels are 

called the reset 

sampling extracts 

those 1 eve 1 s, and 

shown 

and 

this 

then 

in figure 2.7. and are respectively 

signal levels. Correlated double 

datum by sampling and holding each of 

taking their difference to form the 
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0 0 

0 

Figure 5.8: Printed circuit board layout for video processing 

electronics. 



VIDEO PROCESSING 168 

signal that is quantified by equation 2.8. It follows that 

there are three essential components of correlated double 

sampling. Two of them are sample and hold components, with 

one being used for each of the reset and pixel levels, and the 

third is a differencer which forms the difference of the held 

outputs of the sample and hold components. 

b) Thermodynamic Noise Rejection 

Unlike most noise sources, the thermodynamic noise of 

the video and diode capacitances {described in section 2.1.6a) 

are simple offsets to the video voltage whose amplitudes are 

determined at the instant the reset switch opens. In the case 

of the video capacitance, that capacitance remains physically 

unchanged when the diode is read out, and so the readout 

process 

line. 

does not change its noise contribution on the video 

Therefore when the reset and pixel level samples are 

differenced by correlated double sampling, the noise of the 

video capacitance is completely rejected. This is essential 

because the thermodynamic noise of this capacitance, which can 

be found from equation 2.3 and result 5.7 to be 1750 e-/h 

pairs. is considerably higher than the sys tern readout noise 

requirement. 

The second case is that of the diode capacitance. When 

diode n is being processed, the reset level that is held by 

the correlated double sampler is that of diode n-1. Therefore 

when diode n is switched onto the video line, the thermodynaic 

noise charge from diode n-1 is left on the video line, and the 

thermodynamic noise from the previous initialization of diode 

n is added to the video 1 i ne. Thus the diode thermodynamic 

noise is uncorrelated between the samples of the reset and 

pixel levels. and therefore it cannot be removed by correlated 

double sampling. 

c) Noise Filtering Response 

While correlated double sampling can completely remove 

noise that is correlated between its two samples, its action 

can also attenuate noise that is uncorrelated between those 
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samples. Consider the worst-case example of a noise component 

of frequency f, and therefore period T. which is sampled 

symmetrically about its zero crossing. If the time between 

samples is T . corresponding to a sampling frequency of f , 
s s 

the fraction of the noise amplitude that appears at the output 

of the correlated double sampler is 

A cds 

~ sin[~[t-]] - sin[~[- t-]] 
(1 - (-1)) 

(5.38) 

When rearranged and expressed in terms of the frequencies, 

this expression becomes 

The quantity A cds can be interpreted 

(5.39) 

as the minimum 

attenuation that a correlated double sampler operating at a 

frequency f can apply to a noise component of frequency f. 
s 

It shows that low frequency noise is strongly attenuated, and 

that the de component is completely removed. This bandwidth 

limiting action is one such action used in the video 

processing electronics, and shall be combined with the other 

responses in section 5.4.3. 

5.4.2 Bandwidth Limiting 

The reset and pixel levels are instantaneously sampled 

by the correlated double sampler. Therefore random noise on 

the video waveform will also be included in those samples, and 

so that noise must be minimized. This is achieved by forming 

an upper 1 imi t on the video bandwidth that is equal to the 

lowest value which will still allow the video information to 

pass to the correlated double sampler. 

a) Resetable Integrator 

Livingston et al. (1976) state that for white noise 

(see appendix 2), the use of an integrator gives the lowest 

noise bandwidth. Indeed most diode array systems use an 

integrator to bandwidth limit the video noise by individually 

·integrating the reset and pixel level signals. Because the 
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input signal is a level, the output signal is a linear ramp 

which must be sampled at the end of the integration time by 

the correlated double sampler. Consideration of the 

specification sheets for commercial sample and hold units 

shows that their dynamic sampling error is proportional to the 

rate of change of their input signal. If the input signal was 

purely the required diode datum, this linear source of error 

would be fully tractable by the flat-fielding process. In 

general, however, a large component of the input signal is due 

to offsets, and therefore variations in those offsets will 

appear as noise if the dynamic sampling error is large. This 

problem can be avoided with a bandwidth limiting filter which 

settles to a constant output level before the time at which 

the samples are taken. 

b) Bessel 3-pole Low-pass Filter 

For a step input, the Bessel-type of low-pass filter 

settles to any specified accuracy in the fastest time. It 

follows that it can have the lowest bandwidth of any filter 

used in this way. Therefore a 3-pole Bessel filter will be 

used to bandwidth limit the video signal before it is passed 

to the correlated double sampler. One advantage of this 

filter is that it settles to a constant level when it has 

acquired the input signal, and therefore dynamic sampling 

errors do not occur in the subsequent sampling. Other 

advantages include not requiring the reset switch and reset 

logic of the resetable integrator, and having a much higher 

attenuation at high frequencies. 

The required pole frequency can be determined by 

modelling the response of this filter type to the video 

signal. The same procedure has been used as was described in 

section 4.2.2b for the temperature controller. One of the 

differences is that the transfer function of the filter is 

used instead of the temperature controller transfer function, 

and the other is that the input waveform is the video signal. 

A Fourier series of the video signal shown in figure 2.7 can 

be formed as the sum of the series for a square wave, and the 

series for a non-50% duty cycle waveform. This second series 

is used to represent the reset pulse feedthrough on the video 

signal. Different choices for the ratio of the amplitudes of 
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those waveforms allows different signal levels to be modelled. 

The curve shown in figure 5.9 is the response of the final 

design to the worst case input signal, which is the maximum 

negative signal step combined with the reset feedthrough 

pulse. It uses a 600 ns reset pulse width as determined in 

section 5.3.2c, and a pole frequency of 6.0 kHz (which 

corresponds to a time constant of 1.67 ~s). It shows that a 

period of 1.5 time constants must elapse in order for the 

filter output voltage to settle to an acceptable accuracy of 

~0.7 mV (equivalent to ~1 LSB). This length is equal to the 

250 ~s period that is available for the given video level to 

be interrogated. 

10 1 ~~~.--.--.-~---.--.--.--.-~,--.--.--.----~ 

10-·L-~--~~--J-~~~-L~~---L--~~--L-~--~~ 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

TIME (UNITS OF FILTER TIME CONSTANTS) 

Figure 5.9: Response of the low-pass filter to the maximum 

video reset step. 

5.4.3 Video Processing Transfer Function 

The net transfer function of the video processing 

electronics is the product of the transfer function of the 

low-pass fi 1 ter, and the response of the correlated double 

sampler that was given in equation 5.39. The time between 

samples follows from section 5.1.2 and figure 2.7, giving 

T = 250 ~s. s The transfer function is shown in figure 5.10 as 

the full curve, with the dashed envelope being the response of 

the low-pass filter by itself. The essential features of the 

video processing bandwidth limiting can be seen. The low 
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Figure 5.10: The transfer function of the video processing 

electronics (solid line), and the response 

of the low-pass filter (dashed line). 
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frequency attenuation is due to correlated double sampling, 

and the high frequency attenuation is due to the low-pass 

filter. However the attenuation is seen to be zero at the 

2 kHz data frequency, and so while the noise is bandwidth 

limited, the data passes through unattenuated. 

5.4.4 Reset Switch Action 

The reset switch periodically connects the video line 

to ground. Any source of noise whose amplitude depends on how 

long the video line has been in a high impedance state will 

have a lower frequency limit (see appendix 3 for example} for 

its noise bandwidth which is set by the switching rate of that 

switch. 

a) Video Current Noise Sources 

In section 5.3.2a2, the contribution to the net voltage 

noise by the voltage equivalent of the video current noise was 

found to depend on the video line impedance. This equivalent 

noise voltage amplitude is due to the accumulation of charge 

on the video capacitance from the noise current. Therefore. 

the longer the video line is in a high impedance state, the 
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greater is the contribution from the low frequency components 

of the noise current. 

The low frequency limit of the noise bandwidth for this 

source must therefore be the switching rate, f , of the reset 
s 

switch. Consequently, the transfer function that the reset 

switch applies to the noise, due to this limit is 

TF = rs 

1 
(5.40) 

which is the transfer function of a high-pass filter. 

Therefore, the equivalent voltage amplitude of the frequency 

components below f will be increasingly attenuated as the 
·S 

frequency decreases, until they are zero at de. This transfer 

function combines with the video processing transfer function 

to bandwidth limit the video current noise. The ~et amplitude 

of the current noise which passes this bandwidth can be 

determined by including the square of the net transfer 

function in the integral given in equation 5.22. An 

approximate worst case evaluation of this integral has found 

that the net noise is significantly less than 100 e-/h pairs. 

An exact evaluation will be performed using the REDUCE package 

at a later stage. 

5.5 Video Processing Circuitry and Hardware 

The circuit diagram for the video processing elctronics 

was given in figure 5.7, and the corresponding printed circuit 

board was shown in plate 5.2. The low-pass filter is formed 

with amplifier A3, resistors 26, 27, and 28, and capacitors 

11, 12, and 13. The output signal from this filter goes to 

the two LF398 sample and hold devices, with the SHR device 

being used for the reset level, and the SHP device being used 

for the pixel level. The difference between their output 

levels is the data for the diode under interrogation. 

The four low-pass filters, one for each video line, are 

located below their respective variable gain amplifiers on the 

printed circuit board. The eight sample and hold devices are 

in turn located under their respective low-pass filters. The 

four video lines are kept separate up until this point so that 

the video processing electronics for each line are given the 
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maximum possible time to reject the noise of the diodes that 

they process. However it is not necessary to have an A/D 

convertor for each video line, and so the four differential 

video lines are multiplexed into a single differential video 

signal with the circuitry shown in figure 5.11. The two 

switch banks, SW1 and SW2, are AD7511DI devices. The pairs of 

switches which correspond to the four video lines are selected 

by the addr~ss decoder, AD1, which is a high speed CMOS device 

providing the required logic levels for the switches. The 

output lines are buffered by the operational amplifers A4 and 

A5 which drive the signal to the A/D convertor electronics 

box. The switches are located on either side of these buffer 

amplifers immediately above the power supplies and line 

receivers on the video processing printed circuit board. 

V
3

R 

V;sP 

V4 R 

V4 P 

Mt 

Ma 

~'3'0T 

v-+ __ +v+ 
r SWI ~ 

Figure 5.11: Electronic circuit showing the multiplexing of 

the four differential video lines (V Rand V P). 
n n 

An instrumentation amplifier was specified in section 

3.2.3 for the interface between the video processing 

electronics and the A/D convertor electronics. Therefore the 

the A/D in multiplexed video signal is transmitted to 

differential form because that amplifier can perform the dual 

role of being the differencer for the correlated double 

sampling process. 
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The most important requirement on the differencer is 

that its common-mode rejection ratio is sufficiently high to 

reject the offset of the reset and pixel levels. In the worst 

case the offset would be 10 volts, and if it is required to be 

removed to an accuracy of better than 1 LSB, the common-mode 

rejection ratio must be greater than 90 dB (1 in 20,000). 

Consideration of the discussion given by Stout and Kaufman 

(1976, p.9-:1 to 9-10) of the classical differencer, which is 

used by both Geary (1979) and Vogt (1982), indicates that it 

is extremely difficult to obtain the required performance from 

this design. Therefore the following alternative design has 

been implemented. 

The differencer is the input stage of the A/D convertor 

circuit diagram that is given in figure 5.13. It is formed 

with two LF351 buffers, A12 and A13, and the Burr-Brown 3627 

differential amplifier, DA. The common-mode rejection ratio 

has been measured as a function of frequency for this 

configuration, and the resulting data is given in figure 5.12. 

The data was reduced from the ratio of the input to output 

signal amplitudes when the inputs were joined together and 

driven with a sine wave generator. It is seen that the CMRR is 

92 dB (1 in 40,000} at the 8 kHz data rate of the multiplexed 

differential video signal, and 

performance is achieved. The output 

the multiplexed data from the array. 

90 
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Figure 5.12: Difference amplifier common-mode rejection ratio 

(CMRR) as a function of the data rate frequency. 
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5.6 Analogue-to-digital Conversion 

The conditioned multiplexed differential video signal 

must be received from the video processing electronics and 

digitized so that it is in a form that can be recorded by the 

Data Acquisition System, as will be discussed in Chapter 7. 

5.6.1 Requirements 

In keeping with the electronic functions in this work, 

the analogue-to-digital (A/D) conversion process is required 

to be performed by a commercial component. Such components 

can typically accept a range, called the full scale range, of 

analogue input signal which can be expressed as 

AVA/D,fs = 10 volts (5.41) 

and which will be assumed for this system. They resolve this 

range into 2 divisions of equal width, where n is usually 8, 

10, 12, 14, or 16, which are sequentially labelled with an 

n-bit binary number. The digital output for a given input 

signal is the n-bit number of the division in which that 

signal falls, and is represented as an n-bit logic word. The 

width of a division is referred to as a least significant bit, 

and is given by 

AV 
AV - A/D,fs volts. 

LSB -
2

n (5.42) 

To ensure maximum sensitivity from the detector system, 

the readout noise is required to be resolved by the AID, that 

is, AVA/D,a must be approximately equal to 1 LSB. In real AID 

convertors, the LSB width varies from division to division by 

an amount which is quantified by the differential 

non-linearity error of the convertor. This uncertainty in the 

digitization process is equivalent to a noise source, and so 

AVA/D,a must be sufficiently larger than the uncertainty to 

ensure that the contribution to the net noise is negligible. 

Therefore it will be made a requirement that the variation in 

the LSB width is less than approximately ±10% of AVA/D,a' 

Manufacturer specification sheets and application guides show 

that typical good quality convertors, which are specified as 
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having no missing codes and a maximum differential 

non-linearity errors of ±!h LSB, have code widths within the 

range of 0.6 and 1.4 LSB. Therefore the requirement on this 

variation can be quantified as 

AVA/D,a = 3 LSB . (5.43) 

The number of bits that the digital word is required to 

have is a function of the required dynamic range of the 

detector. Using the definition of dynamic range in equation 

1.10, it follows that the number of bits can be found from the 

expression 

[
q - q l 2n ~ fs fp AV LSB 

a A/D,a r 
(5.44) 

Therefore, substituting results 5.11, 2.1, 5. 43, and 

requirement 5.1 gives the word size as 

n = 14 . (5.45) 

The required 1 ineari ty of the A/D conversion process 

can be determined using the system linearity requirement in 

section 5.1.1 with result 5.43. The result is that the peak 

non-linearity error must be less than ±1.5 LSB if their is no 

contribution to the non-linearity from the other video 

processing electronics. It follows that the maximum 

non-linearity of a typical A/D convertor, ±~ LSB, will provide 

an acceptable performance. 

5.6.2 Electronic Circuits and Operation 

The circuitry for 

acquisition, and its data 

the A/D conver tJ'r, its signal 

serialization are shown in figure 

5. 13. The data acquisition starts at the AD7511DI switch 

bank, SW2, which is used to direct one of the four possible 

signal sources to the A/D. The signals of those sources are 

the multiplexed video, the temperature controller heater 

power, and the block and ambient thermometers. The signal 

source is selected by the 74HC139 address decoder, AD 1 , in 

response to the address lines AO and Al. The decoder is high 

speed CMOS, because SW2 requires true 0 and 5 vo 1 t logic 

levels to achieve maximum performance. 
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The se 1 ec ted signal source is f i 1 ter ed by the 3-po 1 e 

Bessel low-pass filter formed with amplifier A14. This 

ensures that the peak-to-peak level of the noise on the input 

signal is significantly less than 1 LSB. The pole frequency 

of the filter is 25 kHz, which requires a period of 55 MS for 

the step change in the input signal to be acquired to an 

accuracy of 1 part in 20,000. When convolved with the 35 J.l.S 

response of the instrumentation amplifier, 

start of the conversion for the video 

approximately 90 MS after that source is 

it follows that the 

signal must occur 

selected. At the 8 

kHz rate at which pixels 

125 J.l.S per pixel, the 

must be converted, corresponding to 

remaining 35 MS are available for 

performing the conversion. 

The analogue-to-digital convertor is an Analog Devices 

ADC1140 16-bi t convertor, whose 35 MS conversion time 

satisfies the above requirement. The performance for this 

convertor corresponds to a 14-bi t convertor which has ~LSB 

linearity and differential non-linearity, and so the 15th and 

16th bits are not used. It is less expensive and physically 

smaller than 14-bit devices which usually are designed to have 

very fast conversion times. 

Because the fixed-pattern for a given video signal has 

positive and negative components for alternating diodes, the 

A/D input voltage range must be offset from the usual 0 to 10 

volt input range so as to accommodate the negative components. 

This is achieved with the variable reference voltage that is 

supplied by amplifer A15 to the analogue input number 2, AI2, 

of the A/D convertor. A lower input range limit of -v
1 

is 

achieved when the reference voltage is +2V
1

. 

The 14 output data lines of the convertor are received 

by the two S-bit shift registers, SR1 and SR2. In response to 

the control signals described in the next section, the 14-bit 

parallel input data is output in serial from pin Q7 of SRl. 

These data are driven by the line driver, LD, to the interface 

chassis, which in turn drives it to an optocoupler in the Data 

Acuisition System as described in section 7.1.3b. 
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5.6.3 Conversion Timing 

The timing waveforms for the analogue-to-digital 

conversion process and data serialization are shown in figure 

5.14. The 1 ~s width ADC pulse causes the start of 
e 

conversion with its negative going edge. When the conversion 

has finished 35 ~s later, the parallel data is loaded into the 

shift registers by the 1 ~s low pulse of the PL control line, 

and the data available, DAY, signal goes high to indicate that 

the data are not yet available. Fourteen pulses of 1 ~s width 

are then issued on the serial clock line, SC , whose 
e 

successive positive going edges shift the parallel data by 1 

bit through the shift registers. The bit which is shifted out 

of SR2 through pin Q7 is received by the input serial data 

line, D , of SR1. The stream of 14 bits which is shifted out s 
through Q7 of SR1 is the serial data, SD, which are led by the 

most significant bit, and trailed by the least significant 

bit. 

ADCE 

PL 

DAV 

Figure 5.14: Control waveforms for the A/D and data 

serialization processes. 

The serial clock is also used in the Data Acquisition 

System to clock the serial data into the serial-to-parallel 

shift registers. The incoming bits are clocked into those 

registers by the falling edge of the clock, which allows 1 ~s 

for the data to propagate from the parallel-to-serial shift 

registers to the serial-to-parallel shift registers via the 

transmission line and interface chassis. 

5.6.4 Hardware Implementation 

The analogue-to-digital conversion circuitry, and the 

temperature 

implemented 

controller and thermometer circuitry are 

on the printed circuit board which is shown in 
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Plate 5.3: The AID conversion and temperature controlling 

printed circuit board. 

plate 5. 3, and 

bottom third of 

whose layout is given in figure 5.15 . 

this board contains the power supplies, 
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The 

line 

receivers, and additional logic conditioning electronics. The 

AID convertor is the module located in the centre of the 

board , and the shift registers for its data serializer are the 

top two chips on its right hand side. The differential line 

driver is located below them. The connectors on the far left 

of the AID convertor receive 

analogue data from the video 

shields of the connectors are 

the multiplexed differential 

processing electronics. The 

isolated from the ground plane 

as was required for instrumentation amplifers in section 

3.1.2b. The signals from these connectors are received by the 

buffer stages of the instrumentation amplifier, which are 

located above and below the connectors. Those signals are 

differenced by the 3627 differential amplifier, which is 

located to the right of the top input buffer, and the output 

signal goes to the AID input source multiplex switch which is 
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0 0 

0 

Figure 5.15: Printed circuit board layout for A/D conversion 

and temperature controlling electronics. 
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located to the right of the lower input buffer. The output 

from the switch goes to the AID input filter located between 

the switch and convertor, and the A/D input offset amplifier 

is located above the filter. 

The noise performance of the AID convertor can be 

determined by connecting the input connectors to the ground 

plane, and then adjusting the A/D offset reference to 

determine what fraction of the LSB corresponds to the peak-to-

peak input noise. The result is that the peak-to-peak noise 

is approximatley 30% of the LSB {bit 16), and so the A/D is 

essentially noiseless for the 14-bit precision being used. 

5.7 Performance 

The voltage noise source component of the video 

processing noise is the noise that is measured at the output 

of the video processing chain when the video lines are 

connected to ground. This is because the current noise 

sources are shorted to ground, and the concept of EMI coupling 

to the video lines becomes meaningless. However to perform 

this test, the video offset reference voltage must be zero 

volts because the video line is not offset by the reset logic 

feed through. The reference voltage can be set to zero by 

removing the LM399 reference, and connecting its former output 

pin to ground. 

A typical noise 

configuration is given 

gaussian 

in figure 

that 

5. 16a. 

was measured in this 

It was formed from 

the difference of two readout frames, and is a plot of the 

frequency of occurrence of the possible difference values. 

The standard deviation of a single readout is 1/~2 of the 

standard deviation of the fitted curve, which gives the noise 

as 200 e-/h pairs. This value corresponds to a noise voltage 

amplitude of 0.8 JJ.V on the video line, or a spectral noise 

voltage density of 9 nV/~Hz within the noise bandwidth of the 

video processing electronics. This value is essentially equal 

to the theoretical 8.5 nV/~Hz value that was given in result 

5.29, and so, as required, the amplifier is the single 

dominant noise source in the video processing chain. 
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Figure 5.16: Noise Gaussian for the (a) low, and (b) high 

impedance cases of a noiseless signal source. 

The readout noise that the system would exhibit if the 

diode array did not have thermodynamic noise can be determined 

by replacing the array with capacitors between the video lines 

and ground. The values of those capacitors are required to be 

equal to C . Using the same procedures as are outlined above, 
v 

but with the normal video offset reference voltage, typical 

noise Gaussians like the one given in figure 5.16b are 

measured. The readout noise is 

that an additional source of 

350 e-/h pairs, which implies 

290 e-/h pairs exists due to 

current noise and EMI coupling when the video line is in the 

usual high impedance state. 

Two readout noise Gaussians with the diode array 

installed are given in figures 5.17a,b. They are the only two 

that exist from the period before the array was damaged by 

electrostatic discharge. The readout noise from figure 5.17b 

is 450 e-/h pairs, and the readout noise from the central 730 

pixels in figure 5.17a is 400 e-/h pairs. The extended wings 

correspond to the damaged pixels in the diode array. The 

difference between these values and the 350 e-/h pair value 

found in the absence of the array can be entirely explained by 

the thermodynamic noise of the diode capacitances. It follows 
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Figure 5.17: Noise Gaussians with the LDA under operating 

conditions. 

20 

that the readout noise from both the video processing 

electronics, and the entire system have met their design 

goals. 
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CHAPTER SIX 

DIODE ARRAY CONTROLLING 

The physical operation of the diode array and reset 

switches in response to their control signals has been given 

in sections 2.1.3 and 2.2.1 respectively. Some specific 

requirements for the characteristics of those control signals 

were deduced in section 2.4. In sections 3.2.1 and 3.2.2, the 

electromechanical design of the detector has taken into 

consideration the general requirements of the control signal 

generation, distribution, and conditioning. The generation of 

the control signals will be given in Chapter 7 and their 

distribution has been given in section 3.3. It follows that 

the remaining requirements must be determined for the control 

signal conditioning electronics, and that their circuitry must 

be designed and explicitly fabricated. 

6.1 Requirements 

6.1.1 Reset Switch Control Logic 

The amplitude, pulse width, and phase relative to the 

~-clocks of the reset pulse have already been given in section 

5.3.2c, and in section 2.2.1. The feedthrough of the reset 

signal, and therefore its noise, to the video line follows 

from section 5.3.2c as 1 part in 100 (-40 dB). If the 

amplitude of the noise from this source is required to be less 

than 1 nV/~Hz on the video line, it follows that the noise of 

reset pulse logic levels is required to be less than 

100 nV/~Hz. 

6.1.2 Clocks and Start Pulse Logic 

In addition to the requirements given in section 2.4. 

the Reticon RL series specification sheet given in appendix 6 

either gives or implies the following additional requirements 

for the diode array control logic. 

1) The clock amplitude must be approximately 12 volts, and 

the start pulse amplitude must be at least 10 volts, 
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2) the upper voltage level of the clocks and start pulse 

must be approximately equal to vb. but not greater than vb. 

3) the logic level transitions should be as fast as is 

possible, 

and 4) the clock electronics must be able to achieve 

performance when driving the 50 pF input capacitance of 

diode array clock lines. 

this 

the 

An additional requirement follows from these as a 

consequence of the ability to change the 

amplitude that was described in section 5.2.2. 

bias voltage 

The upper and 

lower levels of the clock and start pulse logic must be able 

to be changed so that requirements 1 and 2 are satisfied for 

the three possible values of bias supply voltage. 

A final requirement follows from the analysis of the 

response of the video-processing low-pass filter to the reset 

pulse. While the rising and falling edges of cp 1 and cp 2 are 

required in section 2.4 not to be cotemporal, they must be 

sufficiently close together that they appear to be cotemporal 

within the bandwidth of the video amplifiers. This will 

result in the input to the low-pass filter appearing as a 

single step input, rather than the underlying pair of 

complementary steps due to the complementary clocks coupling 

to the video line. The low-pass filter will therefore be able 

to settle in the minimum possible time. 

6.2 Electronic circuits 

6.2.1 Precision Power Supplies 

The negative power supplies for the clock electronics, 

which determine the lower levels of the clocks, are generated 

from the precision voltage reference given in figure 6.1. 

This circuit, its operation, and its performance are 

essentially identical to the VOR reference described in 

section 5.3.3b. The 3. 1 vo 1 t difference be tween the two 

possible output voltages corresponds to the 3 volt range of 

possible bias supply voltages. 

The circuitry for one of those power supplies is given 

in figure 6.2. Its circuitry and operation are essentially 

the same as the bias supply described in section 5.2.2. The 
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CVR 

GP 

Figure 6.1: Electronic circuit for the precision voltage 

reference. 

Figure 6.2: Electronic circuit for a negative power supply 

used by the clock electronics. 
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only significant differences are due to the opposite output 

polarity, which results in the polarized components being 

reversed, and the use of a PNP power transistor rather than an 

NPN transistor. Its noise performance is the same as that of 

the bias supply, but its temperature coefficient is slightly 

higher because because lower stab i 1 ty resistors are used in 

the resistor divider network. Diodes 2 and 3 protect their 

associated active devices from damage when the capacitances 5, 

6, and 7 are discharged during power down. 

The circuitry for one of the positive power supplies is 

given in figure 6.3, and its operation is also like that 

described for the bias supply in section 5.2.2. One of these 

power supplies is used with each pair of clocks for the two 

shift registers, and a third is used for the reset switch 

driver. In this third supply, the mini-jump and resistor 7 
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are omitted because step changes in the reset pulse amplitude 

are not required. The mini-jump selects either a 5.00 or 2.00 

volt output voltage for the clock drivers, to correspond to 

the range of possible bias supply voltages. 

HI 
LO 

+ 
3 

Figure 6.3: Electronic circuit for a positive power supply 

used by the clock electronics. 

6.2.2 Reset Switch Drivers 

Each pair of reset switches on the video line of a 

given shift 

figure 6.4. 

register is driven with the circuitry given in 

The high speed CMOS inverters (74HC04), I1 and 

Figure 6.4: Electronic circuit used to drive reset switches. 

I2, are powered by a precision reset switch power supply, R+. 

They condition their input signal, ROY or REV, from the line 

receivers after that signal level has been pulled up by 

resistor 17 to meet the input level requirements of HC logic. 

Variable resistor 19 is used to bandwidth-limit the output 

level by its RC filter action with the optional capacitor 8, 

and with the capacitance of the signal distribution path. It 
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is set so that the rise and fall times of the reset pulse are 

just beginning to increase from their natural values. This 

ensures a minimum bandwidth for the noise on the reset levels, 

and therefore the minimum amount of noise feeding through onto 

the video line. Resistor 20 protects the reset switch from 

electrostatic discharge damage when it is disconnected from 

the protection of the reset driver logic. Like the optional 

resistor 18, it can be used as a pull-down resistor if its 

value is sufficiently low. This will ensure that the lower 

level of the reset logic is precisely the zero signal 

potentia 1 during the interval in which the diode is 

interogated. Changes in that level would feed through to the 

video line and thereby contribute to the fixed-pattern and 

readout noise. 

6.2.3 The Start Pulse Logic 

The start pulse control signal is conditioned with the 

circuitry shown in figure 6.5. The DS0026 MOS driver, I5, is 

used to condition this signal before it is applied to the 

diode array shift register. It translates the input signal 

from the line receiver to the c+ and c- levels required by 

that register in response to being driven by the ac coupled 

signal from the advanced low power Shotky drivers I3 and I4. 

Its output noise is bandwidth-limited, for the same reasons as 

were given for the reset logic, with variable resistor 21 and 

optional capacitor 10. The 510 kQ value of resistor 22 

provides a discharge path on this input line to the diode 

array that protects the array from electrostatic discharge 

damage when the start pulse circuitry is disconnected. 

Figure 6.5: Electronic circuit used for conditioning the start 

pulse control signal. 
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6.2.4 The Clock Drivers 

The master clock, C . for each shift register is used 
m 

by the circuitry given in figure 6.6 to produce the 

complementary ~ 1 and ~ 2 clocks. In doing so. it also gives 

the required relationship between the edges of the two clocks, 

as shown by the waveforms in figure 6.7 for the various nodes 

in the circuitry. 

c 

Figure 6.6: Electronic circuit used for producing clock 

waveforms ~1 and ~2· 

A----' 

a 

0 

c 
---~ 

E __ _. 

Figure 6.7: Waveforms generated at the nodes shown in 

figure 6.6. 

The ALS invertors 16, 17, and 18 are used with 

resistors 23, 24, and 25, and with capacitor 11 to produce a 

time delay between otherwise identical waveforms on nodes B 

and D. This de lay is ad jus ted to be equal to the required 

separation in time between the edges of ~ 1 and ~ 2 • and is 
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determined by the time constant of the RC network formed by 

variable resistor 25 and capacitor 11. The output voltage 

swing of !6 is set with the level translator formed by 

resistors 23 and 24. The values of these resistors are as low 

as is practical, and are set so that the same time delay 

applies to both the rising and falling edges at node B. 

Inverter IS balances the propagation delay to node D with that 

of 17 to node B, and the four ALS NAND gates use these two 

signals to produce $ 1 and $ 2 as shown using both figures 6.6 

and 6.7. The result is that ~ 1 rises before ~ 2 falls, and ~ 2 
rises before· ~ 1 falls. This ensures that during the readout 

sequence, diode number n is completely turned off before diode 

n+1 is turned on. 

For this circuit to perform correctly it is essential 

that ALS logic is used for the following reasons. The logic 

high level of 16 must drive the large output current required 

by the load of resistor 24, and resistor 25 in series with 

capacitor 11. The very low input current of 17 allows a high 

value of 500 n to be used for resistor 25 while a logic low is 

maintained for the input signal level. Also the high value of 

the threshold input voltage of 17 ensures that resistors 23 

and 24 can be selected so that the propagation delay through 

the RC network and I7 is the same for both rising and falling 

edges. Finally, the output current capabilities of N2 and N4 

are sufficiently high to drive the electronics which condition 

the clocks for application to the shift registers. 

The circuitry which is used to condition each clock is 

given in figure 6.8. Two DS0026 MOS drivers translate the 

signal levels from the edge conditioning circuitry to the 

levels required by the shift registers. They are ac coupled 

to that circuitry with capacitors 12 and 13. One of those 

capacitors is a 6.8 ~F metallized polyester non-polarized 

GP 

Figure 6.8: Electronic circuit used to condition each clock. 
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capacitor which passes the low frequency components of the 

input signal, and the other has a 100 nF value in order to 

pass the components which are above the frequency at which the 

6.8 ~F capacitor becomes self-inductive. 

The purpose of using two MOS drivers, as suggested by 

Tull (1982), is that the temperature coefficient of the net 

propagation delay becomes the same for both rising and falling 

edges. This occurs because for both types of transition, both 

a rising and a falling edge are used in their generation, and 

therefore the different temperature coefficients for the 

propagation delays of those edges cancel out. Thus if both ¢ 1 

and ~ 2 are generated with the same circuitry, the delay 

between their pairs of edges will be much less strongly 

dependent on temperature. 

The two MOS drivers are de coup 1 ed together with the 

level translator formed by resistors 26 and 27. Their net 

output resistance can be used with optional capacitor 14 to 

provide an additional propagation delay to the one provided by 

the edge conditioning circuitry. However the delay is 

different for the two edge types and so it would not be used 

in future designs. Resistor 28 is used to ensure that the two 

MOS drivers provide a constant load on the power supplies, and 

therefore that power supply common-impedance coupling is 

minimized between the complementary clocks which share the 

same supply. This is achieved by resistor 28 having a value 

which provides the same load to 110, when it is in a logic 

high state, as is provided to 19 by the series combination of 

resistor 26 and 27 in parallel with the input impedance of 

IlO. 

Variable resistor 29 is used with the diode array clock 

line capacitance to bandwidth limit the output noise of each 

clock, while still allowing the fastest possible transition 

time. Resistor 30 acts as a discharge path to prevent 

electrostatic discharge damage to the shift register when the 

diode array clock lines are disconnected from the clock driver 

electronics. 
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6.3 Hardware Implementation 

The reset and control logic conditioning electronics, 

and their precision power supplies, are located on the printed 

circuit board whose layout is given in figure 6 . 9, and which 

is shown in plate 6 . 1. The circuitry for the positive and 

negative precision voltage references are located above the 

line receivers at the bottom of the board. The circuitry 

related to the reset switch logic is located up the centre of 

the board, and the circuitry for the odd and even shift 

registers are on its left and right side respectively . For 

these three areas, the resistor divider networks lie across 

the board above the main power and control signal interface 

area, and the precision power supplies are above 

The actual signal conditioning electronics lie 

region of the board. 

Plate 6 . 1: The diode array controller board. 

them again. 

in the top 
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0 0 

Figure 6.9: Printed circuit board layout for the reset and 

control logic conditioning. 

.. 

. . 
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The edge conditioning circuitry for the shift registers 

is located on the jumper boards beside the unpolarized 

capacitors. The boards plug into the dual-in-1 ine sockets 

seen in figure 6.9, which are from an initial unsuccessful 

attempt at edge conditioning. 

The eight output signals go through the flange to the 

preamplifier board as described in section 4.1.3, and their 

routing can be seen on that board in figure 5.4, and in 

appendix 11. The reset logic lines are distributed to the 

reset switches along the bottom side of the bottom board so 

that they are fully shielded from the video lines and 

preamplifier circuitry. The reset logic pin of the reset 

switch socket connects the reset switch on the top board to 

the reset line on the bottom board. 

6.4 Performance and Operating Parameters 

The difference between the video processing noise and 

the net readout noise with the diode array was found in 

section 5.6 to be solely equal to the diode capacitance 

thermodynamic noise. It follows that the noise contribution 

from the clock driver electronics must be negligible. Because 

the reset logic noise couples to the video line with similar 

mechanisms to the clock noise, it follows that the noise 

contribution from the reset logic must also be negligible. 

The above performance is achieved' with clock voltages 

of +5 and -4.45 volts, which are the values which have been 

found to give the lowest readout noise. The 9.45 volt 

amplitude is lower than the minimum value of 11 volts that is 

recommended by EG&G Reticon for these arrays. This is 

probably because the recommended amplitude is for applications 

in which the array is frame read at very high frequencies. 

whereas the current application is at very low frequencies. 

The rise and fall transition times between the 

traditional 10% and 90% limits are approximatly 12 ns. The 

offset between the edges is such that the rising edge has 

reached 95% of its full amplitude when the falling edge has 

fallen 5% from its upper limit. 
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CHAPTER SEVEN 

DATA ACQUISITION AND REDUCTION 

An interface to the system must exist through which the 

user can flexibly control the detector and its acquisition of 

image frames. and through which those frames can be processed, 

displayed, and stored. These tasks are to be performed by the 

Data Acquisition sub-system, and so the construction of its 

hardware, and the formulation of the user's interaction with 

that hardware must be undertaken. 

7.1 The Data Acquisition System 

The data acquisition system is a microprocessor based 

computer that has been assembled from vendor and custom sub

systems. The appropriate considerations of assembly or design 

for those sub-systems, and their organization, function. and 

performance will now be considered. 

7.1.1 The Microprocessor Chassis 

The hardware contents of the microprocessor chassis 

perform the computing and control functions for the Data 

Acquisition System. 

a) The Hardware Organization 

The electronic hardware is contained within a standard 

19 inch rack mounting electronics chassis of 5 rack units 

height, and 425 mm X 450 mm internal dimensions. All seams 

and joints of the aluminium chassis are conductive to ensure 

moderate suppression of the EM! generated by the processor. 

The chassis is internally subdivided into two compartments to 

correspond to the physical organization of the electronic 

hardware. As shown in plate 7. 1. the microprocessor 

electronics are within one compartment, and the power supply 

for those electronics is within the other compartment. The 

organization and operation of the electronics within each of 
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Plate 7.1: The Data Aquisition System microprocessor chassis . 

those compartments is as follows. 

1) Power supply: Utility power enters this area and 

is pre-regulated into the power supplies of +8, and ±18 volts 

potential that are required for the microprocessor 

electronics. The current capacities of those supplies are 10 

amperes, and 5 amperes each respectively. The utility power 

line is filtered to prevent EMI from being conducted out of 

the processor chassis, and has a transient suppressor to 

absorb power transients being conducted in on it that could 

disrupt the operation of the electronics. External devices 

can be supplied with utility power from a connector on the 

back panel of the chassis. Those devices will always turn on 

a nd off simultaneously with the processor electronics beca use 

they share the same key switch and protection fuse. 

2) The Microprocessor electronics: The framework for 

these electronics is a bus structure which interconnects their 

sub-systems, that is located on a 'mother - board'. Two bus e s 
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are used, which are the 50-way SS-50C and 30-way SS-30C buses 

deve 1 oped by Southwest Technical Products Inc. for Motorola 

6800 series devices. Eight slots are provided for connecting 

electronic sub-systems onto each bus, with the SS-50C bus 

hosting the microprocessor and tasks requiring the full 

processor control structure, and the SS-30C interface bus 

hosting the architecturally limited interfacing tasks. As 

shown in plates 3.8 and 7.1, connectors on the interface 

boards can be accessed through the back panel of the chassis 

for connection to external devices. The SS-30C bus is 

interfaced to the SS-50C bus by an interface driver board 

located across the top of each bus and along the edge of the 

mother-board. It also provides general system interfaces 

including a MC6840 programmable timing module, a baud rate 

genera tor for the SS-30C bus, a par all e 1 port, a ·jiffy' 

counter, and a 50 Hz oscillator locked in phase with the 

utility power. The pre-regulated power supplies are connected 

to the mother-board and distributed via the buses. 

Both the external wall of the processor compartment and 

the internal sub-division wall are of perforated metal 

construction, which allows a fan in the back wall of the power 

supply compartment to draw air through the entire chassis to 

cool those components dissipating power. 

b) The CPU and Memory 

A Motorola MC6809 microprocessor operating at 2MHz 

controls the Data Acquisition System from a GIMIX 6809 CPU 

PLUS #5 board on the SS-50C bus. The MC6809 has an 8-bit data 

path from the internal 8 or 16-bit architecture, and a 16-bit 

address path which will linearly address 64 kbytes of memory. 

The operation code set of this processor efficiently supports 

the implementation of high level languages that use position 

independent code. The CPU board includes a real time clock 

and a 1 kbyte scratch pad RAM which are battery backed up, a 

2 kbyte EPROM containing the (now modified) GMXBUG monitor 

firmware, a 2 kbyte EPROM containing the AUTOBOOT so£ tware 

that is used to load the DOS, a Motorola MC6840 programmable 

timing module, and provision for an arithmetic processor. The 

board also includes the GIMIX enhanced dynamic address 
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translator, hereafter the DAT, which increases the amount of 

memory that the processor can address to 1 Mbyte. This 

feature allows large application programmes to be executed if 

they are appropriately implemented. The DAT treats the 64 

kbyte address space of the processor, called the logical 

address space, as 16 linear blocks of 4 kbytes each. It 

similarly treats the 1 Mbyte address space of the physical 

memory as 256 blocks of 4 kbytes each. The DAT operates by 

allowing the user software to map any of the physical blocks 

of memory into any of the logical blocks of address space in 

which the processor can address. This allows the processor to 

address a maximum of 64 kbytes of memory at any one time. 

The system memory is supplied by a GIMIX RAM #72 board 

on the SS-50 bus which provides 256 kbytes of CMOS RAM that 

operates without wait states or cycle stretching at the 2MHz 

CPU speed. The RAM is battery backed up which provides 300 

hours of data retention after the power has gone down, a 

feature which will protect data that has not been stored on a 

permanent medium prior to a power failure. Low voltage 

detection circuitry on the board also protects memory during 

power-ups, power-downs, and failures, by inhibiting writes to 

the memory during those intervals. 

c) The Peripheral Interfaces 

The processor controls the peripheral devices in this 

acquisition system with the following two types of interfaces. 

1) The disk controller: Floppy disk drives are interfaced 

by a GIMIX #68 direct memory access (DMA) disk controller 

board that uses MC6809 cycle steal DMA to transfer at the full 

2 MHz bus speed. It will control up to four drives which can 

be any combination of 5.25 or 8 inch sizes, 3 ms or greater 

track-to-track stepping speeds, and single or double sided, 

single or double density storage formats. 

2) The serial ports: Peripherals which support the 

RS-232C communication protocol are interfaced to the processor 

through a port on one of two SS-30 bus dual-port serial 

boards. Each port uses an MC6850 asynchronous communication 

interface adapter (ACIA) chip and provides jumper selectable 

baud rates between 50 and 38,400. Interrupt requests can be 
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supplied to the processor by each ACIA when a character has 

been received and or when the ACIA is ready to transmit 

another character. 

7.1.2 The Peripherals 

The peripherals perform the function of interfacing the 

user to the Data Acquisition System. They are installed with 

individual utility power lines and communication links between 

the processor and each peripheral in a 'star' distribution 

pattern that will enhance the electro-magnetic compatability 

of the Data Acquisition System. 

a) The Terminal 

The terminal is comprised of a high resolution RolandDG 

type MB-142 character display being driven by an Elcoma 

Terminal Board #1 kitset terminal and keyboard. The terminal 

architecture is table driven and gives 80 columns by 24 lines, 

the standard character attributes of the Signetics terminal 

chip set used, and two intensity levels. Both the hardware 

and software have been considerably enhanced to support the 

software that controls the detector. 

onto three areas. 

Those enhancements fall 

1) The custom character generator: The SCN2670 character 

generator chip in the Signetics chip set has been replaced by 

a custom character generator board which plugs into the 2670 

socket. It incorporates two 16 kbyte EPROMs to implement 

fourteen character sets of 64 characters each, in addition to 

the standard set of 128 ASCII characters. Every character 

font within the 15 character sets is an array of 9 by 12 

pixels, and each pixel in every font can be specified as 

either on or off, allowing the creation of any character font 

desired. An interactive DOS utility named FONT has been 

written to create and edit the custom characters contained 

within the data files that are programmed into the EPROMs. 

2) The wide screen RAM: The random access memory that 

contains the table of 1920 characters that are displayed on 

the monitor has been widened from 1 byte to 2 bytes per entry. 

This allows every character position on the monitor to display 
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the character specified in the first byte with the attributes 

specified in the second byte. This has enabled a graphics 

capability of 240 X 144 pixels to be achieved by the use of 

multiple custom character sets. 

3) Software enhancements: The terminal software has been 

considerably enhanced to support the character sets of the 

custom character generator, to implement the wide screen RAM 

hardware, and to expand the set of software callable commands. 

One command supports screen-editing user software by allowing 

any specified rectangular area on the screen to be cleared. 

Another set of commands allows the processor to temporarily 

interrupt one task it is writing to the screen by instructing 

the terminal to store its current status. The processor can 

then write a second task elsewhere on the screen before 

restoring the terminal status to complete the first task. 

This feature allows real-time information to be updated on the 

screen as a background task to the normal execution of a 

programme. 

b) The Disk Drives 

Three disk drives are interfaced to the processor 

through the disk controller board. Two of those are half

height Shugart SA860 8 inch double-sided double-density drives 

which support 3 ms track-to-track stepping. They are 

installed side-by-side and horizontally within a standard 19 

inch rack mounting electronics chassis of 2 rack units height, 

and have an appropriate power supply in the back section of 

their chassis. A formatted diskette in these drives has 3952 

storage sectors of 256 bytes each, and a standard directory 

size which will hold 250 directory entries. If the directory 

is extended with the DOS utility EXTEND, a maximum of 

approximately 475 detector frames can be stored on each 

diskette. 

The third disk drive is a Mitsubishi Electric 

Corportation M4853-112U 5.25 inch double-sided double-density 

drive of 3 ms track-to-track stepping time. It is installed 

within a portable case and receives its power from a power 

supply board on the SS30 bus. A standard format ted diskette 

in this drive will have 2844 storage sectors of 256 bytes 



DATA ACQUISITION AND REDUCTION 203 

each, and a directory which will hold 160 directory entries. 

c) The Printer and Plotter 

Both the printer and plotter are interfaced to an 

RS-232 serial port and communicate with the processor at a 

baud rate of 9600. Their individual descriptions and features 

of significance are as follows. 

1) The printer: This is a C. Itoh & Co. Model M-8510 dot 

matrix impact printer with a normal printing speed of 120 

characters per second. This printer offers a significant 

number of software selectable features which govern its 

printing format, and a 2 kbyte input buffer which minimizes 

the processor time spent on small printing tasks to that of 

the transmission time. 

2) The plotter: This is a Kanto Denshi Corporation 

KDC-2000 X-Y plotter operating on the friction roller drive 

principle. It has an effective plotting area of 380 mm X 270 

mm, a pen speed of 200 mm s -i a 5 character per second 

writing speed, 4 selectable pens, and accepts commands in the 

Hewlett-Packard graphics language. It features a 500 byte 

input buffer, 0.025 mm plotter steps, and a repetition 

accuracy of 0.3 mm. 

7.1.3 The Detector Interface 

The task performed by this interface was determined 

in Chapter 3 to be the acquisition of the detector data and 

status information, and the generation of the system control 

signals in a manner which would allow them to be readily 

altered if required. The design and implementation of the 

interface within the context of the electromechanical design 

was also determined within Chapter 3, and so the design and 

implementation of the interface itself must now be determined. 

a) Requirements 

The functional forms with which the control waveforms 

must be generated were developed in Chapters 5 and 6. 

Specifying those waveforms implicity made the following 
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assumptions, which the waveform generating electronics must 

satisfy. 

1) All the waveforms stay in synchronization with each 

other as they evolve in time, 

and 2) the waveforms can be started up with differences in 

their relative phases. 

Additionally, the control waveforms must be able to operate 

independently so that the thermometers and temperature 

controller can be accessed without activating the video 

processing or diode array control signal conditioning 

electronics. To fulfill these requirements, and that of 

allowing simple waveform modifications, Advanced Micro Devices 

(AMD) Am9513 system timing controller (STC) chips are used to 

generate the waveforms with some of the techniques specified 

by AMD (1984). These devices support operation in a 

microprocessor orientated system, and provide capabilities 

which include the generation of high temporal resolution 

programmable duty-cycle waveforms, and complex pulse-packet 

waveforms. Each STC has five counters which can independently 

generate a programmable waveform, as described in those parts 

of the introduction and functional description reproduced in 

appendix 8 from AMD (1984). 

b) Hardware Implementation 

Four printed circuit boards on the SS-30 bus provide 

the interface of the acquisition system to the detector 

electronics. A single STC is located on three of the four 

boards, with each of those boards supplying the signals to one 

interface chassis, and therefore to one of the three dewar 

electronics boards. To ensure the required sychroni za t ion 

between the waveforms from the three STCs, a 5 MHz quartz 

crystal oscillator located on one of the STC boards is used to 

clock all three STCs. That clock is distributed to the other 

two STCs in the ribbon cable shown interconnecting the boards 

in plate 7.1, and can be started and stopped with software 

commands. The waveforms generated on each of the STC boards 

are given in table 7.1, and indicate that the signal REV must 

be distributed through the ribbon cable from board #3 to board 



DATA ACQUISITION AND REDUCTION 205 

Table 7.1: Waveforms generated by the counters of each STC. 

STCl STC2 STC3 

Counter #1 so SHR ADC e 
Counter #2 co SHP PL 

Counter #3 ROY Ml sc e 
Counter #4 CE M2 DAY 

Counter #5 SE REV FREE 

#2. The three signals T, Al, and A2 required by the AID 

convertor and temperature controller board are coupled to the 

interface chassis of that board from STC board #2. Their 

logic level is required to only change under software command, 

and therefore the software writes the required values to that 

board which latches them for subsequent continuous output to 

the detector interface chassis. 

The fourth interface board receives the serial AID data 

and power supply status information from the interface 

chassis. The serial data is clocked into a sixteen bit serial 

to parallel shift register by 

described in section 5.6.2. The 

from its source on STC board #2, 

shift register. The parallel 

the negated ADC signal, as e 
control signal is connected 

via the ribbon cable, to the 

data is then read from the 

register by software through a MC6820 Peripheral Interface 

Adapter (PIA) when the DAY signal is a logic 'true'. That 

signal is connected to the PIA from its source on STC board #2 

via the ribbon cable, which enables it to be read with 

software. Similarly, the three power supply status lines can 

be latched and read by software, and can also generate a 

processor IRQ interrupt via the PIA if an error condition is 

displayed by any combination of those lines. 

Custom hardware was not required to control the relays 

in the Utility Power Switching chassis because the PIA on the 

interface driver board was available for generating their 

control signals. 
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c) Software Implementation 

All the control waveforms generated by the STCs are one 

of the four modes D,I,J, or Q whose descriptions are 

reproduced in appendix 8 from AMD (1984). In all cases the 

counter source is the 5 MHz oscillator allowing the waveforms 

to be programmed in 200 ns bins, and the output is the 

terminal count toggled 

synchronously started by 

waveform. 

turning 

The 

off 

waveforms are 

the oscillator, 

programming and arming all the counters, and then turning on 

the oscillator again. That start of each readout is 

sychronized to the positive going zero voltage cross-over of 

the utility power supply so that any 50 Hz EMI in the image 

frame will become a component of the fixed pattern which can 

be eliminated. During the programming of the STCs, those 

waveforms which are to have a non-zero phase at the start of 

their generation, must have that phase entered into their 

counters. This is achieved by writing the phases in to the 

load registers, loading them into their counters, and then 

loading the appropriate values which determine the duty cycle 

Co r/Jl 1250 2500 2500 2500 

r/J2 

CE r/J'l 2500 2500 ~500 

r/J~ 
5 '5 

ROV 2502 2497 I 2497 I 
5 

REV 3752 2497 I 2497 
200 

SHR 3740 2'300 u 2300 
200 

SHP 4990 2300 u 
Ml 541!5 1250 1250 

M2 6040 1250 12!50 

5 5 5 
AOCE 5235 1 a2o1 s2o1 62o1 

5 5 5 
PL 5415 1 a2o 1 s2o 1 62o1 

DAV 5420 

5 !5 5 
see: !5427 I I I I I 

Figure 7.1: Waveforms, as generated by the STCs, for 

controlling the MJUO LDA. 
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and period of the waveforms into the Load and Hold registers. 

Therefore when the oscillator is started, the phase value in 

the counter determines the first interval until the terminal 

count, and then the Load and Hold registers determine the 

subsequent intervals depending on the counter mode. The 

phase, load, and hold values in units of the 200 ns 

programming bins are given for each wavefrom in figure 7.1, as 

are the counter modes. The waveforms are shown as logic level 

versus time, with the time origin indicating the start of the 

oscillator, and the logic levels being those generated at the 

STCs. 

7.1.4 The Disk Operating System 

A single user DOS is required so that the detector 

control software can have un interrupted access to the 

processor for the real-time task of data acquisition, and 

therefore the FLEX command line structured DOS produced by 

Technical Systems Consultants has been implemented. This DOS 

has an 8 kbyte memory-resident core that performs all the 

tasks necessary to execute and support any disk-resident 

utility selected by the command line. Those utilities perform 

all the user selectable system operations, and include user 

written programmes. The system utilities of significance to 

the detector control software include the screen editor, 

native code Pascal compiler, relocating assembler, linking 

loader, and debugger, as well as the file management 

utilities. 

7.2 The LDA Control Programme 

A programme composed of both assembly language and 

Pascal modules has been written to control the MJUO LDA 

detector. The Pascal modules are compiled to form assembly 

language modules, and all the assembly language modules are 

assembled and linked together with the required Pascal runtime 

libraries to form an executable binary file. One general 

principal applied to the writing of the software is that the 

programme framework and data reduction tasks would be written 
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in Pascal. while tasks which control hardware or require speed 

would be written in assembly language. The organization, 

operation, and contents of those modules is the subject of 

this section. 

7 . 2.1 The Software Environment 

a) User Interaction 

The user controls the system from the terminal by 

responding to the interactive, information window orientated, 

menu driven LDA programme. The format of the information 

displayed on the monitor is shown in plate 7.2. which is 

composed of the following six information windows. 

1) The real time information line: this line is updated 

each second, and provides universal time, the array 

temperature. the temperature controller power, the observatory 

air temperature, and the detector integration time . 

2) The system status: this window displays the status of 

the detector power supplies, the reference temperature at 

Plate 7.2: General operating format of the LDA programme. 
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which the array is being controlled, the input source to the 

A/D convertor, whether the flat-field lamp is on or off, and 

whether the shutter is open or closed. It also displays the 

mode in which the detector is being run and has provision for 

default values for automatic modes of operation. 

3) The options menu: the menu of options available to the 

user is displayed here. The user responds at the appropriate 

time with the letter of the option to be performed. At least 

one option in any one menu allows the user to enter another 

menu. The principal menus are for observing, data processing, 

data displaying, data storage and retrieval, and testing of 

the detector hardware. 

4) Command Selections: commands and additional information 

are prompted for within this window. 

5) The message window: warnings, error messages, and 

numerical information about data reduction tasks are displayed 

here as they occur. 

6) The previous commands: the calling letter of the ten 

most recently executed tasks are displayed within this window 

to support the user's memory while performing a sequence of 

events. 

b) The Runtime Environment 

The following two aspects of the software runtime 

environment are deviations from a normal configuration which 

dominate the structure of the assembly language software. 

1) The task of supplying the real time information to the 

user terminal is performed under interrupt control so that its 

execution is transparent to the normal command and response 

interaction of the programme with the user. That background 

task uses a negligible 0.1% of the total processor time, and a 

just perceptible 5.6% of the output time to the terminal. 

2) The combined size of the programme code, user variable 

storage space, and the runtime data stack is larger than the 

amount of free memory in the logical address space of the 

processor. Therefore the programme has been implemented using 

the DAT to extend the available memory. Programme procedures 

and image frame storage buffers are mapped into the logical 
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address space only when they are required for execution or 

processing. Only the data stack, runtime libraries, abort 

routine, and code supporting the real time information line 

are mapped into the logical address space continuously because 

they are required at all times. 

c) The Image Frames 

Each image frame is stored as a Pascal RECORD data 

structure of the format given in figure 7.2. The format has 

two principal components, the header, and the data buffer. As 

shown, the data buffer is an array of either 936 or 1872 

16-bit integers, a format compatible with the 14-bit data 

generated by the detector A/D convertor. 

The header contains a full set of information about the 

observation. The array size and mask positions are 

automatically entered at the time of readout, and are the sole 

specification of those parameters for any routine that 

subsequently handles or processes the frame. The values which 

are entered can be updated using the DOS utility MASKS 

whenever the mask is moved. The first and last pairs of 

positions delimit the short and long wavelength regions, 

respectively, which are partially shadowed by the ends of the 

mask. The information inclusive of the date and base line 

value are also automatically recorded, either at the time of 

readout, or during the following data reduction. The 

remaining details can be entered interactively by the user. 

Each image frame of this format is saved in 9 disk sectors 

with a 936 pixel array, and in precisely 16 disk sectors with 

a 1872 pixel array. 

Six image frames are used within the programme. their 

names are Raw Data, Fixed Pattern, Data, Flat Field, Spectrum, 

and Thorium Lamp. 

7.2.2 Detector Control Software 

a) Readout Software 

Software written in assembler is called from the main 
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TYPE 
buffer_type =ARRAY [1 .. rnax_array_size] OF integer 
da te_type = RECORD 

time_type 

day 
month 
year 

END ; 
=RECORD 

byte 
byte 
byte 

hours byte 
minutes byte 
seconds byte 

END ; 
header _type = RECORD 

classification 
array _size 
mask...posi tion_1 
mask...position...2 
mask...position_3 
mask...posi tion_4 
star _name 
observer 
date 
start_time 
length 
array_temperature 
controller _power 
maximum_value 
mean_value 
f la tJ ie ld_JTlean 
scale 
base_line 
central_wavelength 
order _number 
seeing 
sli t_width 
cross_grating_type 
cross_grating_micrometer 
echelle_tilt_micrometer 
echelleJil ter 
sli tJleight 
sli t_posi tion 
camera_micrometer 
collimator_JTliCrometer 
dewar _position 
comment 
Log_zeroJrequency_power 
Log_Spectral_constant 
Log_noise_power 
di spers ion_O 
dispersion_! 
dispersion...2 
dispersion_3 
expansio:n._area 

END ; {record} 
array_type = RECORD 

header 
buffer 

END ; 

header_type 
buffer_type 

hex 
integer 
integer 
integer 
integer 
integer 
STRING [10] 
STRING [12] 
date_type 
time_type 
time_ type 
integer 
byte 
integer 
integer 
integer 
integer 
integer 
integer 
byte 
byte 
integer 
byte 
integer 
integer 
STRING [5] 
integer 
integer 
integer 
integer 
ARRAY [1 .. 2] OF byte 
STRING [50] 
real 
real 
real 
real 
real 
real 
real 
ARRAY [1 .. 122] OF byte 

Figure 7.2: Software storage format for image frames. 
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Pascal programme to readout the array, and the resulting image 

frame can be read into either of the Raw Data or Fixed Pattern 

image frame. The assembly language software initializes the 

system timing controllers which generate the detector control 

logic, and reads in the data from each pixel as described in 

section 7 .1.3. 

b) Auxiliary Hardware Control 

Within appropriate menus, the user can call assembly 

language routines which perform the following tasks. 

1) Turn the detector power on or off, 

2) select one of the two reference temperatures at which 

the array can be controlled, 

3) turn the flat field lamp on or off, 

and 4) select one of four possible signal sources to be 

multiplexed to the input of the A/D convertor for use in the 

testing procedures. 

c) Testing Support Routines 

The testing menu previously referred to enables the 

user to perform the following four tasks that can enable 

detector parameters to be adjusted, or faults to be diagnosed. 

1) Read and display the A/D: individual reads of the A/D 

convertor can be made for the signal source that has been 

selected. The result is displayed in the messages window. 

2} Calculate the mean readout noise: the average readout 

noise profile of any combination of video lines is determined 

and plotted on the printer. This is performed by subtracting 

one fixed pattern frame from another, and plotting the 

differences for the selected video lines as an histogram. 

3} Continuously operate the detector: the STCs continously 

operate the detector electronics so that a user can examine 

the circuitry with an oscilloscope. 

4} Frame read the array: the array is readout every second 

so that an oscilloscope can be used to repetitively display 

the electronic response of individual readouts. 
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7.2.3 Data Reduction 

a) Fixed Pattern Subtraction 

The contents of the data buffer in the Fixed Pat tern 

frame are subtracted from the data buffer of the Raw Data 

frame, and the user specifies which one of the Data, Flat 

Field. or Thorium Lamp frames into which the result goes. The 

Raw Data header is copied in to the result frame header, and 

the mean and maximum value of the result are entered into the 

result frame header and reported to the user in the messages 

window. 

b) Base Line Subtraction 

The additive thermal leakage base line is calculated 

and subtracted from one of the Data, Flat Field, of Thorium 

Lamp frames as specified by the user. The base line is 

calculated as the linearly interpolated line between the 

measured value of the base line at each end of the array. 

Each of those measured values is the average of approximately 

the 12 pixels which are masked from light, as described in 

section 4.1.3, at each end of the array. The averaging 

process increases the accuracy with which the base 1 ine is 

known at each end of the array to ~1/~12 of the readout noise. 

Long integrations in the absence of light give the base line 

along the entire array, and have shown that there is no pixel 

number dependent structure that is detectable in addition to 

the readout noise fluctuations. The base-line procedure 

records the average value of the base line and the new mean 

and maximum values in the frame header, and reports them to 

the user in the messages window. 

c) Flat Field Division 

The user can specify that the contents of the Flat 

Field frame be divided into either of the Data or Thorium Lamp 

frames, with the resulting frame stored in the Spectum or 

Thorium Lamp frames respectively. The header of the dividend 
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frame is copied into the header of the quotient frame, and the 

maximum , mean, scale factor, and flat field mean values are 

updated. The pixels on a given video line whose signal is 

diminished by the base line mask, are divided by the mean of 

the 8 closest pixels on the same video line within the divisor 

frame that are not affected by the mask. Any flat field 

pixels which have a zero signal level are replaced by the mean 

flat field value of the video line that the pixel is on. 

d) Deglitching 

The user can specify one of the Data, Flat Field, 

Spectrum, or Thorium Lamp frames from which to interactively 

remove glitches such as cosmic ray events. While this routine 

is not intended for removing noise, the performance of the 

fast Fourier filtering is enhanced if the ~5% of pixels whose 

noise exceeds 2a are deglitched. The display format of the 

deglitching software is shown in plate 7 . 3, and is composed of 

Plate 7.3: Interactive graphics display format of the LDA 

programme. 
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the real time information line, a 234 X 120 pixel graphics 

window, and a graphics status information line. The data from 

precisely one quarter of the 936 pixel array is displayed at 

any one time with one of the pixels blinking at a 7.5 Hz rate. 

to be pointed at, with the pointing 

moved along the spectrum to any desired 

the keyboard horizontal cursor keys. The 

to can be moved up or down the display by 

cursor keys, with the intensity of the 

final position being updated in the frame buffer if it has 

That pixel is said 

function able to be 

pixel by the use of 

pixel being pointed 

use of the vertical 

been changed. The horizontal movement of the pointer, and 

vertical movement of the pixel in response to the appropriate 

cursor key occurs at a 15 Hz rate when the auto repeat 

keyboard function is used. Faster horizontal movement can be 

achieved with the tab right and tab left keys which move the 

pointer ten pixels per key-press, or at a 150Hz rate when the 

auto repeat key is used. Additional commands move to 

different display pages within the image frame. 

The deglitching function is achieved by an interactive 

interrupt driven assembly language subroutine. Because the 

terminal is a character terminal, custom character sets were 

created (see section 7.1.2) to give the 343 different possible 

characters required to plot a function if each character is 

considered as an array of 3 X 6 pixels. The custom character 

sets are given in appendix 9. Because more than one pixel can 

occur within one character, an algorithm is used to select the 

appropriate characters. The blinking function is achieved by 

alternately writing the characters with the required pixel on 

and off to the ter~inal, taking into account the other pixels 

which might be displayed within the same character, and only 

changing the displayed state of the pixel when signaled to do 

so by a 15 Hz interrupt. Commands from the keyboard are 

buffered under interrupt control and are executed when those 

same 15 Hz interrupts occur. The total calculation and 

display time for a typical spectrum is ~0.6 seconds. 

e) Fast Fourier Filtering 

The user can specify either the Spectrum or Thorium 

Lamp frame to be filtered in the Fourier domain by the optimum 
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filter of Brault and White (1971). The procedure which 

performs this task subtracts the data mean, apodizes the data 

at each end, extends the data array to 1024 points with values 

of the zero mean, fast Fourier transforms the data, calculates 

and applies the filter, re-transforms the data, and restores 

the mean and array length. The parameters of the filter are 

displayed in the messages window and the option of plotting, 

and/or listing, the unfiltered and filtered power spectra is 

given. A samp 1 e unf i 1 tered power spec truro, of the spec truro 

shown in figure 7.4, is given in figure 7.3. 
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Figure 7.3: Unfiltered power spectrum. 

A 1024 point transform requires two 1024-point arrays 

of real numbers, a total of 8 kbytes of memory in this data 

acquisition system, of which half is not used if the imaginary 

component of the input data is zero. Therefore the correct 

technique is used to load the 1024 input data points into the 

the real and imaginary arrays of a 512 point transform. This 

saves memory, increases the execution time by a factor of two, 
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and allows for upgrading to a diode array 

maximum length because a 1024 point transform 

that can be allowed. The execution time 

filtering procedure is 32 seconds. 

f) Dispersion Solution Fitting 

217 

of 2048 pixels 

is the largest 

of the total 

The dispersion solution is calculated for the Thorium 

Lamp frame. The user sequentially enters the short and long 

wavelength pixel limits of each line to be used in the 

solution, and the central pixel number of an area of 9 pixels 

which represent the lamp continuum at the line. The nine 

pixels are averaged so that the local continuum can be 

subtracted from the line, and then a Gaussian is fitted 

between the line limits. The line centroid, FWHM, peak value, 

and fractional r.m.s. error are displayed to the user in the 

messages box, and the user can accept or reject the solution. 

If it is accepted, the user enters the line wavelength which 

is stored with the centroid until the last line is entered. 

Then either a linear, quadratic, or cubic solution is fitted 

to the stored values depending on whether there are two, 

three, or four or more lines specified. The mean r.m.s. error 

in rnA is displayed in the messages box, and is listed on the 

printer with the solution, line centroids, actual wavelengths, 

calculated wavelengths, and wavelength errors. The solution 

is stored in the header of the Thorium Lamp frame, and if the 

user specifies, also in the header of the Spectrum frame. 

7.2.4 Data Display 

The user can display the contents of the data buffer 

and header of each image frame on the Data Acquisition System 

peripherals in the following ways. 

1) The data buffer contents: these can be displayed in 

graphical form on either the terminal or the plotter. When 

displayed on the terminal, the same format is used as was 

shown for the deglitching procedure. The user can specify any 

sub-range in the 0-100% intensity range of the data to be 

expanded to the full screen size, and also specify the lowest 

pixel number of the 234 pixels being displayed. The display 
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Figure 7.4: Sample plotter output- HR4492 Ha spectrum. 
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on the plotter has the format shown in figure 7.4, and takes 

~100 seconds to be plotted. The data buffer contents can also 

be listed in numerical form on both the printer and the 

terminal. When listed on the printer, the 57.5 lines of 16 

pixels fit onto a single page. This is a line format that is 

useful for testing because every pixel in a given column is on 

the same video line. The buffer contents are listed in the 

menu window on the terminal as 13 pages of 72 pixels in a 4 X 

18 pixel format. The pixel number of the first pixel in each 

row is given, and the columns from left to right correspond to 

video lines 1 to 4. 

2) The header contents: these can currently be listed 

with the format shown in figure 7.5 on the terminal and 

printer. When listed on the terminal, they appear in the menu 

window. 

SPECTRUM FRAME HEADER 

Star: HR4492 
Date: 28/10/85 
UT: 15h 42m OOs 
Array: 134.0 
Maximum: 10000 
Mean: 8298 
Scale: 11.28 
A Region: 6563 
Seeing: 2.0 
X type: Visual 
eche 11 e: 520 
Height: 425 
Camera: 710 
Dewar: 29:17 

Obs: PJM 
Length: 1h 15m OOs 
Air: 7.3 
T. C. : 0. 42 
FF mean: 6083 
Base Line: -4 
Order: 35 
Slit Width: 454 
X micro: 1.4165 
Filter: 0-52 
Position: 267.5 
Collimator: 666 

Comment: File HR4492AA.SPC 
(cont.) Air mass> 2 

Figure 7.5: Display format for an image frame header. 

7.2.5 Disk File Operations 

It is essential for the user to be able to permanently 

save new image frames as disk files, and to be able to recover 

those files at any later stage. It is also highly desirable 

to be able to manipulate those files from within the detector 
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programme so that the user has no need to exit in to the 

operating system. While perfoming those operations, it must 

be impossible for the user to crash the detector programme and 

therefore the detector. To meet these requirements, the 

following functions can be performed from the disk operations 

menu, which are implemented as assembly language routines. 

1) Saving disk files: The user is asked for the name the 

file is to be called, the image frame buffer to be saved, and 

then whether the task should be executed, aborted, or have its 

questions re-issued. The drive field in the file name 

defaults to the work drive, and the extension field defaults 

to the one of RAW, FPT, DAT, FTF, SPC, and LMP which 

corresponds to the selected frame buffer. 

execution time is ~4 seconds. 

The typical 

2) Loading disk files: The user is asked which image 

frame buffer the file is to be loaded into, the name of the 

f i 1 e, and whether the task should be executed, aborted, or 

have its questions re-issued. The default values for the file 

name are the same as above, and the typical execution time is 

~3 seconds. 

3) Disk drive directory listing: The user is asked which 

drive is to be listed, and the file names are listed in pages 

of format 2 X 16 names. The default drive is the work drive. 

4) Renaming Disk Files: The user is asked for the name of 

the disk file to be renamed, and for its new name. The 

default values are the work drive and an extension of SPC, and 

the typical execution time is ~2 seconds. 

5) Deleting disk files: The user is asked for the name of 

the file to be deleted, and whether the task should be 

executed, aborted, or have the question re-issued. The 

defaults are the work drive and an extension of SPC, and the 

typical execution time is ~2 seconds. 
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CHAPTER EIGHT 

HR4492: A SOUTHERN RS CVn BINARY 

Following the commissioning of the LDA detector system 

in a laboratory environment, a programme of observational 

astronomical spectrography was carried out on the southern 

RS CVn binary star HR4492. One purpose was to determine the 

performance of the detector sys tern when app 1 i ed to a task 

which was typical of that for which it was designed, and the 

other was to further investigate the programme star. The 

astronomical information reduced from those observations forms 

the content of this chapter. 

8.1 Introduction 

The RS Canum Venaticorum (RS CVn) binaries are a class 

of close binary systems containing late-type components 

displaying high levels of surface, chromospheric, and coronal 

activity which appear to be magnetic in origin. D.S. Hall 

(1976) has proposed a working definition of an RS CVn binary 

as one with the hotter component having an F-G V-IV spectral 

type, an orbital period between one day and two weeks, and 

strong Ca II H and K emission visible outside eclipse in the 

spectrum of the cooler component, or in some cases, in both 

components. 

The RS CVn classification of HR 4492 was based upon its 

classification by Houk and Cowley (1975) as a G5/8 III object 

with strong H and K emission and suspected photometric 

variability. Subsequently Stacey, Stencel and Weiler (1980) 

found some evidence for radial velocity variations based on 

40 A mm- 1 blue spectra. 

HR 4492 (HD 101379) forms a visual binary of 0.24 

± 0.02 arc seconds separation and unknown period (Worley 1981) 

with the AO star HD 101380. This companion star is 

approximately 0.8 magnitudes fainter in the visual photometric 

band, and is also a binary system. Collier (1982) 

photometrically determined, from three primary and one 

secondary ec 1 i pses, that its primary and secondary stars are 
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AOV and A2V respectively, and that their photometric ephemeris 

is 

HJD = 2444362.693 ± 2.7546 E {8.1) 

Collier {1982) also deduced from his photometry that 

the active component in HR 4492 is of spectral type K4 III, 

which has a mass and radius of 2.5 ± 0.5 M
0 

and 40 ± 10 R
0 

respectively, and showed variability indicative of spot waves. 

The radial velocity ephemeris given by Collier (1982) 

for the binary motion of HR4492 is 

HJD = 2444552.52 + 53.85 E (8.2) 

It was determined from the metallic photospheric lines in 28 

Ha spectra, and the chromospheric emission lines in 7 H and K 

spectra. The spectra were obtained during seven 1 to 3 day 

intervals over a period of 3~ years, with 22 of them collected 

in two of the intervals. His heliocentric Ha data is 

reproduced in table 8.1 for subsequent use, with only the most 

representative datum from a given day being tabulated. Their 

precision is ±3 km s- 1
. Collier's velocities from his Hand K 

spectra have been disregarded because it has not been 

demonstrated that a velocity from a chromospheric emission 

line can reliably represent that of the photospheric lines. 

Collier's Ha spectra show that the Ha line profile 

contains red and blue emission wings, and that the profile 

varies in time. 

At non-optical wavelengths, Garcia et al. (1980) 

identified HR4492 as the optical counterpart of the UHURU 

X-ray source 4U 1137-65, after a precise position was obtained 

with the HEAO 1 scanning modulation collimator. Additionally, 

Collier et al. {1982) detected it as a strong flaring radio 

source based on 5 GHz observations obtained with the Parkes 

64m radio telescope. During the radio flares, the red 

emission at Ha was seen to be enhanced. 
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TABLE 8.1 Existing Ha spectroscopic observations of HR4492. 

UT 

Date 

27/02/78 

08/05/79 

07/06/80 

08/06/80 

08/06/80 

08/06/80 

09/06/80 

11/06/80 

29/07/80 

30/07/80 

22/02/81 

23/02/81 

23/02/81 

16/07/81 

17/07/81 

18/07/81 

19/07/81 

HJD 244+ 

(mid exposure) 

3567.04 

4002.00 

4398.05 

4398.88 

4399.04 

4399.12 

4399.96 

4401.79 

4449.94 

4450.91 

4658.02 

4659.04 

4659.20 

4801.89 

4803.00 

4803.91 

4804.96 

v 
r 

(kms- 1
} 

-4.2 

-3.2 

20.0 

20.3 

20.8 

21.8 

21.1 

18.7 

15.5 

17.5 

8.1 

7.4 

7.8 

-2.8 

-2.4 

-3.9 

-4.9 

a Phase 

0.94 

0.88 

0.03 

0.07 

0.07 

0.08 

0. 12 

0.20 

0.41 

0.45 

0.94 

0.99 

0.00 

0.54 

0.59 

0.63 

0.68 

Detectorb & 
c Observatory 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

IT MJUO 

PCA MSSSO 

PCA MSSSO 

PCA MSSSO 

PCA MSSSO 

a Based on new ephemeris given in equation 8.3 

b IT = Image tube, and PCA = Photon couting array 
c MJUO =Mount John University Observatory, 

MSSSO = Mount Stromlo and Siding Spring Observatory 
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8.2 Observations 

Twenty-four spectra were collected using the echelle 

spectrograph (Hearnshaw 1977) and 0.61m Boller and Chivens 

telescope at Mount John University Observatory. They 

comprised the 19 Ha, 3 He I 5876 A {D 3 ), 1 Li 6707 A, and 1 He 

II 4686 A region spectra given in table 8.2. 

TABLE 8.2: LDA spectroscopic observations of HR4492. 

UT 

Date 

11/09/85 

12/09/85 

13/09/85 

13/09/85 

14/09/85 

15/09/85 

8/10/85 

10/10/85 

11/10/85 

27/10/85 

27/10/85 

28/10/85 

28/10/85 

29/10/85 

29/10/85 

30/10/85 

30/10/85 

23/02/86 

01/04/86 

14/04/86 

16/04/86 

16/04/86 

17/04/86 

18/04/86 

HJD 244+ 

(mid-exposure) 

6319.839 

6321.235 

6321.853 

6322.237 

6322.891 

6323.876 

6346.860 

6548.867 

6550.228 

6366.068 

6366. 165 

6367.104 

6367.181 

6368.072 

6368. 164 

6369.077 

6369. 168 

6484.948 

6521.944 

6535.060 

6536.931 

6537. 119 

6537.488 

6538.032 

" c 

(A) 

6563 

6563 

6563 

6563 

6563 

6563 

6563 

6563 

5876 

6563 

5876 

5876 

6563 

6563 

6707 

6563 

4686 

6563 

6563 

6563 

6563 

6563 

6563 

6563 

v r 

(kms- 1
) 

32.23 

28.34 

28.85 

25.51 

26.68 

25.85 

21.32 

23.16 

22.59 

22.50 

23.04 

20.61 

21.80 

19.82 

-4.93 

4.98 

9. 15 

9.63 

9.69 

9.77 

0.10 

0.17 

0. 19 

0.21 

0.24 

0.29 

0.34 

0.43 

0.49 

0.22 

0.23 

0.27 

0.27 

0.31 

0.32 

0.36 

0.36 

0.67 

0.36 

0.97 

0.05 

0.06 

0.08 

0.10 

a Based on new ephemeris given in equation 8.3 
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A two arc second slit width was used which theoretically 

projects onto 4.0 detector pixels, which with the spectrograph 

dispersion of 1.60 kms- 1 pixel- 1
, gives a resolution of 

46,900. 

Immediately following each stellar integration, 

fixed-pattern and flat-field frames were integrated, as was a 

frame of the thorium-argon comparison lamp in the 

spectrograph. The stellar and comparison lamp spectra were 

fixed-patterned and flat-fielded, then the stellar spectra 

were de-g 1 itched and fast fourier f i 1 tered as described in 

section 7.2.3. 

Subsequent to the observational programme, the FWHM of 

the comparison lamp emission lines were determined by fitting 

them with Gaussian profiles. A typcial width of 3.0 pixels 

was found which is inconsistent with the projected slit width 

of 4. 0 p ixe 1 s. A labor a tory inspection of the spectrograph 

showed that after collimation, the beam from the comparison 

lamp was a non-uniformly illuminated irregular shape of 

approximately 10 mm diameter. Incorrectly focussed comparison 

lamp optics resulted in the slit vignetting the beam from its 

required 56 mm diameter. The consequence was that the stellar 

and comparison beams were not illuminating the spectrograph 

optics in the same way, and therefore that the accuracy with 

which radial velocities could be determined was systematically 

degraded. However the precision of those velocities would not 

be affected, since this is still determined by the traditional 

sources of that type of error, as discussed by Griffin and 

Griffin (1973). As a consequence, all radial velocities 

determined with this spectrograph to date will be 

systematically inaccurate. 

8.3 Analysis 

8.3.1 Radial Velocities 

A rest wavelength dispersion solution was determined 

from the comparison lamp frame for each of the spectra, as 

described in section 7.2.3. Six lines were used in each of 

the Ha and Li 6707 A regions, and twelve were used in the D3 
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region. Their rest wavelengths were obtained from Chaffee and 

Peters (1983). The r.m.s. fits of the solutions were less 

than 2 and 3 rnA respectively, 

approximately 90 and 130m s- 1
• 

the 

which corresponds 

observations at 

to 

HJD With the exception of 

2446537.488 and HJD 2446538.031, the centroid was estimated to 

0.5 pixels for each of the photospheric metallic lines listed 

in table 8.3 that occurred in a given spectrum. 

TABLE 8.3: Spectral lines used for radial velocities. 

Wavelength a Identification a 

5859.594 Fe I 

5862.365 Fe I 

5866.456 Ti I 

5878.800 Ti I 

6546.248 Fe I 

6554.232 Ti I 

6572.784 Ca I 

6574.233 Fe I 

6575.023 Fe I 

6703.572 Fe I 

6710.321 Fe I 

6713.049 Fe I 

a From Pierce and Breckenridge {1973) 

The individual geocentric radial velocities of those lines 

were determined using the dispersion solution, and then 

averaged before being converted to the heliocentric velocities 

given in table 8.2. The internal precision of a typical 

spectrum, as determined from the scatter in the velocities of 

individual lines, was 0. 6 km - 1 s The precision of the 

velocity determined from a typical spectrum can be found from 

figure 8. 1. It shows the seven radial velocities as a 

function of time that were determined between HJD 2446366.07 
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Figure 8.1: Radial velocity versus Julian Date, showing the 

precision of the velocity determination. 

227 

and HJD 2446369.08 in three spectral regions. 

is seen to be better than about ±0.5 km s- 1
• 

The precis ion 

An attempt was made to refine the binary orbital 

ephemeris in equation 8.2 by plotting the velocities in tables 

8.2 and 8.3 modulo orbital phase. The result is given in 

figure 8.2, which shows that the ephemeris cannot account for 

the new observations. Inspection of a velocity versus time 
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Figure 8.2: Radial velocity versus phase (~), using the 

ephemeris in equation 8.2. 
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plot between dates HJD 2446319 and HJD 2446369 indicated that 

the maximum value the period can have is approximately 22 

days. Trial velocity modulo orbital phase plots resulted in 

a period of 21.82 ± 0.01 days giving the only reasonable fit 

to the data. The ephemeris 

HJD = 2446317.5 ± 21.82 E (8.3} 

based on that period has been used to p 1 o t the data modulo 

orbital phase in figure 8.3. 
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Figure 8.3: As for figure 8.2, except using the new ephemeris 

given in equation 8.3. The solid line is an 

eyeball fit to the data. 

Five observations in table 8.2 were not used to 

determine the ephemeris. One did not have a dispersion 

solution. two had observational difficulty from which flexure 

was expected, and the observations on HJD 2446537.488 and HJD 

2446538.032 had notable spectral peculiarities which will be 

discussed elsewhere. 
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8.3.2 Ha Line Profile Variability 

An investigation of the temporal dependence of the Ha 

line profile variations, and the phase dependence of those 

variations has been carried out. The investigation uses the 

spectrum of HJD 2446319.839 as its reference point because 

that spectrum exhibits virtually no Ha emission 

Regrettably, the unfiltered signal-to-noise ratio 

activity. 

of that 

spectrum was only 40:1 because its primary purpose was to test 

the instrument. It will hereafter be referred to as the 

reference spectrum. 

Under the assumption that the reference spectrum 

represents the underlying photospheric absorption spectrum of 

the star, each spectrum was scaled to its continuum level, 

translated to its geocentric radial velocity, and then 

differenced with it. The residual explicitly gives the sum of 

the chromospheric emission profile and the variations in both 

the photospheric spectrum and telluric spectrum. The temporal 

sequence of spectra collected between HJD 2446319.839 and HJD 

2446323.876, which starts with the reference spectrum, is 

given in figure 8.4, with the corresponding residuals shown in 

figure 8.5. A broad absorption feature displaced by -100 km 

s- 1 from the photospheric Ha line is seen to form and then 

decrease in strength over this period of 4 days, which table 

8.3 shows to occur at the peak radial velocity. 

To determine if the feature is phase dependent, the 

same procedure has been applied to the three spectra collected 

be tween HJD 2446535. 060 and HJD 2446537. 119. They are the 

only other digital spectra at approximately the same phase, 

and are plotted with their residuals in figure 8.6. While the 

emission profile is considerably stronger than in the earlier 

case, an absorption feature can be seen developing with a 

similir profile but smaller equivalent width than the earlier 

case. This absorption feature is displaced by -50 km s- 1 from 

the photospheric line. 

The two image tube plates of Collier {1982) 

exposed at the phases of the reference and peak 

that were 

absorption 

spectra have been traced on the Joyce-Loeb! microdensitometer 

at the University of Canterbury. They are reproduced in 
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Figure 8.4: Temporal sequence of Ha-region absorption spectra 

collected at phases according to equation 8.3. The reference 

spectrum {top) and comparison spectrum {bottom) are shown. 
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Figure 8.5: Temporal sequence of residual spectra (see text), 

corresponding to the spectra given in figure 8.4. The 

reference and comparison spectra are shown at the bottom. 
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Figure 8.6: Temporal sequence of three residual spectra, and 

their corresponding spectra, at a similar phase to those 

shown in figures 8.4 and 8.5. 
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figure 8.7 with the similar phase digital spectra, and 

illustrate that the plate spectra have recorded the absorption 

feature being formed on a similar time scale, but with a 

smaller amplitude. 

The Ha spectra inclusive of HJD 2446346.867 and HJD 

2446369.077, form two temporal sequences which are separated 

by one cycle, and which overlap in phase. Their residuals are 

given in figure 8.8. The first sequence illustrates, in the 

absence of the absorption feature, the emission variability 

that is possible on a short time-scale of about 2 days. The 

second sequence partially overlaps with the end of the 

sequence given in figures 8.4 and 8.5. It appears to show the 

Ha absorption feature decline in strength to zero, which 

combined with the first two sequences, indicates that the 

absorption feature exists between approximately phase 0.95 and 

0.35. This feature is not seen in any spectra at other 

phases. 

8.3.3 The April 1986 Ha Spectra 

The spectrum which was integrated on HJD 2446537.488, 

supposedly of HR4492, is shown in figure 8.9. It is one of 

two that were collected on successive days following the 

sequence given in figure 8.6, for which the observer is 

confident that the star was correctly identified. 

The previously determined radial velocities for these 

observations are equal to the systemic velocity of HR4492, but 

the average photon arrival rate during those integrations was 

approximately a factor of 2~ lower than the.expected rate for 

HR4492 in the prevailing observing conditions. Therefore 

given that the spectrum resembles the central section of the 

Ha profile in an A-type star, a possible explanation is that 

the active K-giant in HR4492 has been eclipsed in some way, 

resulting in HD101380, which is about 0.8 magnitudes fainter, 

dominating the spectrum. 

An incident which supports the correct identification 

of the star occurred on approximately HJD 2446279 when a short 

duration detector test integration was made on HR4492. The 

frame was disregarded because a misidentification was assumed 
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Figure 8.7: Two Ha image tube spectra at similar phases as 

the digital spectra. The reference spectrum is also shown. 
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Figure 8.8: Two temporal sequences, at similar phases but on 

successive cycles, of residual spectra showing the changing 

Ha emission and absorption line profiles. 
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Figure 8.9: Possible Ha spectrum (at ~=0.08) of HD101380, the 

visual companion of HR4492. 

when the spectrum had the appearance of an A-star. 

'observations' have approximately the same phase. 

8.3.4 Helium and Lithium Observations 

. The 

Following a suggestion by Lambert {1985), spectra were 

obtained in the helium D0 region to determine if that feature 

was being formed within the chromosphere. A high 

signal-to-noise ratio spectrum was also integrated in this 

region for the A7Vn star a Pictoris, which is too cool to 

exhibit a photospheric D0 line. Therefore that spectrum will 

indicate the position of the four telluric lines which are 

invariably blended with D0 . With the a Pic spectrum for a 

reference, the three HR4492 D0 region spectra are shown in 

figure 8.10, which clearly show the detection of D0 • 

Collier's Ha region plates also contain the D0 region, and so 

have been traced. It is unclear whether or not equivalent 

width variations seen in D0 between these plates are solely 

due to variations in the telluric line strengths, or show a 

stellar modulation. This was not pursued because the 

variations were not significantly above the noise level in the 

plates. 

Following the detection of chromospheric D0 , a spectrum 
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Figure 8.10: A sample of HR4492 spectra showing 3 spectra 

around A~5876A (D 3 ), one spectrum around A~4686A (He!!), and 

one spectrum (with its comparison) around A~6707A (Li I). 
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of the region centered on the He II 4686 A line was 

integrated. That feature is not detected in the spectrum. 

A spectrum centered on the Li I 6707 A region has 

detected the 7 Li 6707.927A line, as indicated in figure 8.10. 

8.4 Discussion 

Collier's incorrect determination of the HR4492 

ephemeris arose for two 

statistical weight of 

significantly outweigh 

reasons. His technique allowed the 

large groups of observations to 

those of the smaller groups, thereby 

effectively reducing the number of groups which determined the 

ephemeris to an unacceptable number. Also the poor phase 

coverage and sparseness of the observations over the interval 

in which they were collected resulted in considerable aliasing 

in the solution. 

The decrease in the period, by a factor of 2~. moves 

HR4492 closer to the values in Hall's working definition of 

the RS CVn class. However Collier (1986) reports that the 

selection effect that results in Hall's work, where the 

objects he observes are usually eclipsing variables, has 

created the unnecessary constraint of requiring the period to 

be between one day and two weeks. 

The three sets of data that fall near the radial 

velocity maximum in figure 8.3 exhibit different maximum 

ve 1 oc it ies and gradients f o 11 owing maximum ve 1 oc i ty. Those 

gradients appear to increase with increasing maximum velocity, 

and by examining the corresponding spectra, are seen to also 

be increasing with decreasing Ha-emission activity. The 

scatter within the individual groups of data is significantly 

smaller than the differences shown, which indicates that the 

radial velocity curve is a function of individual cycle. As a 

result the curve in that figure represents the average of the 

data, rather than being a curve for a particular cycle. 

The absorption line profile distortions reported by 

Feke 1 ( 1980), which have subsequently been used for Dopp 1 er 

imaging of starspots by Vogt and Penrod (1983), are a possible 

explanation of the above behaviour. Systematic velocity 

shifts would be expected which depend upon the distribution 
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of, and the degree to which spots cover the visible face of 

the star, and upon the value of v sin i. The amplitude of the 
e 

variation would be expected to depend upon the amplitude of 

the emission activity because it is directly related to the 

degree of spot activity. The shift would be expected to vary 

as the distribution of spots moved onto, across, and off the 

visible disk of the star. In order to adequately model this 

behaviour, simultaneous photometry and spectroscopy will be 

essential to interpret the variations and their dependence 

upon the photometric spot waves. 

The blue shifted Ha absorption feature which appears 

near peak radial velocity could have been interpreted from 

figures 8.6 and 8.8 as two emission peaks if it were not for 

the observations in figure 8.5. The features cyclic 

behaviour, its phase dependence, and high velocity exclude the 

possibility of it being the Ha core of HD101380. Collier's 

(1982) conclusion that the K-star in HR4492 is filling its 

Roche lobe indicates that mass transfer is the probable cause 

of the feature. A mass stream of sufficient optical 

thickness, passing in front of the K-star as we see it, would 

result in a velocity-shifted absorption feature. It might be 

expected that the strength of the absorption feature and the 

emission strength would be anti-correlated because the mass 

stream would occupy volume in 

normally be contributing to the 

in the observations. In order 

the chromosphere which would 

emission. This trend appears 

for a meaningful model to be 

constructed of such a mass stream, reasonably complete radial 

velocity curves must first be collected over the duration of 

the feature and within a number of successive cycles. The 

model might be similar to that given by Peters (1973) for the 

B-type star HR2142 which exhibits shell phases. 

The April 1986 observations will not warrant much 

attention until the spectra can be confirmed by future 

observations of the total system. If confirmation spectra are 

obtained, it poses a diagnostic dilemma because the HD101380 

system is 

difficult 

too sma 11 to ec 1 ipse HR4492, and it wou 1 d be very 

to classify the secondary star in HR4492 if it is 

the secondary which is eclipsing the primary. This is because 

it must be ~40 R
0

, ~0.8 M
0 

and considerably less luminous 

than the primary. A possible explanation results from an 
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accretion disk of the less massive secondary star being larger 

than that of the primary star. If sufficient mass is 

accumulated in the accretion disk of the secondary, either 

before it is either lost from the system or accreted onto the 

secondary, that confined mass could possibly eclipse the 

primary star. 
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CHAPTER NINE 

SUMMARY AND FUTURE WORK 

9.1 Summary 

This thesis has discussed the design and development of 

a so 1 id-s tate 1 in ear diode array (LDA) image de tee tor sys tern 

for use with the MJUO echelle spectrograph. Detailed 

electromechanical design techniques, of significance to 

astronomical instrumentation, have been presented. Their 

application has been described by discussing a complete 

electromechanical design for the detector. This was found to 

allow each electronic sub-system, implemented within that 

design, to achieve its theoretical level of performance. 

The requirements for the video processing electronics 

of a solid-state image detector were explicitly developed, and 

were then used to design the electronics for this detector. 

Subtle sources of electronic instability, which can appear as 

noise or base-line shifts, were identified and controlled in 

this design. In particular, differential non-linearity was 

identified in an existing preamplifier design, and so an 

alternative design was implemented. 

The readout noise of the entire detector system was 

measured to be 200 e-/h pairs for a noiseless signal source of 

zero impedance to ground. This increased to 350 e- /h pairs 

when the impedance of this source was equal to that of the 

diode array, due to an additional noise contribution of 290 

e- /h pairs. The net readout noise with the RL936F/30 diode 

array was 450 e-/h pairs, which is the quadratic sum of the 

detector system noise with the two 210 e-/h pair samples of 

diode capacitance thermodynamic 

was not found to contribute 

theoretical thermodynamic noise. 

noise. Thus 

any noise in 

the diode array 

excess of its 

A temperature controller was developed for use with 

sensors which are cooled in cryogenic dewars. A short term 

control precision of 1.6 mK r.m.s. was achieved which is due 

entirely to the theoretical noise of the temperature sensor. 

The long term precision over all operating conditions was 

±20 mK, which is dependent on the design of the dewar. 
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The hardware and software which provide interactive 

instrument control and data reduction were described. In 

particular, they provide flexible control of the detector 

sub-systems during data acquisition and testing, and enable a 

high level of data reduction to be undertaken while the 

detector is integrating. 

An observational programme has been carried out with 

this detector system on the southern RS CVn system HR4492. 

Radial velocity measurements with a precision of ±0.5 km s- 1 

have enabled a new ephemeris for the binary motion to be 

determined, namely HJD = 2446317.5 ± 21.82E. It was used to 

interpret Ha line profile variations in terms of probable mass 

transfer within the system. 

This LDA detector system will mean future 

spectroscopic observational programmes at 

that 

Mount John 

University Observatory wi 11 be ab 1 e to acquire spectra with 

significantly higher spectrophotometric accuracy and 

geometrical stability than has previously been achieved. 

9.2 Future Work 

In the initial stages of the detector development, the 

higher numbered half of the diode pairs on the odd shift 

register exhibited non-Gaussian noise which was considerably 

in excess of the readout noise. However during the mechanical 

modifications to the thermal link in February 1986, handling 

of the preamplifier printed circuit board caused major damage 

to both shift registers. It is believed that resting this 

board on a perspex bench top allowed electrostatic discharge 

damage to occur as a result of static charge entering the then 

unprotected connectors for the clock lines. The readout noise 

increased to a ~ 1500 e-/h pairs, and approximately 50 diodes 
r 

developed either bulk or surface traps of typically 100,000 

e-/h pairs depth. Subsequent tests of the video processing 

electronics with the video line connected both directly, and 

through a capacitance c to v ground, found that the noise 

levels were still 200 and 350 e-/h pairs respectively. On 

advice from EG&G Ret icon, the diode array was baked at 125 oc 
for 3 days in an at tempt to repair the damage. While the 
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readout noise did not 

disappeared, only to 

approximately 3 days. 
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change, 90% of the traps initialy 

return with a time constant of 

As a consequence of the February damage, the planned 

testing of the system has not been possible. Regretably the 

data available from before this date, which is suitable for 

testing, is very sparse because the Data Acquisition System 

software was still under development. Therefore a number of 

tests will be given below for establishing the performance of 

the system when the recently acquired RL1872F/30 diode array 

is installed. These tests will be combined with some 

suggested improvements to the system. 

9.2.1 Characteristics and Calibration 

The accuracy of the technique that was used in section 

5.3.1 to determine the system gain, the number of e-/h pairs 

per LSB, is unknown. However the system gain can be 

determined accurately by the noise variance me thad given by 

Marcus, Nelson, and Lynds (1979), whose only assumption is 

that the detector is linear. Therefore this method should be 

used to accurately calibrate this important system parameter, 

and to establish the accuracy of the former technique. As a 

result, the readout noise and rate of thermal leakage will be 

accurately calibrated. 

The above method determines the noise as a function of 

signal level. Therefore any noise in excess of the 

theoretical noise, the quadratic sum of the readout and photon 

shot noise, can be identified as a function of signal level. 

This ability should be used to search for excess noise at the 

zero signal level, which could arise from surface and bulk 

traps. It should also be used near the maximum system signal 

level to determine if the video processing electronics exhibit 

a signal level excess noise. 

A key design goal of the video processing electronics 

was to achieve a negligible differential non-linearity error. 

Differential non-linearity can be detected in quotient frames 

formed from flat-field frames of different signal levels. It 

would appear as a residual pattern in the quotient frame, and 

as enhanced power at its characteristic frequencies in the 

power spectra of those frames. Therefore a sequence of 
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flat-field frames should be obtained with different signal 

levels, and their possible quotient frames and resulting power 

spectra should be formed and inspected for differential 

non-linearity. 

To ensure the electronic baseline is stable, the diode 

array must be in thermal equilibrium with the cold block. 

Therefore the thermal time constant of the diode array package 

must be determined so that the correct amount of time can 

elapse between the block coming under temperature control, and 

the first integration being performed. 

be determined from a sequence of 

collected between that first time, 

This time constant can 

fixed-pattern frames 

and the time at which 

equilibrium is reached. Equilibrium is reached when the 

fixed-pattern readout frames do not change with time. 

9.2.2 Detector Operation 

If image lag was detected with the test in section 

9.2.1, a special software routine should be written for 

initializing the array. Instead of using the 600 ns reset 

pulse width of the readout software, it should use a 249 J.l.S 

width which starts 1 J.l.S after the diode is accessed, and ends 

at the same time as the readout reset pulse would have. This 

length of time is expected to be far more than is necessary to 

completely reset the array in a single operation. 

It is not known if the optimum number of clock edges 

are received by the array before the start pulse is issued. 

While an upper limit is placed upon this number by the 

self-heating of the array, a lower limit also possibly exists 

in order to ensure that the clock driver electronic devices 

have reached their equilibrium operating temperatures by the 

readout time of the first diode pair. A range of different 

values for this number should be used to determine if the 

fixed-pattern readout frames exhibit any detectable change. 

If a change is detected, this same information will determine 

the optimum value. 

Flexible control of the relative clock edge positions, 

the clock amplitudes, and the bias voltage has been designed 

into the detector electronics. This control should be used to 

determine the operating values for those parameters which give 

the minimum readout noise. 
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9.2.3 Data Reductions 

One subtle but significant problem exists with the 

flat-field division and baseline subtraction software 

routines. It arises because the flat-field division must be 

perf armed before the base 1 ine is removed, and because the 

general shape of the flat-field with an echelle spectrograph 

is that of the underlying spectral order profile. It follows 

that the component of the quotient frame which corresponds to 

the baseline will have the shape of the flat-field frame. 

Therefore the normal linear interpolation of the baseline 

across the array will leave the curvature component of the 

baseline in the quotient frame, which will distort the shape 

of the stellar continuum. This error can become significantly 

larger than the readout noise when the order curvature is 

high, and for the typical baselines of longer integration 

times. Thus the baseline subtraction routine must be 

rewritten so as to interpolate the baseline across the array 

using the curvature and end-points of the flat-field frame. 

To further facilitate the accurate subtraction of the 

baseline, very long integrations on the baseline should be 

obtained at the standard operating temperatures of the array. 

These should be scaled by the software as determined by the 

masked pixel levels and the flat-field shape, and used for 

subtracting the actual baseline. In obtaining the baseline 

integrations, fixed-pat tern frames from before and after the 

baseline frame should be compared to ensure that the 

electronic baseline shift is negligible. Also, a number of 

baseline frames should be obtained for a given temperature so 

that cosmic ray events can be identified, and a single frame 

formed which does not have any such events. 
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APPENDIX ONE 

OPERATIONAL AMPLIFIERS 

As operational amplifiers are the basic building block 

of the analogue circuitry in this work, their basic operating 

principles must be understood to enable that circuitry to be 

considered. Also, several general results are required for 

use in calculating parameters when applying the amplifiers. 

There are three operational amplifier terminals used by 

the signal conditioning circuitry of the amplifier. They are 

the input non-inverting, I+, and inverting, I-, terminals, and 

the output terminal. The properties of an ideal operational 

amplifier include the following: 

1} The input impedance of I+ and I- is infinite, therefore 

no current passes through those terminals regardless of their 

input voltages. 

2) The output voltage remains constant when the voltage 

difference between the input terminals, the differential input 

voltage, is zero. 

3) The amplification of the voltage difference between the 

input terminals is infinite, that is, the differential input 

voltage is infinite. 

4) The output impedance is zero. 

Property #3 above requires the different input voltage 

to be zero if an output voltage other than ±oo is to be 

obtained. Thus negative feedback, the application of the 

output signal in some conditioned form to the inverting 

terminal, is always used to stabilize this intrinsically 

unstable behaviour. Therefore consider figure Al.l which 

shows an amplifier with a feedback resistor, Rf' providing 

negative feedback, and an input resistor, Ri. When the 

Figure Al.l: An operational amplifier with negative feedback. 
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circuit has stabilized after the application of the input 

voltages, V. 
1+ 

must be equal 

be 

and V. . the vo 1 tage at the inverting terminal 
1-

to Vi+' It follows that the input current must 

cv. - v.+) 
I = 1

-
1 {Al.l) 

Ri 
Because I- has an infinite input impedance, from #1 above, 

this current must then pass through the feedback resistor and 

in doing so, develop a potential difference between its input 

and output sides of 

Vi+ - yo = IRf (A1.2) 

Therefore substituting equation Al.l into equation A1.2 gives 

which can 

the input 

be 

Rf 
vi+ - Yo = ~ {Vi- - vi+) 

1 

rearranged to give the output 

voltages, the transfer function, 

v [I Rfl [~:)v 1 _ = + Ri vi+ -
0 

voltage in 

as 

The behaviour of the two most common applications 

feedback network can be found from equation A1.4. 

(A1.3) 

terms of 

(A1.4) 

of this 

In the first application, the input side of the input 

resistor is connected to ground as shown in figure A1.2a, and 

so V. = 0 volts. This configuration is called a 
}-

non-inverting amplifier, and its transfer function follows 

Figure A1.2: Two examples of non-inverting amplifiers. 

from equation A1.4 as 

yo= GVi (A1.5) 

where G is the gain of the amplifier. In the limit of Rf 
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going to zero, and R. going to infinity, the circuit becomes 
1 

that of figure A1.2b. This configuration has unity gain, and 

is sometimes referred to as a buffer because of its infinite 

input impedance. 

In the second application of the feedback network 

(figure A1.2), the I+ terminal is connected to ground to give 

V. = 0 volts and the configuration is shown in figure A1.3. 
1+ 

Figure Al.3: An inverting amplifier. 

This configuration is called an inverting amplifier, and has a 

transfer function determined from equation Al.4 of 

v = GV. G = [- Rf l 
0 1 Ri 

(A1.6) 

where G is the gain of the amplifier. 

While the feedback components in figure Al.l are 

resistors, they could equally have been networks of passive 

components with net reactances of Zf and Zi. It follows that 

in this general case, the transfer function is 

Yo= [1 +~:]vi+- [~:h- (A1.7) 
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APPENDIX TWO 

THERMAL NOISE 1 

Thermal noise is caused by the random thermally excited 

vibration of the charge carriers in a conductor. This carrier 

motion is similar to the Brownian motion of particles. From 

studies of Brownian motion, thermal noise was predicted. It 

was first observed by J.B.Johnson of Bell Telephone 

Laboratories in 1927, and a theoretical analysis was provided 

by H. Nyquist in 1928. Because of their work thermal noise is 

called Johnson noise or Nyquist noise. 

In every conductor at a temperature above absolute zero 

the electrons are in random motion, and this vibration is 

dependent on temperature. Since each electron caries a charge 

of 1.59 x 10- 19 C, there are many little current surges as 

electrons randomly move about in the material. Although the 

average current in the conductor resulting from these 

movements is zero, instantaneously there is current 

fluctuation that gives rise to a voltage across the terminals 

of the conductor. 

The available noise power, Nt, in a conductor is found 

to be proportional to the absolute temperature and to the 

bandwidth of the measuring system. In equation form this is 

Nt = kTAf (A2.1) 

where k =Boltzmann's constant = 1.38 x 10- 23 W s K- 1 

T = temperature of the conductor in degrees Kelvin, 

and Af = noise bandwidth of the measuring system in hertz. 

At room temperature {290 K), for a 1-Hz bandwidth, evaluation 

of equation A2.1 gives Nt = 4 x 10- 21 W. This is - 204 dB 

with reference to 1 W. 

The noise power predicted by equation A2.1 is that 

caused by thermal agitation of the carriers. Other noise 

mechanisms can exist in a conductor, but they are excluded 

from consideration here. Thus the thermal noise represents a 

minimum level of noise in a resistive element. 

1 from Motchenbacher and Fitchen {1973), pp. 9-16. 
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In equation A2.1 the noise power is proportional to the 

bandwidth. 

bandwidth; 

There is equal noise power in each hertz of 

the power in the band from 1 to 2 Hz is equal to 

that from 1000 to 1001 Hz. 

being called 'white noise'. 

This results in thermal noise 

White implies that the noise is 

made up of many frequency components just as white light is 

made up of many colours. A Fourier analysis gives a flat 

plot of noise versus frequency. The comparison to white light 

is not exact, for white light consists of equal energy per 

wavelength, not per hertz. 

Thermal noise ultimately limits the resolution of any 

measurement system. Even if an amplifier could be built 

perfectly noise-free, the resistance of the signal source 

would still contribute noise. 

Equation A2. 1 can be changed in to a much more useful 

form. AvaiLable power is the power than can be supplied by a 

source when it is feeding a resistance Load equaL to its 

internal resistance. Since avai !able power can be expressed 

as E 2 /4R, equation A2.1 can be rewritten as 

E 2 
t 

Nt = kTAf = 4R (A2.2) 

Therefore the rms noise voLtage, Et, of a resistance R is 

Et = J4kTRAf , (A2.3a) 

where R = real part of the conductor's impedance, 

and 4kT = 1.61 x 10- 20 at room temperature (290 K). 

When working with noise voltages it is often necessary 

to use mean square values of quantities. A symbol commonly 

used for the mean square value of thermal noise is et 
2 The . 

over bar represents a mean or average value. Rms is simply the 

square root of a mean square value, therefore Et = j(etz). 

Since they are equivalent, both ez and Ez can be used to 

represent mean square. 

noise voltage is 

An alternative expression for thermal 

(A2.3b) 

Equation A2.3 is very important in noise work. It 

provides the limit that must be kept in mind. We shall see 
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that the measure of an amplifier's performance, noise 

is only a measure of the noise the amplifier adds 

A2.3 

figure, 

to the 

thermal noise of the source resistance. A more complete 

expression for the thermal noise is given by Motchenbacher and 

Fitchen (1973). 

Several important observations can be made from 

equation A2.3. Noise voltage is proportional to the square 

root of bandwidth, no matter where the frequency band is 

centred. Reactive components do not generate thermaL noise. 

The resistance used in the equation is not simply the de 

resistance of the device or component, but is more exactly 

defined as the real part of the complex impedance. In the 

case of an inductance, it may include eddy current losses. In 

the case of a capacitor, it can be caused by dielectric 

losses. It is obvious that cooling a conductor decreases its 

thermal noise. 

As an example we can determine the rms noise voltage of 

a 1000 n resistor with an amplifier noise bandwidth of 1 Hz to 

be 4 nV. This is a good number to memorize as a benchmark. 

From this we can scale up or down by the square root of 

resistance or bandwidth. 

The effect of broadband 

minimized. Equation A1.3 implies 

thermal noise 

that there are 

must be 

several 

practical ways. The sensor resistance must be kept as low as 

possible, and additional series resistance elements must be 

avoided. Also, it is desirable to keep bandwidth as narrow as 

possible, while maintaining the bandwidth necessary to pass 

the signal signature. When designing a system, frequency 

limiting can be incorporated in one of the later stages. 

Even though we have shown that there is a time-varying 

current and available power in every conductor, this is not a 

new power source! You cannot put a diode in series with a 

noisy resistor and use it to power a transistor radio. If the 

conductor were connected to a load (another conductor), the 

noise power of each would merely be transferred to the other. 

If a resistor at 300 K, room temperature, were connected in 

parallel with a resistor at 0 K, there would indeed be a power 

transfer from the higher temperature resistor to the 1 ower. 

The warmer resistor would try to cool down and the other would 

try to warm up until they came into thermal equilibrium. At 
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that point there would be no further power transfer. 

Thermal noise has been extensively studied. 

Expressions are available for predicting the number of maxima 

per second present in thermal noise, and also the number of 

zero crossings expected per second in the noise waveform. 

These quantities are dependent on the width of the passband. 

Formulas are given in Motchenbacher and Fitchen (1973). 

NOISE BANDWIDTH 

When bandwidth is not the same as the commonly used 

3-dB bandwidth. There is one definition of bandwidth for 

signal and another for noise. 

The bandwidth of an amplifier or a tuned circuit is 

classically defined as the frequency span between half-power 

points. The half-power points are values on the frequency 

axis where the signal transmission has been reduced by 3 dB 

from the central or midrange reference value. A 3-dB 

reduction represents a loss of 50% in power level and 

corresponds to a voltage level equal to 70.7% of the voltage 

at the centre frequency reference. 

The noise bandwidth, .Af, is the frequency span of a 

rectangularly shaped power gain curve equal in area to the 

area of the actual power gain versus frequency curve. Noise 

bandwidth is the area under the power curve, the integral of 

power gain versus frequency, divided by the peak amplitude of 

the curve. This can be stated in equation form : 

.Af = -fr- J00

G(f 0 ) df 
0 0 

(A2.4) 

where .Af = noise bandwidth in hertz, 

G{f) = power gain as a function of frequency, 

and G = peak power gain. 
0 

Since power gain is proportional to the network voltage 

gain squared, the equivalent noise bandwidth can also be 

written as 

Af = 

where A (f) = voltage gain as a function of frequency, 
v 

(A2.5) 



THERMAL NOISE A2.5 

and A 
vo 

= midband voltage gain. 

The equation is more useful in the second form. 

The term spectral density is used to describe the noise 

content in a unit of bandwidth. We know that noise consists 

of many frequency components; to indicate how these 

components are distributed if we could plot mean square noise 

per unit bandwidth against frequency. For a thermal noise 

source the spectral density S(f) is 
E 2 

S{f) = A~ = 4kTR V2 Hz- 1 (A2.6) 

It is characteristic of white noise sources that the plot of 

S(f) versus f be simply a horizontal line. 

When measuring noise we often work with the rms value 

of a noise quantity. Thus we might obtain a kind of spectral 

density by dividing the rms value of a noise voltage by the 

square root of the noise bandwidth, and obtain 

E in units of V/~Hz 
~ Af 

The result of this mathematical operation can be interpreted 

as simply the rms noise voltage in 1 Hz of bandwidth. Note 

that E/~Af is a symbol for a quantity that can be measured; 

the units are V/~Hz. Often this density function is 

symbolized by E/~~. or in the case of a current, I/~~. Since 

a bandwidth of 1 Hz is almost always used, the units for these 

functions are referred to as 'volts per hertz' and 'amps per 

hertz'. 

THERMAL NOISE EQUIVALENT CIRCUITS 

In order 

system, every 

to perform a 

element that 

noise anaLysis of an electronic 

generates thermat noise is 

represented by an equivalent circuit composed of a noise 

voltage generator in series with a noiseless resistance. 

Suppose, then, that we have a noisy resistance R connected 

between terminals a and b. For analysis, we substitute the 

equivalent shown in figure A2.1a, a noiseless resistance of 

the same ohmic value, and a series noise genera tor with rms 

value Et equal to ~{4kTR Af). This generator is supplying the 

circuit with multi-frequency noise; it is specified by the rms 

value of its total output. 
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Figure A2.1: 

4 

R (noiseless) 

E ,= V4kTRA{ 

b 

R 
(noiseless) 

a 

b 

l 1=Y4kTA/IR 

Equivalent circuits for thermal noise. 

A2.6 

According to Norton's theorem, the series arrangement 

shown in figure A2.1a can be replaced by an equivalent 

constant-current generator in parallel with a resistance. The 

noise current genera tor It will have an rms value equal to 

E/R, or in this instance 

(A2.7) 

If a voltmeter with infinite input impedance and zero 

self-noise were connected between a and b, the thermal noise 

voltage could be measured. However, because real voltmeters 

also contribute noise, such a direct reading is not accurate. 

The system of symbols that we employ in noise analysis 

uses the letters E and I to represent noise quantities. The 

Letter V is reserved for signaL voltage. Because noise 

generators do not have an instantaneous phase characteristic 

as is attributed to sine waves in the phasor method of 

representation, no specific polarity indication is included in 

the noise source symbols in figure A2. 1. Polarity of noise 

sources is discussed in Motchenbacher and Fitchen (1973). 
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APPENDIX THREE 

LOW-FREQUENCY NOISE 1 

Low-frequency or 

properties. If it were 

1/f noise has several unique 

not such a problem it would be very 

interesting. The spectral density of this noise increases 

without limit as frequency decreases. Firle and Winston 

(1955) have measured 1/f noise as low as 6 x 10- 5 Hz. This 

frequency is but a few cycles per day. 

When first observed in vacuum tubes, 

called "flicker effect," probably because of 

this 

the 

noise was 

flickering 

observed in the plate current. 

some of them uncomplimentary. 

Many different names are used, 

In the literature, names like 

excess noise, pink noise, semiconductor noise, low-frequency 

noise, and contact noise will be seen. These all refer to the 

same thing. The term "red noise" is applied to a noise power 

spectrum that varies as 1/f 2
. 

The noise power typically follows a 1/fa characteristic 

with a usually unity, but a has been observed to take on 

values from 0.8 to 1.3 in various devices. The major cause of 

1/f noise in semiconductor devices is 

of the surface of the material. 

recombination of carriers in surface 

traceable to properties 

The generation and 

energy states and the 

density of surface states are important factors. 

surface treatment in manufacturing has decreased 

but even the interface between silicon surfaces 

oxide passivation are centres of noise generation. 

Improved 

1/f noise, 

and grown 

As pointed out by Halford (1968), 1/f noise is quite 

common. Not only is it observed in tubes, transistors, 

diodes, and resistors, but it is also present in thermistors, 

carbon microphones, thin films, and light sources. The 

fluctuations of a membrane poten'tial in a biological system 

have been reported to have flicker noise. No electronic 

amplifier has been found to be free of flicker noise at lowest 

frequencies. Halford points out that a = 1 is the most common 

value, but there are other mechanisms with different alphas. 

1 from Motchenbacher and Fitchen (1973), pp. 19-20. 
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For example, fluctuations of the frequency of rotation of the 

earth have an a of 2 and the power spectral density of 

galactic radiation noise has a = 2.7. 

Since 1/f noise power is inversely proportional (Kt) to 

frequency, it is possible to determine the noise content in a 

band by integration of K1f- 1 over the range of frequencies in 

which our interest lies. The result is 

(A3.1) 

Symbols fh and fi are the upper and lower frequency limits of 

the band being considered. 

The mean square value of the corresponding noise 

voltage is 

E£ 2 = Kloge[:~] = Kloge[t + !:) ~ 
When the band is 1-Hz wide, fh = fi + 1. 

can be written 

which is the spectral density of 1/f noise. 

Kg_ 
f 

(A3.2) 

Then equation A3.2 

(A3.3) 

Because 1/f noise power continues to increase as the 

frequency is decreased, we might ask the question, why is the 

noise not infinite at de? AI though the noise vo 1 tage in a 

1-Hz band may theoretically be infinite at de or 0 frequency, 

there are practical considerations that keep the total noise 

manageable for most applications. The noise power per decade 

of bandwidth is constant, but a decade such as that from 0.1 

to 1 Hz is narrower than the decade from 1 to 10 Hz. But, 

when considering the 1/f noise in a de amplifier, there is a 

lower limit to the frequency response set by the length of 

time the amplifier has been turned on. This low-frequency 

cutoff attenuates components with periods longer than the "on" 

time of the equipment. 

A numerical example may be of assistance. Consider a 

de amplifier with upper cutoff frequency of 1000 Hz. It has 

been on for 1 day. Since 1 cycle/day corresponds to about 

10- 5 Hz, its bandwidth can be stated as 8 decades. If it is 

on for 100 days we may add 2 more decades or ~2 times its 

1-day noise. The noise per hertz approaches infinity, but the 
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total noise does not. 

A fact to remember concerning a 1/f noise-limited de 

amplifier is that measurement accuracy cannot be improved by 

increasing the length of measuring time. In contrast, when 

measuring white noise, the accuracy increases as the square 

root of the measuring time. 

Firle, J.E., and Winston, H.: 1955, BuLl. Am. Phys. Soc., 

30, 2. 

Halford, D.: 1968, "A General Model for fa Spectral Density 

Random Noise with Special Reference to Flicker Noise 

1/f," Proc. IEEE, 56 #3 , 251. 
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APPENDIX FOUR 

ADDITION OF NOISE VOLTAGES 1 

When sinusoidal signal voltage sources of the same 

frequency and amplitude are connected in series, the resultant 

voltage has twice the common amplitude if they are in phase, 

and combined they can deliver four times the power of one 

source. If, on the other hand, they differ in phase by 180°, 

the net voltage and power from the pair is zero. For other 

phase conditions they may be combined using the familiar rules 

of phasor algebra. 

If two sinusoidal signal voltage sources of diffrerent 

f re quenci e s with rms amp 1 i tudes V 1 and V 2 are connected in 

series, the resultant voltage has rms amplitude equal to 

j (V 1 2 + V 2 
2
). The mean square value of the resultant wave, 

V 2
, is the sum of the mean square values of the components 

r 
(V 2 = V1 2 + V2 2

). r 
Equivalent noise generators represent a very large 

number of component frequencies with a random distribution of 

amplitudes and phases. When independent noise generators are 

series connected, the separate sources neither help nor hinder 

one another. The output power is the sum of 

output powers, and consequently it is valid to 

the separate 

combine such 

sources so that the resultant mean square voltage is the sum 

of the mean square voltages of the individual generators. 

This statement can be extended to noise-current sources in 

paralle 1. 

The generators E1 and E2 shown in figure A4.1 represent 

uncorrelated noise sources. We form the sum of these voltages 

Figure A4.1: Addition of uncorrelated noise voltages. 

1 from Motchenbacher and Fitchen (1973), pp. 16-17. 
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by adding mean square values. 

sum, E2
, is given by 

A4.2 

Thus the means square of the 

(A4.1) 

Taking the square root of a quantity such as E 2 represents 

rms. It is not valid to sum the rms voltages of series noise 

sources. However, one can often neglect the smaller of the 

two noise signals when their rms values are in a 10:1 ratio. 

The smaller signal only adds 1% to the overall voltage. A 3:1 

ratio has only a 10% effect on the total. 

If two resistors are connected in parallel. the total 

thermal noise vo 1 tage 

Similarly, with two 

is that of the equivalent 

resistors in series, the 

resistance. 

total noise 

voltage is determined by the arithmetic sum of the 

resistances. 
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APPENDIX FIVE 

TEMPERATURE COEFFICIENT RESULTS 

A number of temperature dependent components and 

parameters are used in combinations within this work, for 

which the net temperature coefficent must be calculated. The 

definition for the temperature coefficient, TC, of the general 

quantity Q is 

1 dQ 
TC(Q) = ~ ~ 

where T is the ambient temperature. 

determine the following results. 

Figure A5.1: A resistor divider network. 

(A5.1) 

It has been used to 

The resistor divider network shown in figure A5.1 

divides the input voltage, Yin' down to the output voltage, 

V t' as described by ou 

V = A V
1
.n out where A = (A5.2) 

The temperature coefficient of the output is 

(A5.3) 

where TC(Vin) is the temperature coefficients of Vin' and the 

temperature coefficient of A is 

(A5.4) 

Often R1 and/or R2 will in turn be a combination of resistors, 

and so the temperature coefficients of the combinations must 

first be found using the following results. 

The temperature coefficient of the net resistance of 

two resistors, R
1 

and R
2

. which are used in series is 

(A5.5) 
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and when used in parallel is 

Rl R2 
TC(R 1//R2 ) = R +R TC(R2 ) + R +R TC(R 1 ) 

1 2 1 2 

The gain of a non-inverting amplifier is 

where Rf and 

resistances, 

R are 
s 

whose 

Rf 
G==l+-R-

s 
respectively the feedback and 

temperature coefficients result 

temperature coefficient for the gain of 

A5.2 

(A5.6) 

(A5.7) 

source 

in a 

(A5.8) 

As with the divider network, the resistors may be combinations 

for which the temperature coefficents must first be 

calculated. 

Finally, when two amplifiers are used in series, the 

temperature coefficient of their net gain is 

(A5.9) 
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GENERAL DESCRIPTION 

AL-1872F AND Al-936F 
SOLID STATE LINE SCANNERS 

The RETICON RL-1672F represents a maior breakthrough 
in solid state image sensor technology. This self-scanning 
Unear array or 1872 silicon photodiodes is designed primari~ 
ly for page reader and facsimile applications. For the first 
lime it makes possible high resolution lacsimile with a single 
soHd state deteclor device. The RL-936F is identical in de
sign bul ts only 936 diodes long. Both devices are tabricated 
using the most modem silicon-gate MOS technology. Key 
features include: 

• High: resotuUon-1872 or 930 elemenb. on 15 micron 
(0.59 mil} centers 

• Oo-chlp 'cann1ng for sertal vtdeo output 
• Low power shift register a:cannlng clrcuU-4 mwJ.IIttt 

dissipation 

• Four paraUet video output linea for hJgh data rates
up to 20 MHz 

• Charge slorage- mode operation tor high sensttlvity 
• Standard duaHn~Une packaga with lused quartz 

wlnd.ow 

The R:L~l872F is a monolithic silicon photodiode array containing a row of 1872 photodiodes on 15 micron (0.59 mil) centers. 
Each <:1iode has an associated capacitance on which photocurrent is integrated until it is read out periodically through a 
multiple lit switch onto one of tour video output fines. 

Read out is accomplished by a shift tegister scannfng circuit whfch is driven by four phase clocks. Each scan is initiated by 
entenng a start pulse into the shift register. After inittation ot a sean two adjacent diodes are read out simultaneousty on 
each clock transition. A new scan may be init1ated immediately after the last pair or diodes has been read out Ol" longer 
interval between start pulses may be used to increase the integration time. The devices may be operated at clock up to 
10 MHl correspondrng to data rates up to 20 MHz. 

Speed ean be traded for sensitivity since the rower the Jine rate the longer the diodes can integrate photocurrent. 

The Rl·1872F ls supplied in a 22 pjn package 0.4 inches wide x 1.6 inches long. The Rl-935F is supplied in an 18 pin pack~ 
age 0.3 inches wide x 0.9 inches long. Soth packages are black ceramic w~th a ground and polished quar1z window. Both 
tit into standard integrated circuh sockets. Stock diagrams and pin configurations are shown in Figures 1 and 2. 

DRIVER REQUIREMENTS 
•5 volt supply is required tor the Rl~1812F and the Rl .. 936F. The four clock phases and the start pulse should 
negative by -11 to -iS volts with respect to the positive supply. The start pulse should be wide enough to include 

going transition of 01 and one positive going transition of 01'· 

A TTL c1ock and start circuit capable of generallng the b-asic timing is shown in Figure 3. The clock may be supplied exter
nally or generated intern<tlly. In the internal mode the clock frequency is set by the SOK ohm potentiometer and the capacitor 
C1. A periodiC start pulse is generated by counting clock pulses. The count between start pulses is set by grounding various 
terminals of the 9316 counters. There should be a minimum of 940 clock pulses between start pulses lor the AL-1872F and a 
minimum of 472 tor the RL~935F. 
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Flgv,. t. atoc;lt Olaararh .nd Pll'l Conll-gvr•Uon ol RL1112F. Ffgur• 2. 81<>Cit Ola;run and Pin Contlgutatlon or fiU36F. 
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FiguNJ 3. TTL Cloelt and Count•r Cfn::ult lor Generatlnu Clock •nd 
Start Tlmlnu Pulses. 
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phases artd the properly timed statt pulse S may be generated 
uses 0026 clock drivers. Good clock ddvers are essential in order 

and to oblain max1mum pe:r1ormance at high scan rates. The clock phases 
mung edge of one phase matching the tailing edge ot another phase. 

A timing diagram showing tl'\e clock and start waveforms generated by the circuits of Figures 3 and 4 and t*le Coffesponding 
video outputs is shown in Figure 5. tt can be seen that a pair ol diodes is sampled each lime one or lhe clock phases makes 
a negat1ve going transition. Alternate pairs of output pulses appear on video lines 1 and 2 and video lit\es 3 and 4. Note that 
although tour separate outputs are provided. the timing is such that outputs 1 and 3 and outputs 2 and 4 may tm shorted 
togelher and the video processed through only two channeis. 

Hit is desired to process all lour video outputs separately. two pairs of complimentary square wave c!ocks should be used in 
order to get ophmum switching transient cancellation. These clocks snoutd have leadmg edges iden1ical to those of Figure 5. 
but the duty cycle should be 1/2 ralher than 1/4 period. Timing of the video and end-of~scan outputs remains the same. 

SIGNAL EXTRACTION 
The video ou1put of 
output pulses is shown 
video 1 and 3, and 2 .ar 
one lor the odd and one 

AL·1812F is a train of 468 charge pulses per 
Figure 5. As mentioned above the outputs 

may be combined before amplification. If 
the even elements. 

of the 4 video Jines. The timing of the 
lines may be amplified separately or 

two oulput channels are necessary-

Since the output of these arrays appears as a purely capacitive source. 1he video signals should be amplified using either 
current or cnarge amplifi~rs. FigureS shows a simple current amplifier which makes use of the RETICON CA 10A op amp. 
Approximate resistor values for various scan rates are shown in the insert. Other op amps may be used provided they have 
a minimum open loop gain of 40 dB at the scan frequency and a s:lew rate {VIJ,~sec} of at least 30 times the scan rate (MHz). 
The upper trace of Figure 7 shows an osciHoscope photograph of the output waveform expected trom the RL~1872F using 
l~e ~ircuits of Ftgures 3, 4 and 6" Greater dynamic range may be achie'Vf!d at the expense ot more complicated circuitry by 
ljltenng to remove swttching transients or by using a charge arnplifier/sampte-ana~hold circuit. such as the RETiCON CASH~ 
1T circuit module. The video output of this circuit is shown in the tower ttace of Figure 7. 

END OF SCAN 
En<H>_f~scan output pulses are provided when the last two pairs of diodes am sampled. These endMor~scan outputs are pro
VIded primarily tor test purpO"$. When not in use they should be shorted externally to the .. 5 volt supply to avoid introduction 
ot unwanted .. glttches" into the video. fn some appticaHons. however. it may be desirable 'o use the end~ofwscan outputs. in 
these cases. it is recommended that the voltage e:wccursion on the end~ot~scan pins be minimized by using a circuit such as 
rhat shown in F1gure &. The timing of the End--of-Scan output pulses is shown in Figure 5. 

SENSOR GEOMETRY 
s.ensttive area of 
the silicon chip. 
the elfecti..,e area 

Rl-1B72F and the RL-936F i> defined by a 16 micron (0.63 mil) wide aperture in a 
entire area within the aperture is light .sensitive. i.e •• there fs no dead space between 
each sensor is 15 microns :x 16 microns or 2.4 x 10 •em?. 

SENSITIVITY AND SPECTRAL RESPONSE 
Since the RL~1872F and AL~936F operate in the charge storage mode, the output of each diode (below saturation) is propor
tional to exposure. Le .• the light intensity times the time interval between successive scans. Thus speed and sensitivity can 
be rr.a<1ed olf. the longer the integration time the more sensitive the device. lntegraUon time may be increased either by re
ducing the clock frequency or by delaying the start pulse. A plot of charge output versus exposure is shown in Figure 9. 

Spectral response is typical of high quality diffused silicon photodiodes, covering the range from befow 0.4 to 1.1 microns 
and peakmg at about 0.8 microns. Typical spectral response and quantum efficiency cvrves are shown in Figure 10. 

4 

3 

j~ 
w 
lE 
~ v 

4 6 a 10 --i:f 14 - IG 

EXPOSURE sec) 

FJgurw t. Slon•t Ch•tgw P•r Cwff n .a Function ot E•powrw for 
•2470'"l<: tunSIIIrl*" LIQht Soute4~ 

g~6 
~:::; 5 

tz 
__;W 4 
wl-
0::~ 
wz 
~~2 
O• 
o..O 
~S; 1 
O::N 

I 
I 

I 

-~/ 

zOO 

; 
I 

I 
I 

I 

,,-----r-

~ 
tz ~ 

Q 
tO~ 

a::; 
::l 

6~ 
:3 

,4 0 

FI9U"J 10. O•P'Itfld•n« of Swnsl11Yllj 411\d Ql.>*nlum £Ukt.ncy on Wu•t.ngth.. 

CIRCUIT CARDS 
Printed circuit cards containing all required drive and amplifier cifcuitry for operation of the RL 1 872f and the AL936F are 
available from Reticon: and are highly recommended for first time array evaluation. A model RC400 mother board which con~ 
1ains clock and counter circui's and logic to generate four clock phases -is required for either array. In addition. a model 
RCA07 (Rl1872F} or model RC406 (RL936F) driver/amplmer board is required. Each ot these small boatds contains c!ock 
drivers, two amplifiers for the odd and even channels and a socket for the array. The driver/amplirier board may be plugged 
into the mother board or remotely located up to 30 inches away. These boards provide video outputs similar lo the upper 
trace of Figure 7. 

The video 
channet It 
Figure 7 is a 

be further processed using a CASH~1T circuit 
between the two channels to recompose 

waveform from the CASH-1T. 

samples. and holds the video pulses in each 
a single boxcar output. The lower tra-ce ot 

The AC400. RC406. and RC407 will operate at sample rates up to lOMH.t. The CASH~tr will only operate at sample rate; lJP 
to 500KHz. 

ELECTRICAL CHARACTERISTICS (25•C) 
Min Typ Mu Units 

Positive Supply Voltage - •5 •S VoHs 
Clock Amplitude (with Respect to Positive SvppJy) -11 -12 -15 Volls 
Start Pulse Amplitude {with Respect to Positive Supply) -7.5 -12 -15 Volts 
Clock Repetition Rate - - 10 MHZ 

Integration Time 1 - 40 msec 
Capacitance of Each Clock line 

RL-t872F 100 pF 
RL-936F 50 pF 

Each VIdeo Line (at SV bias) 
65 pF 
33 pF 

End-ot·Scan Output Resistance 5 Kohm 
Power Dissipation (OC) 4 mwatt 

ELECTRO-OPTICAL CHARACTERISTICS 
RL-1672F Rl-936F UnHs 

Number oi Sensors 1872 936 -
Center to Center Spacing 15 15 microns 
Aperture Width !6 16 MiCf"OnS 
Aperture Length Z.BOB 1.404 em 
Photodiode Sensttivityz .26 ,26 pAcmtt,uwau 
Uniformity of Sensitivity? 12 10 .... typ 
Saturation Exposuret 12.3 12.3 t.~Watt secicm2 
Saturation Charge 3.2 3.2 pcoul 

ABSOLUTE MAXIMUM RATINGS 
Min Max UnHs 

Voltage with Respect to Common 0 -20 VoUs 
Storage Temperature -55 •125 •c 
Temperature under Bias -55 +85 •c 

10evices can be operated with longer integration time but dark signal may increase to an objectionable level unless tempera~ 
ture is reduced. Dark signal changes by a factor of 2 every 7" C. 

?For 2870" K tungslen light source. 

--: "'' QQU)O 

~]--~ 
Oo<UOOt - ·..0--

-,"'' ll•" ~-

I'AC•ac.c run."'<t 
:::~:g 

flgur. 11. OuUIM DuwlnQ of RL 1872F. Olm•1ulon• glv•n in lnchn. fiQurw 1'2. O~o~IIIM Dtawltt.g of Rt.t3GF. 

...., 
:X: 
t;l'j 

Pd 
t;l'j ...., 
1-4 
(j 
0 
=-= 
Pd 
t""' 

r:n 
t;l'j 
:;d 
H 
t;l'j 
r:n 
r:n 
'i:l 
trJ 
(j 
1-4 
Jorj 
1-4 
(j 

> ..., 
H 
0 
=-= 
r:n 
:X: 
trJ 
t;l'j ...., 

> en 
1:\:) 



SPECIFICATIONS 
BURR-BROWN® OPA101 

I 
ELECTRICAL 

(jt__•E3I 
Specifications at TA • +25°C and !:Vee.,., !-15VDC unless otherwise noted 

MODEL OPA10f/102A.M 0PA101/1028W 

OPA102 PARAMETER CONDIT! N MIN TYP MAX MIN TYP MAX UNITS 

INPUT NOISE 
Voltage No1se Density t0 = tH%(11 100 200 80 100 nVIvHT 

10 -tOHz 32 60 25 30 nV/J'Hl 
fo,.100Ht " 30 11 1S nVIy'"'HZ 
fo""1kHz • 1S • 12 nvt./Hi" """'l 10 • 10kHz 7 • 7 • nV!.,J"Hl 
lo • 100kHz 6.S • es • nVI.JW :::c: 

lc: 1/1 Corner F"requency 12S 100 H' tr:l 
Voltage Noise fe .. 0 1Hz to 10Hzfll 1.3 26 1.0 1l ~Av. p-p 

te,.. 10Hz to tOll: Hi 10 1.2 08 10 ,.v.rms 
t:C Low Noise - Wideband fa=- 10Hz to 100kHz 2.1 2.6 2.1 26 ,.v.rms 

Curren! Noise Density fo.,. 0.1Hz lhru 10kHz 2.0 1,4 IA!v'Hi 0 
PRECISION JFET INPUT OPERATIONAL Current NOIM fa• Q.1Hz to 10Hz ,. 

"" fA. p-p ~ 
fe • 10Hz to 10kHz 200 uo IA.rm1 

~ 
AMPLIFIER DYNAMIC RESPONSE I Bandwidth. Unity Ga1n Small Signal 

t:C OPA10t 10 "'"' 
FEATURES APPLICATIONS 

OPA102 Note2 ~ 
Galn·Bal"rdwldth Product Act.•100 0 

0PA101 20 MH' =s • GUARANTEED NOISE SPECTRAL DENSITY • • LOW NOISE SIGNAL CONDITIONING OPA102 •o MH' 

100'/o Tnled Full Powet Bandwidlh Yo • 20Y. p-p; RL • 1k0 ~ 
• LIGHT MEASURMENTS 0PA101 80 100 kH' 

• LOW VOLTAGE NOISE· BnV/JRZ mu aiiOkHz 
0PA102 180 210 kH' 0 > • RADIATION MEASUREMENTS Slew Rate V0 •%10V: AL•1k0 

• LOW VOLT AGE DRIFT· 51' vt•C mu (8 grade! 
OPAtOt Ac~,.•-t 5 6.S V/JJ.Sf!C '1:1 '1:1 

• PIN DIODE APPLICATIONS OPA102 ACL •-3 10 ,. Yl,.sec > '1:1 
• LOW OFFSET VOLTAGE· ZSO~'V mu [B grade) 

Senling TimeJOPA101J Vo • !!5V; AcL • -1; ...... tr:l 
• DENSITOMETERS . AL•lkll 0 ~ 

• LOW BIAS CURRENTS· IOpA max II 
t•l% 2 ""'" 1:\.? 0 • PHOTODIODE/PHOTOMULTIPLIER CIRCUITS t•O.t% 2.S . ..., 

Z5•C AmblenlfB Gnde) 1 •O.Ot"'lo 10 """' t:C H 
• LOW NOISE DATA ACQUISITION Senltng Time10PA1021 Yo • ~SV; ACL • ·3; :=::: :>< • HIGH SPEED· IDV/~'m min (OPAIOZ) AL•1k0 

·-1~ 1 ·-• GAIN BANDWIDTH PRODUCT ·40MHz IDPAIOZ) t • O.l"llt 1S ""'" 0 r:n 
I •QQ1 .. • ""'" '1:1 tr:l 

DESCRIPTION Small-Signal Ovor:~hool AL •tkll: CL • tOOpF t:rj < OPAtOt Acl- +1 15 .. 
The OI'AIOI and OI'AI02 ue the first FET In addition. the amplifiers have moderately high 

0PA102 Acl· +3 20 .. ~ tr:l 
Rise Time tO% to 90%. Small Signal > ~ 

operational amplifiers available with noise charac- speed. The OPA 10 I is compensated for unity gain OPA101 40 .... """'l 
tcristics (vohagc spectral density) g:uarantc:e·d and stability and has a slew rate of 5V 1 JlSec. min. The OPA102 30 n..c 

H Pnue Margin RL .. an 
I()()Cff, tested. 01' A 102 is compensated for gains of JV: V and 0PA101 AcL•+1 80 o.q, ... 0 
The amplifiers have a complementary set of sped- above and has a slew rate of IOV I JJ.Sec. min. OPAI02 AcL• +3 •s De9reea ~ 

Overload Aeco~erylll > fications permitting. low errors in signal conditioning Each unit is laser-trimmed for low offset voltage and OPA101 AcL• -1, 50'14 overdrive 1 """' applications; low noise. low bias current. high open- low offset voltage drift versus temperature. Bias 0PA102 .-_Cl • ·3. 50'\o o~erdri~• 0.8 """" t-' 
loop gain. high common-mode rejection. low offsel currents are specified with the units fully warmed up OPEN·LOOP GAIN DC 

> voltage. low orr~cl voltage drift. etc. at +25"(" ambient tempcr.uurc. Full load V 0 • !:10V; Al • 11dl .. 10S oa 
No load V0 • !:10V; AL ~ 10kll .. 108 oa :=::: 
RATED OUTPUT '1:1 

•Vee I I I Voltage 10 •!:12mA !:12 !13 v t-' Current V0 • !:12V !:12 "'" mA 
H Output Aesl.stanee Open-Loop. I • DC soo n 

c-l I I 
I Sho"·CI<euU cu .. enl !45 mA '"rj 

~·~ CapaciU~aload Range Phase Margin ;?! 25• H 
... J OPA101 ACL •+1 soo pF t:rj 

OPA102 .A.cL • +3 lOO pF 

~ INPUT OFFSI!:T VOLTAGE 
lnltlaiOifsttt TA- +2S°C !100 ~soo ~.., !:.250 .v 

"'• Temperature ·25"C :S TA S +85°C ~· !:10 ,, :S ~V!"'C 

vs Supply Voltage ±svoc s 1 vee 1 :s .:t20VOC !:10 !>0 .vrv 
vs Time !:10 ~~.vtmo 
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A8.1 

APPENDIX EIGHT 

THE AMD Am9513 SYSTEM TIMING CONTROLLERS 1 

The operating philosophy of the Am9513 is based on the 

use of general-purpose counters that can be controlled in 

various ways to produce the functions desired. Broadly, use 

of the counters falls into two classic categories: (a) count 

accumulation, and (b) frequency division. 

In the first case, the counter simply accumulates a 

count of transitions that occur on its input. An output that 

indicates the zero state of the counter would be of only 

incidental interest. The counter value should be available 

at any time to the associated CPU or it might be compared with 

some independent value. The accumulated count might be 

modified or the counter input conditioned by various controls, 

including hardware and software gating functions: in any 

event, in these types of applications, it is the value of the 

actual count that is of interest. 

In the case of frequency division, on the other hand, 

it is an output waveform that is of interest and the counter 

input information may be incidental. With an output signal 

that indicates the zero state of the counter, selection of the 

effective length of the counter and the input frequency are 

controlled to provide the desired output frequency. 

Additional controls may allow various types of output 

waveforms to be generated from the base output frequency, but 

the actual counter value will usually not be of direct 

interest. 

The Am9513 has been designed to handle effectively both 

modes of operation, even intermixed on the same chip. 

instances, of course, both types of counter usage 

combined to provide the desired function. 

In many 

wi 11 be 

1 from Advanced Micro Devices: Am9513A/Am9513 System Timing 

Controller Technical Manual (1984), Chapter 1. 
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FUNCTIONAL DESCRIPTION 

The Am9513 System Timing Controller (STC) is a support 

device for processor oriented systems that is designed to 

enhance the available capability with respect to counting and 

timing operations. It provides the capability for 

programmable frequency synthesis, high resolution programmable 

duty cycle waveforms, retriggerable digital timing functions, 

time-of-day clocking, coincidence alarms, complex pulse 

generation, high resolution baud rate generation, frequency 

shift keying, stop-watching timing, event count accumulation, 

waveform analysis and many more. A variety of programmable 

operating modes and control features allow the AM9513 to be 

personalized for particular applications as well as 

dynamically reconfigured under programme control. 

The STC includes five general-purpose 16-bit counters. 

A variety of internal frequency sources and external pins may 

be selected as inputs for individual counters with software 

selectable active-high or active-low input polarity. Both 

hardware and software gating of each counter is available. 

Three-state outputs for each counter provide either pulses or 

levels. The counters can be programmed to count up or down in 

either binary or BCD. The accumulated count may be read 

without disturbing the counting process. Any of the counters 

may be internally concatenated to form an effective counter 

length of up to 80 bits. 

The Am9513 block diagrams (figures A8.1, A8.2 and A8.3) 

indicate the interface signals and the basic flow of 

information. Internal control lines and the internal data bus 

have been omitted. The control and data registers are all 

connected to a common internal 16-bit bus. The external bus 

may be 8- or 16-bi ts wide; in the 8-bi t mode the internal 

16-bit information is multiplexed to the low order byte of the 

data bus. 

An internal oscillator provides a convenient source of 

frequencies for use as counter inputs. The oscillator's 

frequency is controlled at the X1 and X2 interface pins by an 

external reactive network such as a crystal. The oscillator 

output is divided by the Frequency Scalar to provide several 
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SOURCE I·S -------------------+----; 
GATE I·S -------------------7--, 

Xl-----1 

Wl!--
Jm--
C/0---

~---'--------' 

Figure A8.1: General block diagram for an Am9513 STC. 

MOS·141 

A8.3 

MOS·IGi 

MOS·1~2 

Figure A8.2: Counter logic 

groups 1 and 2. 

Figure A8.3: Counter logic 

groups 3, 4 and 5. 

sub-frequencies. One of the scaled frequencies (or one of ten 

input signals) may be selected as an input to the FOUT divider 

and then comes out of the chip at the FOUT interface pin. 

The STC is addressed by the external system as two 

locations: a Control port and a Data port. The Control port 

provides direct access to the Status and Command registers, as 

well as allowing the user to update the Data Pointer register. 
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The Data port is used to communicate with all other 

addressable internal locations. 

controls the Data port addressing. 

The Data Pointer register 

Among the registers accessible through the Data port 

are the Master Mode register and five Counter Mode registers, 

one for each counter. The Master Mode register controls the 

programmable options that are not controlled by the Counter 

Mode registers. 

Each of the five general-purpose counters is 16-bi ts 

long and is independently controlled by its Counter Mode 

register. Through this register a user can software select 

one of 16 sources as the counter input, a variety of gating 

and repetition modes. up or down counting in binary or BCD and 

active-high or active-low input and output polarities. 

Associated with each counter are a Load register and a 

Hold register, both accessible through the Data port. The 

Load register is used to automatically reload the counter to 

any predefined value, thus controlling the effective count 

period. The Hold register is used to save count values 

without disturbing the count process, 

processor to read intermediate counts. 

permitting 

In addition. 

the host 

the Hold 

register may be used as a second Load register to generate a 

number of complex output waveforms. 

All five counters have the same basic control logic and 

control registers. Counters 1 and 2 have additional Alarm 

registers and comparators associated with them, plus the extra 

logic necessary for operating in a 24-hour time-of-day mode. 

For real-time operation the time-of-day logic will accept 

50Hz, 60Hz or 100Hz input frequencies. 

Each general counter has a single dedicated output pin. 

It may be turned off when the output is not of interest or may 

be configured in a variety of ways to drive interrupt 

controllers, Darlington buffers, bus drivers, etc. The 

counter inputs, on the other hand, are specifically not 

dedicated to any given interface line. Considerable 

versatility is available for configuring both the input and 

the gating of individual counters. This not only permits 

dynamic reassignment of inputs under software control, but 

also allows multiple counters to use a single input and allows 

a single gate pin to control more than one counter. Indeed, a 



THE AMD Am9513 SYSTEM TIMING CONTROLLERS A8.5 

single pin can be the gate for one counter, and, at the same 

time, the count source for another. 

A powerful command structure simplifies user 

interaction with the counters. A counter must be armed by one 

of the ARM commands before counting can commence. Once armed, 

the counting process may be further enabled or disabled using 

the hardware gating faci 1 i ties. The ARM and DISARM commands 

permit software gating of the count process in some modes. 

The LOAD command causes the counter to be reloaded with 

the value in either the 

associated Hold register. 

retrigger or as counter 

hardware gating. 

associated Load register or the 

It will often be used as a software 

initialization prior to active 

The DISARM command disables further counting 

independent of any hardware gating. A disarmed counter may be 

reloaded using the LOAD command, may be incremented or 

decremented using the STEP command, and may be read using the 

SAVE command. A count process may be resumed using an ARM 

command. 

The SAVE command transfers the contents of a counter to 

its associated Hold register. This command will overwrite any 

previous Hold register contents. The SAVE command is designed 

to allow an accumulated count to be preserved so that it can 

be read by the host CPU at some later time. 

Two combinations of the basic commands exist to either 

LOAD AND 

counters. 

ARM or to 

Additional 

DISARM AND SAVE any 

commands are provided 

combination 

to: step 

of 

an 

individual counter by one count; 

toggle; issue a software reset; 

in the Master Mode register; 

register. 

set and clear an output 

clear and set special bits 

and load the Data Pointer 

Note: Separate LOAD and ARM commands should be used for 

asynchronous operations. 

OUTPUT CONTROL 

Counter mode bits CMO through CM2 specify the output 

control configuration. Figure A8.4 shows a schematic 

representation of the output control logic. The OUT pin may 
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COUNTER 
TCOUTPUT 
---..---<:ll> CP 

TC CONNECTION 
TON + 1 COUNTER 

CLEAR 

2:1 
MUX 

TC/TC ToGGLE 
SELECT 

,------l 
I I 
I I 

2: 1 
MUX 

OUTPUT LOW 
SELECT CONTROL 

I COMPARATOR I POLARITY 

L-OUTP~---.J CONTROL 

COUNTERS I AND 2 ONLY 

OUTPUT 

OUTPUT OFF 
HIGH Z CONTROL 

MOS·502A 

Figure A8.4: Output control logic. 

be off (a high impedance state), or it may be inactive with a 

low impedance to ground. The three remaining valid 

combinations represent the active High, active Low or TC 

Toggle output waveforms. 

One output form available is called Terminal Count (TC) 

and represents the period in time that the counter reaches an 

equivalent value of zero. TC wi 11 occur on the next count 

when the counter is at 0001 for down counting, at 9999 (BCD) 

for BCD up counting or at FFFF (hex) for binary up counting. 

Figure A8.5 shows a Terminal Count pulse and an example 

context that generated it. The TC width is determined by the 

period of the counting source. Regardless of any gating input 

or whether the count is Armed or Disarmed, the terminal count 

will go active for only one clock cycle. Figure A8.5 assumes 

active-high source polarity, counter armed, counter 

decrementing and an external reload value of K. 

TC OUTPUT 

TC~~~ ----------'rf ~1--f ---' 
Figure A8.5: Counter output waveforms. 
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The counter will always be loaded from an external 

location when TC occurs; the user can choose the source 

location and the value. If a non-zero value is picked, the 

counter will never really attain a zero state and TC will 

indicate the counter state that would have been zero had no 

parallel transfer occurred. 

The other output form, TC Toggled, uses the trailing 

edge of TC to toggle a flip-flop to generate an output level 

instead of a pulse. The toggle output is 1/2 the frequency of 

TC. The TC Toggled output will frequently be used to generate 

variable duty-cycle square waves in Operating Modes G through 

K. 
In Mode L the TC Toggled output can be used to generate 

a one-shot function, with the delay to the start of the output 

pulse and the width of the output pulse separately 

programmable. With selection of the minimum delay to the 

start of the pulse, the output will toggle on the source pulse 

following application of the triggering Gate edge. 

COUNTER MODE DESCRIPTIONS 

Bits within the counter mode register select the 

operating mode for each counter. To simplify references to a 

particular mode, each mode is assigned a letter from A through 

X. Representative wave£ orms for the counter modes used in 

this detector are illustrated in figures A8.6 through A8.10. 

The figures assume down counting on rising source edges. 

Those modes which automatically disarm the counter are shown 

with the WR pulse entering the required ARM command; for modes 

which count repetitively the ARM command is omitted. The 

retriggering mode Q is shown with one retrigger operation. 

Both a TC output waveform and a TC Toggled output waveform are 

shown for each mode. The symbols L and H are used to 

represent count values equal to the Load and Hold register 

contents, respectively. The symbols K and N represent 

arbitrary count values. These figures are designed to clarify 

the mode descriptions; the Am9513 Electrical Specification 

should be used as the authoritative reference for timing 

relationships between signals. Appendix B providces a key to 
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the waveform symbols used in these diagrams. 

To keep the following mode descriptions concise and to 

the point, the phrase "source edges" is used to refer to 

active-going source edges only, not to inactive-going edges. 

Similarly, the phrase "gate edges" refers only to active-going 

gate edges. Also, again to avoid verbosity and euphuism, the 

descriptions of some modes state that a counter is stopped or 

disarmed "on a TC, inhibiting further counting". As is fully 

explained in the TC section of this document, for these modes 

the counter is actually stopped or disarmed following the 

active-going source edge which drives the counter out of TC. 

In other words, since a count in the TC state always counts, 

irrespective of its gating or arming status, the stopping or 

disarming of the count sequence is delayed until TC is 

terminated. 

MODE D 

Rate Generator with No Hardware Gating 

SOURCE AJ\1\J\ 
COUNT~2 
VALUE~ 

TCOUTPUT ~Ji-----1/\'-----
TC T~~~~~~ ____ -Jx~.... __ ...,;~-: _____ ...~x ..... __ _ 

MOS-591 

Figure A8.6: STC mode D waveforms. 

Mode D, shown in figure A8.6, is typically used in 

frequency generation applications. In this mode, the Gate 

input does not affect counter operation. Once armed, the 

counter will count to TC repetitively. On each TC the counter 

will reload itself from the Load register; hence the Load 

register value determines the time between TCs. 

rate generator may be obtained by specifying 

output mode in the Counter Mode register. 

A square wave 

the TC Toggled 
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MODE G 

Software-Triggered Delayed Pulse One-Shot 

SOURCE AAJ\f\_{\J\_f\J\ 

COUNT ---L---~ __ v-:-:2~2 VALUE ~~ L- f 

OUTP~~ --------;i-------'n'-----111-1 ---...Jn\... __ _ 
TCT~~~~~~ --------;l---------'x'----1::,_ _____ ...Jx\... __ _ 

Wli ~ t;;;;;""' 
v~~~MAND 

Figure A8.7: STC mode G waveforms. 

A8.9 

MOS-594 

In Mode G, shown in figure A8.7, the Gate does not 

affect the counter's operation. Once armed, the counter will 

count to TC twice and then automatically disarm itself. For 

most applications, the counter will initially be loaded from 

the Load register either by a LOAD command or by the last TC 

of an earlier timing cycle. Upon counting to the first TC, 

the counter will reload itself from the Hold register. 

Counting will proceed until the second TC, when the counter 

will reload itself from the Load register and automatically 

disarm itself, inhibiting further counting. Counting can be 

resumed by issuing a new ARM command. A software-triggered 

delayed pulse one-shot may be generated by specifying the TC 

Toggled output mode in the Counter Mode register. The initial 

counter contents control the delay from the ARM command until 

the output pulse starts. The Hold register contents control 

the pulse duration. 

MODE I 

Hardware-Triggered Delayed Pulse Strobe 

Mode I, shown in figure A8.8, is identical to Mode G, 

except that counting will not begin until a Gate edge is 

applied to an armed counter. The counter must be armed before 

application of the triggering Gate edge; Gate edges applied 

to a disarmed counter are disregarded. An armed counter will 
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start counting on the first source edge after the triggering 

Gate edge. Counting wi 11 then proceed in the same manner as 

in Mode G. After the second TC, the counter wi 11 disarm 

itself. An ARM command and Gate edge must be issued in this 

order to restart counting. Note that after application of a 

triggering Gate edge, the Gate input will be disregarded until 

the second TC. This differs from Mode H. where the Gate can 

be modulated throughout the count cycle to stop and start the 

counter. 

SOURCE JVVV\/VVV\ 
GATE~ 

COUNT 
L- t '12//:iX~J:~IZ~~ L- 1 VALUE 

TC 

~I 1\ OUTPUT 

TCTOGGLEO : x=:: X OUTPUT 

iVA v 
ARM 

COMMANO MOS-596 

Figure AS.S: STC mode I waveforms. 

MODE J 

Variable Duty Cycle Rate Generator with No Hardware Gating 

SOURCE JVVV\(VV\1\J\ 
~~~ -~.tr~~rJ:~:R:~:12 

O~P~~J~------~1\~----~~~~------~n~-------

TCT~~~ _ ___,X~----j:;~ -----!X'--~::~ _ ___.X~-

Figure AS.9: STC mode J waveforms. 

MOS-597 

Mode J, shown in Figure A8.9, will find the greatest 

usage in frequency generation applications with variable duty 
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cycle requirements. Once armed, the counter will count 

continuously until it is issued a DISARM command. On the 

first TC, the counter will be reloaded from the Hold register. 

Counting will then proceed until the second TC at which time 

the counter will be reloaded from the Load register. Counting 

will continue, with the reload source alternating on each TC, 

until a DISARM command is issued to the counter. (The third 

TC reloads from the Hold register, the fourth TC reloads from 

the Load register, etc.). A variable duty cycle output can be 

generated by specifying the TC Toggled output in the Counter 

Mode register. The Load and Hold values then directly control 

the output duty cycle, with high resolution available when 

relatively high count values are used. 

MODE Q 

Rate Generator with Synchronization (Event Counter with 

Auto-Read/Reset) 

SOURCE J\_f\_f\_f\ 
GATE \_/ 

O~P~~~----------------------if------~;---\~---------
TCT~~~--------~X~----~;f'f----------------------~~----------JX~----------

Figure A8.10: STC mode Q waveforms. 

Mode Q, 

generator with 

auto-read/reset. 

shown in figure 

synchronization or 

The counter must 

command before counting can occur. 

MOS~2 

AS. 10, provides a rate 

an event counter with 

first be issued an ARM 

Once armed, the counter 

will count all source edges which occur while the Gate is 

active and disregard those edges which occur while the Gate is 

inactive. This permits the Gate to turn the count process on 

and off. After the issuance of an ARM command and the 

application of an active Gate, the counter will count to TC 

repetitively. On each TC the counter will reload itself from 
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the Load register. The counter may be retriggered at any time 

by presenting an active-going Gate edge to the Gate input. 

The retriggering Gate edge will transfer the contents of the 

counter into the Hold register. The first qualified source 

edge after 

contents of 

resume on 

retriggering 

the retriggering Gate edge will transfer the 

the Load register in the Counter. Counting will 

the second qualified source edge after the 

gate edge. Qualified source edges are 

active-going edges which occur while the Gate is active. 
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A13.1 

APPENDIX THIRTEEN 

PROGRAMME BSY3SNSE LISTING 

PROGRAt1 BSY38NSE <Input, Output, Auxout> ; 
C This programme calculates the noise voltage amplitude from a OSY30 ) 
C transistor after it has had both the transfer function of a differentiator> 
(with a stabilizing pole applied to it, and the transfer function of a ) 
( low-pass filter. These three time constants are asked for, and the lower ) 
(and upper 1 imits of the noise bandwidth. The integration is performed ) 
( using the trapezium rule, and so the number of divisions into which each ) 
< frequency decade is divided for that integration is also entered. ) 
CONST 

PI == 3. 1 415926 
ESC = ff$18 
CR = #$00 
LF = #$0A 
NULL= ff$00 

VAR 
TL, TO, TS 
H ' w ' W2 
LE, HE, NE 
ND, D D ' 
A ' 8 c ' 

N 
IR 

F0, F BC, CC 
HINP LONP 
SUt11 SUM2 
NOISE TF2 
TEMP DEN1 

BEGIN 
C$I+,C+,R+) 

REAL 
REAL 
INTEGER 
INTEGER 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 

wl'iteln(ESC,'EBSY 38 NOISE CALCULATIONS.' ,LF) ; 
writeC'What is the Low-pass filter time constant ? '); 
readln<TU; 
writeC'What is the differentiator time constant ? '); 
readl n<TD); 
writeC'What is the stabilizing pole time constant?'); 
readl n<TS); 
write l n; 
writeC'What is the exponent of the lower frequency bound ? '); 
readl n<LE); 
writeC'What is the exponent of the higher frequency bound?'); 
readln<HE); 
write<'How many integrating elements per frequency decade?'); 
readl n<NE); 
write<LF,'Calculating ••• '); 
SUM! := 0 ; 
ND := HE - LE : 
LONP := 4.9E-09 * 7.656E+07 
HINP := 4.9E-18 * 7.656E+07 
B := TD + TS 
C := TS + TL 
BC := B * C 
cc := c * c 

(continued) 



PROGRAMME BSY38NSE LISTING 

FOR D := 1 TO ND DO 
BEGIN 

SUM2 := 0 
F0 := 10••<LE-l+D) 
H := 9*FO/NE 
FOR N := 1 TO NE DO 

BEGIN 
F := F0 + H*<N-0.5) 
W := 2•PI*F i 
W2 := tv•W 
IF F0 * 1 0 > 1 0 

THEN 
IR := HINP 

ELSE 
I R := LONP/F 

A := 1 - W2•TS•TL 
DEN1 := A*A + W2•CC 1 
TEMP := SQRCA+W2*8C)/DEN1 + SQRCB•A-C)/DEN1•W2 
TF2 := TEI'1P / DEN! 
SUM2 := SUM2 + IR * TF2 

END; 
SUM1 := SUMl + H•SUt'12 

END; 
NOISE := SQRTCSUMl>; 
wr i teCauxou t ,ESC, 'c1' ,NULL ,ESC 1 'L008' ,CR); 
writeln<auxout,'The following result is the r.m.s. voltage noise', 

'across a'>; 
writelnCauxout,'BSY 38 tra.nsistor while a.t a. temperature of -130', 

' celcius,')J 

Al3.2 

writeln<a.uxout,'due to the current noise of a.n LM 334 current source'); 
writelnCauxout,'bia.sing the BSY 38 with a. 100 microamp constant current.'); 
writeln<auxout>; 
writelnCauxout,'The noise is that which passes the response window'); 
writelnCauxout,'of a. network comprising the sum of ,a. low-pass filter'>; 
writeln(a.uxout,'a.nd that filter followed by a. differentia.tor with a.'); 
writeln<a.uxout,'high frequency pole for stabilization. The rela.va.nt'>; 
writelnCa.uxout,'time constants are:'); 
writelnCauxout>; 
writelnCauxout,' 
writelnCauxout,' 
writelnCauxout,' 
writelnCauxout,LF); 

Low-pass fi 1 te!"'s time constant :• ,TL:5:2); 
Differentiators time constant :',TD:5:2); 
Stabilizing pole time constant :',TS:5:2); 

writeln<a.uxout,' *********X************************'>; 
writelnCauxout,' Voltage Noise =',NOISE:7:3 1 ' microvolts'>; 
writeln(a.uxout,' **********************************'>; 
writeln<a.uxout,CR,LF>; 
writeln<auxout,'This result was calculated using the trapezium rule for'); 
writeln(auxout 1 'the integration. The frequency range for the integra.tion'); 
writeln(auxout,'was between 10 • ',LE:2,' and 10 • ',HE:l,' hertz, and', 

'each frequency'); 
wr i tel n<a.uxou t 1 'decade was divided in to' ,NE :3 1 ' in tegr·a t i ng elements. • >; 
writeln<auxout,ESC,'c1' 1NULL>; 
writelnC'Finished.') 

END. 



A14. 1 

APPENDIX FOURTEEN 

PROGRAMME TC_8TP_R LISTING 

PROGRAt1 Step respons.e <INPUT, OUTPUT ,ALIXOUT) ; 
(This proqramme calculates the response of a temperature controller to a } 
<unity amplitude input step in its reference temperatur·e. ) 
( INPUT the servo loop time constants : TB,TH,TS,TL, and TT. ) 
(You are then given the critical qain and frequency. ) 
(Now choose your amplifier gain. } 
(Also choose the first. final, and increments in time for the response ) 
< curve. Lastly choose the fractional accuracy you want the data to have, ) 
<and the number of times each point must settle to that accuracy befor& l 
( the summation is terminated. ) 
CONST 

PI = 3.1415926 
CR = #$00 
LF = #$0A 
ESC= #$18 
NULL= tl$00 

VAR 
TB,TH,TS,TL,TT REAL 
TO,DT,MT,RF,AC REAL 
G ,NO,FC,CO,CG REAL 
T ,N ,SM,ER,TP REAL 
TM,TN,B ,E ,F REAL 
RE,IM,W ,W2,QU REAL 
OC,CP,LP,TF,LS REAL 

BEGIN 
wri telrt(ESC, 'E', 'CRITICAL PARAMETER CALCULATIONS' ,LF); 
write('What is the blocks time constant ? '); 
readln<TB) ; 
write<'What is the heaters time constant ? '); 
read! n<TH> ; 
write<'What is the Lc•vJ-pass time constant?'); 
read! n<TU ; 
write<'What is the Differentiators Stabilizinq time constant?'); 
readln<TS) ; 
write('What is the thermometer time constant?'); 
read! n <TT> ; 
CO:=<TB+TH+TS+TL)/(TB*TS*TL t TH*TS~TL + TB*TH*TS + TB*TH*TL>; 
FC:=SQRT<C0)/(2*PI>; 
CG:=CO*<TB*<TH+TS+TL>+TH*<TS+TL)+TS*TL)-CO*CO*TB*TH*TS*TL-1 
writeln<LF,'The critical ~ain is ',CG:-8:2>; 
writeln<'The critical frequency is ',FC:-8:5>; 
write<LF,'What will >'our amplifier gain be?'); 
readl n<G> ; 
wr· i t e 1 n C LF, 'THE FOLLOWING PARAMETERS SF'ECI FY THE RESPONSE CURVE. ') ; 
write(LF,'What is the initial time wanted on the curve?'); 
readl n(T0) ; 
writeC'What time increments are wanted alonq the curve?') ; 
readln<DT>; 
write<'What is the maximum time wanted on the curve ? '); 
r ea d 1 n < MT> ; 
writeC'What is the repetition frequency of the input step wave ? '>; 
readlnCRF> ; 
write<'What fractional accuracy shall the data points settle to?'); 
read! n <AC) 
writeC'How many times shall they settle before beinq accepted ? '>; 
readlnCNO) 

(continued} 



PROGRAMME TC_STP_R LISTING A14.2 

write<auxout,ESC,'CI',NULL,ESC,'L007'>; 
~>Jriteln<auxout,'The table below numerates the response of a temperature'>; 
writelnCauxout,'controller to a unity step in its reference temperature.'); 
writeln<auxout,'The constant within the servo loop are as follows:'); 
write<auxout,LF,LF,' Cooling Block time constant : '); 
writeln(auxout,INTEGER<TB>:4>; 
write(auxout,' Heater Response time constant I ) j 

writeln<auxout,TH:-5:2>; 
write<auxout,' Thermometer time constant . ) ; 

writeln(auxout,TT:-5:2>; 
write(auxout,' Low-pass Filters time constant . ) ; 
writeln<auxout,TL:-5:2>; 
write<auxout,' Stabilizing Pole time constant I ) ; 

writelnCauxout,TS:-5:2>; 
write(auxout,• Amplifier Gain I ) j 

write <auxout,G:-6:1,CR,LF,LF,LF>; 
writeln<auxout,' ***************X~****X~************'>; 
writeln<auxout,' The Critical Gain is= ',CG:-8:2>; 
writeln<auxout,' The Critical' Fr·eq. is= ',FC:-8:4); 
writeln<auxout,' ***********************************'>; 
write Cauxout,LF,LF); 
wr i t e 1 n <au x ou I , ' 
writeln<auxout,' 
writeln<auxout,• 
writeln(auxout>; 
T := T0 ; 
REPEAT 

N := 0 ; 
SM:=0 
ER:=l 
OC:=0 
QU:=e 
CP:=1 ; 
REPEAT 

W := 2*PI*C2*N+1)*RF 

****** 
Time 

****** 

*************'); 
Temperature '); 

*************'>; 

W2 := W*W ; 
RE:=1-W2*<TB*TH+TS*TL)+W2*W2*TB*TH*TS*TL-W2*<TB*TS+TH*TS+TB*TL+TH*TL); 
IM:=W*<TB+TH+TS+TL)-W*W2*<TB*TS*TL+TH*TS*TL+TB*TH*TS+TB*TH*TL>; 
B:=W*TT~ 
E:=G+RE; 
F:=IM ; 
TF:=G * SQRTCSQR(E+B*F)+SQR(B*E-F)) / <E*E+F*F); 
LP:=CP ; 
CP:=ARCTAN<<B*E-F)/(E+B*F)); 
IF CP > LP 

THEN 
QU := QU-1 

TP:=QU*PI+CP ; 
LS:=SM ; 
SM := SM+TF*SIN<W*T+TP)/(2*N+1) 
ER := ABS((SM-LS)/SM> 
IF ER < AC 

THEN 
OC:=OC+ 1 

ELSE 
OC:=0; 

N:=N+l 
UNTIL OC = NO ; 
TM:=0.5+2/PI*SM; 
wr·iteln<auxout,' ',T:5:1,' ',TM:8:5>; 
T := T+DT 

Ut--lTIL T > MT 1 
writeln(auxout>; 
write Cauxout,'The step repetition frequency used was '>; 
writeln(auxout,RF:-6:4,' hertz'>; 
writeln<auxout,'and each oi the data points settled to a fractional'); 
write (auxout,'accuracy of ',AC:-6:4); 
writeln<auxout,' a total of ',INTEGER(N0):2,' times sequentially'); 
writeln<auxout,'before they were accepted.'); 
write<auxout,ESC,'cl',NULL) 

END. 
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