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ABSTRACT: Popular GaAs FET large-signal drain conduction current models depend only on instantaneous 
terminal voltages, and ignore important phenomena that result in low frequency dispersion. To be valid at 
microwave frequencies, both the dc and time-varying components of current must be accurately modelled. This 
paper proposes a GaAs FET drain current model, which includes rate-dependent body and thermal effects, and 
therefore has the capability to accurately predict both the dc and time-varying components of drain current. Further, 
this model is particularly suited to harmonic balance simulation of microwave circuits. 

1. INTRODUCTION 

The accuracy of the GaAs FET large-signal drain 
conduction current model has a significant effect 
on the accuracy of large-signal simulations of 
microwave circuits. It is well known that the 
drain conduction current is both voltage and 
temperature dependent. Temperature dependence 
is important as power dissipated by the FET, 
along with finite thermal resistance, results in 
significant channel heating. 

Many of the physical processes that govern 
the drain conduction current (eg. body effect and 
surface states) have time-constants of order 
milliseconds and can only track slowly varying 
voltages. Likewise, due to significant thermal 
mass, the thermal time-constant is of the order of 
milliseconds and hence the channel temperature 
can only track a slowly varying power 
dissipation. These rate-dependent phenomena 
manifest themselves as the so called low 
frequency drain current dispersion. In the 
context of operation at microwave frequencies: 
the channel temperature can only respond to the 
dc power dissipation; whilst the body effect 
consists of a component that can only respond to 
dc voltages, and another to rf voltages. 

In summary, for microwave circuits, the FET 
drain current may be written as a function of the 

instantaneous FET tenminal voltages, their time- 
averages, and the time-average FET power 
dissipation. Hence the waveforms of the FET 
terminal voltages and the instantaneous power 
dissipation must be considered. 

Popular drain current models described in 
the literature [1][2,][3] are dependent only on 
instantaneous terminal voltages, and as they are 
derived from dc measurements, they fail to 
account for the low frequency dispersion, thereby 
resulting in modelling inaccuracy at RF and 
microwave frequencies. To resolve this problem, 
it has been proposed that the drain current 
nonlinearity parameters should be either 
extracted from pulsed IN measurements [4] or 
large-signal RF measurements [5 ] .  However, 
models derived in this manner will fail to 
accurately predict the dc drain current, hence dc 
power dissipation. 

Recent microwave FET models [6]-[8], 
which have concentrated on accurate prediction 
of both the rf and Idc components of drain 
current, do not explicitly account for rate- 
dependent effects. Rather, they essentially 
resolve the drain current into two components: a 
dc model based on dc measurements, and an RF 
model derived from the bias behaviour of small- 
signal g, and go obtained from microwave s- 
parameters at numerous bias points. The models 
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by Rizzoli et al [6] and Filicori et al [7] are 
temperature dependent. In the case of Rizzoli et 
a1 [6], the temperature is assumed time 
dependent and hence is aimed at simultaneous 
electro-thermal simulation. On the other hand, 
Filicori et al[7] calculate the time-average power 
dissipation. Kompa [8] does not explicitly 
account for thermal effects. Parker [9] proposes 
a model, that explicitly models rate-dependent 
thermal and body effects. However, Parker's 
model is aimed at large-signal SPICE simulation 
requiring calculations to begin from circuit start- 
up, and hence is inefficient for large-signal 
steady-state simulation. 

It is therefore the purpose of this paper to 
propose a dispersive drain current model which 
provides accurate predictions of both the dc and 
time-varying components of the drain current at 
microwave frequencies. The features of the 
proposed model are: highly suited for harmonic 
balance simulators, is based on a popular drain 
current models, and rate-dependent effects are 
explicitly accounted for. 

2. DRAIN CURRENT MODEL 

It is assumed that the waveforms vGs(t) and 
vDs(t) are both periodic and their periods are 
small compared to the time constants associated 
with the body effect and self-heating. Thus the 
model will only be valid at dc and at RF 
frequencies above say IMHz, which is sufficient 
for most RF and microwave applications. For 
the sake of convenience, let the vector V(t) equal 
[V,,(t) , VDs(t) IT and the vector V, equal 
[VGso VDSOIT, where VGso and vDs0 are dc 
components (time-averages) of vGs(t) and VDs(t) 
respectively. 

The rate-dependent body effect is based on 
Parker's body effect model [9]: 

where both the second and third terms can 
respond to the dc bias. Only the third term can 
respond to rf voltages and is zero under static 
conditions. 

The isothermal drain current model is based 
on the Statz transfer characteristic [3], and the 
Parker subthreshold model [9]: 

. . . (2a) 
where: 

v,(v(t)lv@) 

. . . (2 b) 

and the model constants a, p, A, and b are 
described by Statz et al[3], and U is described by 
Parker [9]. This model is only valid when the 
channel temperature is maintained at absolute 
ambient temperature, To. 

As stated earlier, the channel temperature 
can only track the time-average power 
dissipation which is given as the product of the 
time-averages of both the drain voltage and drain 
current. The most significant consequence of 
channel heating in GaAs FETs is decrease of the 
electron saturation velocity, which will in turn 
cause the saturation drain current to decrease. 
Under normal operating temperatures, the 
saturation velocity in GaAs is approximately 
inversely proportional to absolute temperature 
[ 101. Assuming that the channel temperature is 
proportional to the time-average dissipated 
power: 

where 6 is the thermal constant of the FET and 
IDSO is the dc component (time-average) of IDS. 
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It can be shown, that 6 is given by IWT, where 
& is the thermal resistance from the channel to 
ambient. This equation is similar to that used by 
Parker [9] except that the dc power dissipation is 
given by VDsoIDso. 

Equation 3 is implicit as the time average of 
IDS is required. However, in the steady-state 
regime under periodic excitation, one need only 
calculate time averages over one cycle. The 
steady-state time average of equation 3 gives 
IDSO: 

IDS0 ( lDS(v(t)p vO* IDSO) ) 
where the time-average is calculated over one 
period of V(t). Substituting into equation 3, and 
noting that the denominator of equation 3 is 
constant under steady-state conditions: 

- ( IDSh(V(t)S v,) ) 
IDS0 - 

+ ' VDSOIDSO 

of which the solution for IDSO is: 

IDm( v(t), v@) 

- - -' + d + "DSO( lDsb(v(t)S v o )  ) 
' 'DSO 

...( 4) 

Clearly, IDSO is both voltage and voltage 
waveform dependent. In a harmonic balance 
implementation, IDsiso is first calculated at each 
time step over ONE cycle, then its time average 
and hence IDSO is calculated, finally 1,s is 
calculated at each time step by dividing IDS&, at 
each time step by the term 1 + 6 v D s o  IDSO. 

For completeness, it follows in a similar 
manner, that with NO rf excitation present, the 
dc drain current is given by: 

IDS*(VO 1 

and will in general be different from IDSO for a 
given value of Vo. 

3. NUMERICAL EXAMPLE 

To illustrate the behaviour of the proposed 
model, the drain current was calculated and 
plotted for the following parameter values: a 

V,, = -1.9, A = 0.001, U = 0.1 and 6 = 0.15 
(non-isothermal case). Figure 1 and 2 
demonstrate the behaviour of the model for the 
isothermal and non-isothermal eases respectively. 
Superimposed on Figures 1 and 2 are the 
dynamic operating locus under class B 
operation (-x- line) with the gate voltage 
equal to -1.9 + 2.3 cos(ot), the drain bias 
voltage equal to 5 V, (and the load impedance is 
115 + j0 Q at the fundamental, and zero at dc 
and all other harmonics. 

= 2, p = 0.03, b = 0.2, ym = -0.01, ym = -0.08, 
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Figure 1. Isothermal drain current behaviour: 
DC (V, = 0, -0.5, -1.0, -1.5 V) - solid lines, Pulsed - 
dashedlines (V,= 0, -0.5, -1.0, -1.5 V), Class B operating 
locus ( -x-). 

Comparing the dc i/v characteristics (solid 
lines), the effect of a non-zero thermal resistance 
on the saturation region dc output conductance 
becomes apparent. In1 particular, depending on 
the value of thermal resistance, the dc output 
conductance can be negative as indicated in 
Figure 2. The pulsed idv characteristics (dashed 
lines) in both the iso-thermal or non-iso-thermal 
cases are virtually identical as the duty cycle is 
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small, thus power dissipated, and hence 
temperature rise, are small. Therefore the pulsed 
i/v characteristics predominantly reveals the rate- 
dependent body effect. 

It is interesting to note that the class B 
operating loci of the two cases differs only 
slightly, and again results from low average 
dissipated power under this condition. Such 
results would suggest that the rate-dependent 
body effect is more important than thermal 
effects in class B amplifiers. On the other hand, 
in class A amplifiers, due to higher average 
power dissipation, the operating loci could 
indeed show signifcant thermal effects. 
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figure 2. Non-isothermal drain current behaviour: DC 
(VGS = 0, -0.5, -1.0, -1.5 V) - solid lines, Pulsed - dashed 
lines (VGs = 0, -0.5, -1.0, -1.5 V), Class B operating locus 
( -x-). 

4. CONCLUSION 

This paper has proposed a GaAs FET drain 
conduction current model particularly suited for 
harmonic balance simulation of microwave 
circuits. This model explicitly accounts for rate- 
dependent thermal and body effects, and is based 
on a popular drain current model. It is envisaged 
that other popular drain current models may be 
modified in a similar manner. 
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