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Abstract - Large-signal dynamic modelling of III-V FETs 
cannot be simply based on de i/v characteristics, when accurate 
performance prediction is needed. In fact, dispersive phenomena 
due to self-heating and/or traps (surface state densities and deep 
level traps) must be taken into account since they cause 
important deviations in the dynamic drain current. 

In this paper, a recently proposed large-signal i/v measurement 
setup is exploited to extract an empirical model for low- 
frequency dispersive phenomena in microwave electron devices. 
This i/v model is then embedded into a microwave large-signal 
PHEMT model. Eventually, a Ka-band highly linear power 
amplifier, designed by Ericsson using the Triquint GaAs 0.25pm 
PHEMT process, is used for model validation. 

Excellent intermodulation distortion predictions are obtained 
with different loads despite the extremely low power level of 
IMD products involved. This entitles the proposed model to be 
also used in the PA design process instead of conventional load- 
pull techniques whenever the high-linearity specifications play a 
major role. 

Index Terms - FETs, Semiconductor device modeling, 
Nonlinear circuits, Nonlinear distortion, Intermodulation 
distortion. 

I. INTRODUCTION 

Accurate nonlinear modelling of III-V FETs for microwave 
circuit design should also account for low-frequency 
dispersive phenomena of the electrical characteristics due to 
deep level traps and surface state densities. Moreover, the 
long time constants associated with dynamic phenomena due 
to thermal effects are not always so much different from those 
associated with traps or surface states (typically from fractions 
to hundreds of microseconds). Consequently, dispersion due 
to traps cannot always be addressed separately from thermal 
phenomena due to power dissipation. All those phenomena 
cause considerable deviations between static and low 
frequency dynamic drain current characteristics’, which 
cannot be ignored when accurate nonlinear models are 
needed. Many efforts have been made by several research 

’ The “low-frequency” term is used here referring to the frequency 
range between the cutoff of dispersive phenomena and the lowest 
frequency where reactive effects, related to charge storage variations 
and finite transit times, cannot be further neglected. 

groups to take into account low-frequency dispersion both in 
mathematical and equivalent circuit models. 

In order to improve the prediction accuracy, some 
modelling approaches use pulsed i/v measurements, beside dc 
and small-signal data, for parameter identification. In fact, 
pulsed measurement systems allow, in theory, for a better 
low-frequency dispersion characterisation involving large- 
signal dynamic operation. In practice, besides requiring 
special-purpose setups, the application of narrow voltage 
pulses presents some drawbacks. For example, a critical point 
is related to the extremely wide spectrum of the pulsed- 
waveform. As a matter of fact, the actual accuracy achievable 
by pulsed measurement systems seems to be inadequate to 
provide very accurate models, especially when 
intermodulation distortion prediction capabilities at very low 
power levels are involved. 

GENERATOR 

Fig. 1. The proposed large-signal measurement setup. 

As an alternative to pulsed characterisation, a large signal i/v 
measuring system has been recently presented [I], where 
device operation is kept very similar to that involved in typical 
microwave circuits: large-signal sinusoidal or distorted 
sinusoidal regime. In fact, as can be seen in Fig. 1, the DUT is 
simply excited by a large-signal low frequency sinusoidal 
voltage source with 50 R internal impedance. Moreover, the 
device is loaded by selectable resistive impedances, while a 
digital sampling oscilloscope allows for the acquisition of the 
waveforms at the transistor ports. Full automatic remote 
controlling software through a standard IEEE488 interface 
was developed in order to “dynamically reach”, with peak 
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values (maximum or minimum) of the input and output device 
voltage waveforms, an arbitrary grid over the (v,, vd) domain 
PI. 

In Section II it is shown how measurements carried out with 
the proposed instrumentation can be efficiently exploited for 
the identification of an innovative device model suitable for 
operation at frequencies above the cut-off of the dispersive 
phenomena. In Section III, the validation of the model at 
microwave frequencies is addressed, in conjunction with a 
non-quasi-static large-signal model, namely the Nonlinear 
Discrete Convolution (NDC) model 12-31. Intermodulation 
prediction of a PHEMT-based highly linear power amplifier at 
Ka-band, designed and realized by Ericsson Lab Italy, is 
chosen as the most appropriate test case. 

II. LOW-FREQUENCY I/V PHEMT MODELLING 

In microwave circuit HB analysis the lowest RF spectral 
component to be considered is usually well above the cut-off 
frequencies associated with dispersive phenomena. Under 
such condition, any possible set of state variables x used to 
describe the “slow” dynamic phenomena associated with traps 
is practically coincident with its dc value &. The same 
consideration is obviously valid for the channel temperature 
S(t) g &, which in the context of circuit-design-oriented 
modelling is assumed to be uniform along the channel. Thus, 
at frequencies above the cut-off of dispersive phenomena, but 
low enough to neglect microwave reactive effects due to 
junction charge storage or transit times, the drain current of a 
III\V FET can be expressed in the form: 

(1) 

where F is a purely algebraic nonlinear function, while v,(t) 
and vd(t) are the instantaneous voltages applied to the device 
ports. 

The vector & of the dc components of the state variables 
associated with the traps is here assumed as only dependent 
on the mean values V,O, V~O of the external voltages v,(t) and 
vd(t), as in 141. Moreover, the junction temperature 80 is 
considered as linearly dependent on the average dissipated 
power under dynamic conditions PO, i.e.,: do = Be + RgPo, 
where & is the case (or substrate) temperature and & is the 
device thermal resistance. On this basis, the following low 
frequency dynamic (above cut-off) drain current model is 
adopted here: 

4(“)=I’.Dc(~~(f)~~d(~)~~:f+fb’j~~(~)~Vd(f))(~~(f)-l:b’O)+ (2) 

+fd {vg @)a vd (f)) ( vd (f) - VdO ) + J;g, {vg @)a vd (t,) 4s (ps (f) - 6 ) 

where: FDc is the static drain current characteristic at a 
constant reference case temperature dc*, p,(t) is a “quasi- 
static” term corresponding to the power that would be 
dissipated if v,(t), vd(t) were “slowly” time-varying voltages: 

Ps (t) = V,(t). FDc (Vg (t), v, ct)? @,I (3) 

and fg, fd, fee are three suitable look-up-table based parameter 
functions to be identified. 

The dynamic drain current model (2), which can be derived2 
from (1) after linearization with respect to V,O, Vdo, do and 
some algebraic manipulations, consists of the dc current 
component modified by means of three additive terms. These 
take into account the deviations between the static and the 
dynamic current due to traps and thermal effects. In particular, 
the three functions fg, fd fee can be related to the F(.j and 
PC(.) functions by the following relationships: 

fd =- 
aF(v, ct>? v, ct>? xo 3 Q, > - 

avdO * 

(4) 

(5) 

.fO‘ = - 
dFD” (Vs (t>> vd (t>> @, > 

3% d 
(6) 

A new formulation of the thermal model is adopted in (2) 
with respect to 141. In particular, the introduction of the “quasi 
static power” term p,(t) in (3) provides a model where the 
three dynamic additive terms become deviations of the 
measured instead of the (ideal) eyuithermul dc drain current 
component, as in 141. 

Differentiation of (2) with respect to v,(t) and vdt) around a . . . . generic bias condition (Vgo , V& leads to: 

where gmAC, gdAC, gmDC, gdDC represent the trans- and output- 
conductance under low-frequency (ac) and static (dc) 
conditions, while Ido is the static drain current. 

For each (vg ,vd) pair the three model functions fg, f,, fee are 
identified by minimizing the squared discrepancies between 
(2), (7), (8) and the corresponding dynamic measurements 
obtained under different operating conditions. In particular, 
large-signal low-frequency iJv data, obtained through the 
sinusoidal measurement setup [l], and small-signal low- 

2 The derivation of the dynamic current correction due to the 
trapping phenomena is given in 141. Instead, the derivation of the 
thermal correction in (2) has not yet been published. 
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frequency conductances obtained from a conventional VNA 
are considered here. Due to the linear dependence of 
parameters in model equations, the identification procedure 
can be carried out in closed form, avoiding nonlinear 
numerical optimisation techniques. 

III. EXPERIMENTAL RESULTS 

The low-frequency model presented in Section II was 
identified for a 0.25 pm Triquint GaAs PHEMT (W=(iOOym). 
The latter was then embedded into a non-quasi-static large- 
signal device model for micro- and millimetre-wave 
applications, the Nonlinear Discrete Convolution (NDC) 
model [2,3]. To this aim, the NDC model was identified on 
the basis of bias- and frequency-dependent S parameters 
measured up to 110 GHz. A three delays model structure was 
used, with TrYl = 1.8 ps. 

In order to evaluate the nonlinear, high-frequency prediction 
accuracy of the model, measurements of the third-order 
intermodulation product (interferer) to carrier ratio (I/C) were 
carried out at the frequency of 39.9 GHz (two tone 
displacement: 10 MHz; class-A operation: IdO = 60 mA, 
VdO = 6.5V) under different loading conditions. Simulation 
and measurement results are shown in Fig. 2 as a function of 
the output power. As can be seen, the model is in very good 
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agreement with measurements, despite the very low level of 
the IMD products required by the specific application. In the 
same figure, also the poor prediction capability obtained by 
using the purely static dc i/v characteristics instead of the low- 
frequency dynamic i/v model is shown. 

The prediction accuracy of the NDC model has been tested 
also by means of a highly linear power amplifier designed and 
realized by Ericsson with the 0.25 pm Triquint GaAs PHEMT 
process. The amplifier, namely the Ericsson PA38, works in 
the 37-40 GHz frequency range and was designed for point- 
to-point digital radios operating with high spectral efficiency 
modulation schemes (up to 128 QAM). Chip size is 5.2x3.2 
mm2. In Fig. 3 the amplifier layout is shown. The PA is 
composed on two branches coupled by means of Lange 
couplers. Each branch is composed of three amplification 
stages; the third amplifier stage is based on the PHEMT 
device whose intermodulation characteristics are shown in 
Fig. 2. The balanced structure ensures very good input and 
output return losses. The output loads were chosen adopting 
the following strategy. The last stage output loads were set to 
have the minimum IMD; the 2nd stage output loads were 
chosen as a trade-off between linearity and gain 
performances. This choice resulted in a slight degradation (1 
to 2 dBc) of the overall IMD performances. The first stage 
loads were chosen for maximizing the small signal gain. 
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Fig. 2. Third-order intermodulation product (Interferer) to Carrier ratio versus output power (Single Carrier Level) for the 0.2.5pm Triquint 
GaAs PHEMT at 39.9 GHz [Bias: IdO = 60 mA, VdO = 6.5 V, Load ZL = 10.718 + j”5.016 (left) ZL = 8.918 + j”5.090 (right), Source Zs = 3.45 ~ 
j* 1.281. Measurements (circles) are compared to predictions based on the NDC model [2] with embedded the new empirical model (solid line) 
and with the purely static dc I\V characteristic (dashed line). 

Measurements carried out on the Ericsson PA38 and 
simulations based on the PHEMT models extracted are 
compared here. In particular, the I/C ratio is shown in Fig. 4 
as a function of the output power, for two different bias 
conditions corresponding to A and AB class of operation. 
As can be appreciated, the simulations show an overall very 

good agreement with measurements confirming the high 
degree of prediction accuracy. In the same figure, also the 
poor prediction capability, due to the lack of the low- 
frequency dispersion modelling, obtained with the purely 
static I\V characteristics is shown. 
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Fig. 3. Layout of the Ericsson PA38 highly-linear power amplifier 

IV. CONCLUSION 

In this paper a new i/v empirical model for the 
characterization of low-frequency dispersive effects has 
been presented which exploits, in the identification phase, 
large-signal i/v measurements carried out with a recently 
proposed measurement system [ 11. 

The empirical model was embedded in a large-signal 
device model for micro- and millimetre-wave applications 
[2,3]. Intermodulation measurements were carried out at Ka 
frequencies on a single PHEMT device and on a MMIC 
highly linear power amplifier, demonstrating in both cases a 
very accurate agreement with model prediction. 
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Fig. 4. Interferer to Carrier ratio versus output power (Single Carrier Level) for the highly-linear power amplifier Ericsson PA38 at 38 GHz 
[Bias for the last stage: I dO = 600 mA (left), IdO = 450 mA (right)]. Measurements (circles) are compared to predictions based on the NDC 
model [2] with embedded the new empirical model (solid line) and with the purely static dc i\v characteristic (dashed line). 
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