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Computer Calculation of Large-Signal
GaAs FET Amplifier Characteristics

ANDRZEJ MATERKA AND TOMASZ KACPRZAK

Abstract — A simple and efficient method of GaAs FET amplifier anafy-

sis is presented. The FET is represented by its circuit-type nordinear

dynamic model taking into account the device’s main nonlinear effects

inclnding gate-drain voltage breakdown. An identification procedure for

extraction of the model parameters is described in detail and examples are

given. The cafcnlation of the arnplifkr response to a single-input harmonic

signal is performed using the piecewise harmonic balance technique. As

this teelnique is rather time-consuming in its origirraf form, the optimiza-

tion routine used to solve the network equations was replaced by the

Newton-Raphson algorithm. Characteristics calculated with the use of the

proposed method are compared with experimental data taken for a micro-

wave amplifier using a 2SK273 GaAs FET unit. Gad agreement at 9.5

GHz over wide ranges of bias voltage and input power levels are observed.

I. INTRODUCTION

T HE GaAs FET is receiving continuously growing at-

tention from circuit designers both in low-noise and

high-power applications. Particularly, the power FET is an

attractive device for use in microwave amplifiers and oscil-

lators with its efficiency and power performance compara-

ble or even superior to the other commercial solid-state or

TWT sources. On the other hand, the power FET has

received much less attention from researchers than its

low-noise counterpart and, still, there is a need for data on

device RF characterization at large-signal drive levels.
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Some efforts have been made to simulate the large-signal

GaAs MESFET performance based on the numerical solu-

tion of the two-dimensional nonlinear differential equa-

tions describing the electron transport in the channel. The

numerical results [1] are very helpful to understand device

operation, but long computational time makes this ap-

proach impractical in circuit analysis and design programs.

Recently, Madjar and Rcssenbaum [2], [3] and Shur and

Eastman [4] developed approximate analytical theories to

model the active region under the gate of the microwave

GaAs FET. Although one of these theories has been ap-

plied to the analysis of a practical microwave FET oscilla-

tor [3], both of them are of limited use in circuit design

practice because they utilize the FET physical parameters

which are scarcely available to the circuit designers.

Willing, Rauscher, and de Santis [5] characterized an actual

device with a quasi-static approach by measuring small-sig-

nal scattering parameters at a number of operating points

to formulate an equivalent circuit, some of whose elements

are bias-dependent. They use polynomial forms to ap-

proximate these dependence and a time-domain analysis

program to calculate the large-signal device characteristics.
The results obtained compare favorably with the experi-

mentally determined characteristics, but the complexity of

the equivalent circuit makes the identification technique of

the model parameters rather laborious. Later, Rauscher [6]
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proposed an FET macromodel with a “lumped” nonlinear-

ity, making it possible to analytically determine the opti-

mum large-signal operating conditions of the FET in an

oscillator circuit. A drawback of this approach is that the

calculated optimum corresponds to a given combination of

bias voltages. To achieve the circuit optimization over the

entire range of the gate and drain voltages, one should

perform a large number of measurements at elevated drive

levels.

An alternative approach to the large-signal characteri-

zation of the microwave GaAs FET was used in the work

of Tajima et al. [7]. They postulate that the large-signal

device properties are governed primarily by the transistor

dc characteristics—an assumption which has been verified

at least up to 10 GHz. The Tajima model does not repre-

sent, however, the voltage-breakdown phenomenon [8] in

the gate–drain region which is believed to have an impact

on the FET gain saturation characteristics [9]. In order to

take full advantage of the power capabilities of GaAs

MESFET’S, the breakdown effect is taken into account in

the circuit-type large-signal dynamic model proposed in

this paper.

The general problem of the microwave FET amplifier

analysis is to derive a systematic procedure for defining the

optimum input power, bias conditions, and terminating

impedances that correspond to the maximum efficiency or

output power at a given frequency. This can be facilitated

greatly with the use of a computer and an appropriate

large-signal analysis program. The computational task is to

find a periodic steady-state response of a nonlinear net-

work (i.e., the FET and its embedding circuit) to a single-

input harmonic signal. The general-purpose time-domain

analysis programs are not suitable for this aim because

they are very time-consuming when applied to microwave

circuits which typically consist of linear elements with a

relatively small number of nonlinear ones. Additional

difficulty arises from the fact that the time-delay effects as,

e.g., the time difference between the changes in gate volt-

age and the relevant changes in the drain–source conduc-

tion current in the MESFET device, cannot be easily

simulated with most time-domain analysis programs [10].

Another analysis method, of the simple iteration type, was

applied by Tajima et al. [7] to the FET amplifier and

oscillator design but sometimes it fails to converge, espe-

cially at high-input levels [11]. It follows then that the most

efficient methods of proven value in the steady-state large-
signal analysis of nonlinear circuits are the so-called piece-
wise harmonic balance techniques [12]. The network

analyzed by these methods is decomposed into a minimum

number of linear and nonlinear subnetworks and only

frequency domain solutions of the linear subnetworks are

required. In the original work of Nakhla and Vlach [12], an

optimization procedure was used to solve the networks

equations; however, it appears to be time-consuming and

exhibits convergence problems at the high number of varia-

bles in the optimization process [13]. Taking the above

considerations into account, the harmonic balance tech-

nique together with the Newton–Raphson method and

r..
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Fig. 1. FET large-signal equivalent circuit.

appropriately formulated network equations [14] are used

in the present work.

II. LARGE-SIGNAL DYNAMIC GAAS MESFET

MODEL

It was assumed, based on experimental study of arbi-

trarily selected transistors, that the main nonlinear ele-

ments of the model (see Fig. 1) are as follows [15]:

1) the equivalent gate-to-source capacitance Cg,,

2) the diode Df, which represents the current in the

gate-to-channel junction,

3) the drain current source id controlled by voltage vari-

ables Vg and Vd,

4) the diode D,, which represents the effect of the

gate–drain breakdown. The diode parameters are not

chosen to describe physical phenomena but to provide

the best average fit to the experimental breakdown

characteristics. The remaining parameters of this model

are linear with their usual physical interpretation [16].

The nonlinear gate-to-source capacitance is given by

()
– 0.5

Cg, =cgo l–g , for Vg<0.8 V6i (1)
bl

and for .vg>0.8 Vb, the plot of Cg,( Ug) is approximated by

a straight line with the slope equal to derivative dCg, /dug
obtained from (1) at Ug= 0.8 V6i. The parameters that

appear in (1) are CgO, the gate-to-source capacitance for

Ug= O, and V&, the built-in potential of gate function.

The current of the diode Df is given by

[if = 1, exp ( a~ug)-1] (2)

with the model parameters 1, and a,.
The voltage-controlled current source id is described by

the formulas [17]

( ‘:)’ta%%di~=I~,J l—~

Vp = V*O + yv~

(3)

(4)

where Id,,, VPO, a, and y are the model parameters. In

order to take into account the time delay between drain

current and gate voltage, the instantaneous current id(t) is

calculated from (3) with Ug = Ug( t – ~) and Ud = Vd (t ), where

r is the model parameter.
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The gate–drain breakdown effect is modeled by means

of the diode D,. The validity of such an approach was

deduced from results of the two-dimensional computer

simulation [18] and from dc breakdown characteristics

measured for the transistors of various types, e.g., 2N6680

and 2SK273. The current in the diode D, is given by

i,= I,, [exp (a.,u~g)–l] (5)

where l., &d a,. are the model parameters. It should be

emphasized that the diode D, does not represent any

forward-biased p-n or Schottky-barrier junction connected

between the gate and drain terminals. Instead, the current

in the diode D, approximates the breakdown current. For

this reason, the parameters 1,, and a,, in (5) are quite

different in their values from the corresponding parameters

1, and as in (2). As a consequence, for small and moderate

gate-drain voltages (e.g., up to 5 V for low-power FET’s)

and negative gate–source voltages, the gate current as

calculated from (5) is negligibly small. However, it in-

creases considerably at larger gate–drain voltages.

III. DETERMINATION OF THE MODEL PARAMETERS

The model is characterized by a set of 24 parameters.

Some of them are calculated from simple dc measurements,

while others are fitted to dc &d ac ch~racteristics.

The parasitic source and drain resistances R, and R~
can be determined by dc current and voltage measure-

ments. R, is found by passing a forward current 1~ into

the gate-source junction and measuring the resulting volt-

age at the floating drain with respect to the source [19]

(6)

where AV~~ and A lG are the incremental values of drain-

source voltage and gate current, respectively. As the res@-

tance R, depends slightly on the gate current 1~, the

average value obtained over a wide range of current can be

used. Similarly, resistance R ~ is found by forward biasing

the gate–drain junction and measuring the voltage at the

floating source.

The gate resistance R ~ can be estimated from the mea-

sured 1– V characteristic of the gate-source real Schottky

diode

VG~=IGR+~ln$
Ss

(7)

where R is the series diode resistance and I,, a, are the

parameters of (2). When IGR << a,- lln(lG/l,), i.e., for low

forward current 1~, the VG~ can be approximated by a

second term on the right side of (7). The parameters 1, and

a, can then be obtained from the linear portion of the plot

in 1~ versus VG~. Substituting the values of Is and a, into

(7), one can find the value of R from the 1~ – VG~ plot at

high gate currents. Next, the gate-metalization resistance

Rg is estimated as in [19]

R–R,
Rg=7. (8)

Lp
G+

s_

Fig. 2. FET small-signal equivalent circuit.

It was found from measurements that for gate-source

voltage range V& < VP (the channel is pinched off regard-

less of drain-source voltage) the gate-drain breakdown

current increases exponentially with increasing drain bias,

and the breakdown characteristic does not depend on the

voltage VG~. Plotting in i, versus gate–drain voltage V~G,
one can obtain the parameters a,, and I,,.

The parameters ld~~, VPO,a, and y are computer opti-

mized to fit the dc lD – V& characteristics calculated from

(3) and (4) to the measured ones in the triode and pentode

regions, from zero up to breakdown voltage. Knowing the

values of R, and R ~, the internal voltages Ug and Ud can

be calculated for each pair of external voltages VG~ and

V~~ by means of the Newton-Raphson method—it needs

about 3–4 iterations for a given accuracy of 1 pV. The

maximum error of this global fitting did not exceed a few

percent.

The remaining parameters of the FET model are

determined using the small-signal equivalent circuit of the

device shown in Fig. 2. The linear current source is

described by the admittance

YM =g~exp(– jti~) (9)

where gw is the transconductance at low frequencies. At

the given quiescent operating point, the values of the

transconductance g~ and the output conductance gd are

calculated as the drain current derivatives with respect to

the gate-source voltage and drain-source voltage, respec-

tively, with the drain current described by (3). Next, using

these values of g~ and gd together with the previously

obtained values of R,, Rd, and R ~, the remaining model

parameters can be obtained by means of the computer

fitting of the calculated S-parameters to the measured data

in a prescribed frequency range [20].

The set of MESFET model parameters determined for a

Mitsubishi 2SK273 unit (maximum total power dissipation

at 25 ‘C ambient, P~ = 300 mW) using the identification

procedure as described above is given in Table I. The

S-parameters were measured in the frequency range of

2–10 GHz at the bias voltages of V&= – 0.75 V and

V~~ = 4 V, which correspond nearly to the maximum

power-added efficiency. The value of built-in voltage V~,
was assumed equal to 0.8 V. Fig. 3(a) shows the measured

dc 1~ – V’s output characteristics of the FET used for

extraction of the model parameters ld~~, VPO,a, and y,

while in Fig. 3(b) are shown the calculated characteristics
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TABLE I

MODEL PARAMETERS FOR A 2SK273 MESFET DEVICE

RS [ohm] 4.5

Rd[ohm] 4.5

Rg[ohm] 4.5

Ri[obr] 10.0

~~[V-l] 23.0

I~[nA] 1.05

Ct~r[v-l] 1.28

I~r[nA] 6.50

Id~~ [IUA] 75.0

Vpo [v] -1.’78

N [-] 3.35

J [-] -o.11

Cgo [pFl 0.64

‘bi [v] 0.80

Cdg [fF] 26.o

cd~ [PF] 0s 10

L~ [nH] 0.1

Ld[irR] 0.2

Lg[i] 0.2

%[ps] 5.0

Cpg [PF] 0.26

Cpd [PF] 0.20

Lpg[nR] 0.67

Lpd [m] 0.61

1n+ ID

60

I ~v’’=ov
40

‘F

-0.5V

(a)

20
-10”

c1.~ -:”, ,U
o 5 40 v

Imil id

100

(b)

80 - V$= Ov

60 - -f15v

40 - -1.ov

-1.5V

20

0 ‘d
o 5 40 v

Fig. 3. (a) Measured (O O O) aad calculated ( —) dc characteristics
of a 2SK273 nmt. (b) Calculated characteristics of the internal tran-
sistor, including breakdown effects.

of the internal transistor including the voltage-breakdown

effect,

IV. FET AMPLIFIER ANALYSIS

A simplified block diagram of the FET amplifier under

consideration is shown in Fig. 4(a) where 20= 50 Q,

typically. One of the most important characteristics of the

FET, which describes the power-handling capability of the

device at a given frequency, is the dependency of the power

delivered to the load POon the input power P,. This is the

so-called gain-saturation characteristic (often used in prac-

tical design procedures [6], [21]) which is measured with the

input and output tuners adjusted for maximum PO at a

-1

1
J. @

(b)

z.

(c)

Fig.. 4. (a) Simplified block diagram of an FET amplifier. (b) Large-sig-
nal equivalent circuit of the amplifler. (c) Equivrdent transistor

terminating circuits.

given P,. To simulate this with the digital computer, the

MESFET model proposed in this paper was used. After

combining these linear and lossless elements of the model

that represent gate and drain parasitic with the imped-

ances Z~ and ZL seen at the transistor terminals (see Fig.

4(a)) one obtains a simplified equivalent circuit of the

amplifier as shown in Fig. 4(b). Dummy elements L and C

in Fig. 4(b) represent, respectively, an open and short

circuit at the signal frequency. V& and V~~ are the bias

voltages, Z~~ and Z== are, respectively, the equivalent
input and output terminating impedances. Their values can

be easily calculated once the FET parasitic and the imped-

ances Z~ and ZL are measured (see Fig. 4(c)). .T~~ stands

for the input signal equivalent source.

For given values of frequency, JGG, ZGG, and ZLL, one

can calculate the response of the circuit of Fig. 4(b) using

the harmonic balance technique. For its implementation,

three nonlinear subnetworks were extracted from the

amplifier equivalent circuit. These are shown inside the

dashed boxes in Fig. 4(b). The Fourier coefficients of Og(t)

and Ud( t) have been chosen as independent variables in the

harmonic balance routine [14]. The voltage Ud,(t)
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was expressed in terms of Ug and Vd using Ohm’s and

Kirchhoff’s laws.

Having the fundamental components of Ug and Vd one

can calculate the input power at the terminals A – A’ (see

Fig. 4(b)) and the output power at B – B’. Since the tuners’

circuits and FET parasitic have been assumed lossless,

these powers are equal to P, and PO,respectively. In order

to calculate the power gain saturation characteristics, an

optimization procedure was employed to find, for every

given value of Pi, the values of Z~~ and ZLL that corre-

spond to the maximum of PO. An objective function was

defined as

,E=abs(Pi -P~)+abs(K-P~) (lo)

where Pi is the power available from the signal source, P,x
is the actual power delivered to the amplifier input, K is a

constant higher than any expected output power level, and

P: is the actual power delivered to the load. Obviously, the

quantities P,x and P: in (10) depend on the terminating

impedances and the objective function has its minimum

that corresponds to the impedances that match. simulta-

neously both the input and output ports of the FET. A

program was written to calculate the power gain saturation

characteristics using the HP 9825A desk computer. A

modified Davies-Swann-Campey direct-search minimiza-

tion procedure [13] and the modified harmonic balance

technique [14] were implemented in the program which

occupies about 15k bytes of the computer memory.

V. I&SULTS

To calculate the power gain characteristics of the 2SK273

FET unit, the model parameters already specified in Sec-

tion III are used. The parameters have been determined

from the static 1-V characteristics and from the small-sig-

nal S-parameters measured at the frequencies up to 10

GHz. On the other hand, the input signal frequency is

chosen ~ = 9.5 GHz in the present example. Then, the

model validity is not checked at the harmonic frequencies.

Therefore, in the final analysis, only the dc component and

the fundamental harmonic were used. However, this sim-

plification does not generate a significant error, at least

when the large-signal characteristics of an FET tuned

amplifier are concerned, as can be seen later. The

Newton–Raphson algorithm combined with the harmonic

balance method [14] req&es 4-10 iterations to calculate

the amplifier voltage response with an error less than 1

mV, depending on the input power level. It takes about 10

min of the HP 9825A computer time to find values of Z~~

and ZLL that match the simulated amplifier at a given

value of Pi.
In Fig. 5 are shown the calculated power saturation

characteristics obtained for the impedances Z~~ and ZLL
matching the transistor at every given input power Pi. The

calculations were performed for V~~ = 4 V and two values

of gate-source voltage: L&= – 0.75 V and V~~ = – 1.25 V.

For input power P,> 5 mW, the decrease in the transistor

power gain is accompanied by a dc gate current flow, as it

is seen in Fig. 5. This current consists of two components.

mld P.
v.,= -0.7{V

80 -

-fi

P. -1.25 V

60 0 1=
.

0 3
mA

40 -0 2
0 V.S=-O.75 ,

IG
20 -0 0

-4.25 v -4
0

1“ p.

o 10 20 30 40 m;

Fig. 5. Output power PO and dc gate current Z~ versus input power P,.
Measurements (O O O), calculations (—
4 v.

), ~= 9.5 GHz, and V~~ =

mW R.

400I
V.5=5V

/7.

“r
..

80 0

60 . .

40 - “/

IY’

20

t
o P,

o 10 20 30 40 mW

Fig. 6. Measured (O O O) and predicted ( —) power-saturated char-
acteristics, j = 9.5 GHz and VG~ = – 0.75 V.

The negative component represents the breakdown effect

while the positive one is due to the forward conduction of

the gate junction [22]. In the case of V&= – 0.75 V and

small input power levels, the breakdown current dominates

the forward conduction component, while for larger powers

(Pi >30 mW) the forward conduction is prevailing. In the

case of V~~ = – 1.25 V, in the whole range of input power

up to 40 mW, the dc gate current is negative. Also shown

in Fig. 5 are the results of measurements obtained using a

load-pull technique [23]. Good agreement between theory

and experiment is observed for the FET bias conditions as

described previously.

In Fig. 6 are shown the power saturation characteristics

for V&= – 0.75 V and three values of drain-source voltage

V~~ = 3, V~~ = 4, and V~~ = 5 V. Some discrepancies be-

tween the calculated and measured data are observed for

V~~ = 5 V. These are attributed to the simplified descrip-

tion of the breakdown phenomena in the FET model.

Particularly, the dynamics of the breakdown mechanisms
[24] must be included in the GaAs FET model. The

mathematical model (5) is of an instantaneous nature, but

in general the breakdown effects may have time delays

associated with them.

For every given value of P, there exists a set of FET

terminating impedances that corresponds to a maximum
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Fig. 7. Measured (O O 0) and predicted ( —) contours of constant

output power on the load impedance plane, ZL/50 Q, ~ = 9.5 GHz,
V~~ = 4 V, VG~ = – 0.75 V, and 6 =20 mW.

output power. Putting K in (10) less than this maximum

value, one can calculate constant output power contours on

the terminating impedances planes. These contours indi-

cate how the output power of the FET varies as the

function of the load impedance presented to it (see Fig.

4(a)). This information is very useful in designing practical

amp~fier and oscillator circuits. Measured and predicted

contours of constant output power of the FET amplifier

under consideration are shown in Fig. 7, for Pi= 20 mW,

l’~~ = 4 V, V~~ = 0.75 V, and the impedance Z~ (Fig. 4(a))

matching the amplifier’s input. Considering the limited

accuracy of impedance measurements at microwave fre-

quencies, the agreement is very good.

VI. CONCLUSIONS

The reasonably simple and fairly accurate large-signal

dynamic circuit-type model for a GaAs MESFET that is

appropriate for use in circuit design programs has been

proposed. The identification procedure of the model

parameters is based on the experimental characterization

of the FET dc current-voltage relationship and the

frequency dependent small-signal S-parameters. The com-

puter analysis of a large-signal X-band FET amplifier and

the measurements of its performance have confirmed the

validity of the model, in which only four elements were

as~umed to be nonlinear,, i.e., Cg,, D,, Df, and id (see Fig.

1). These elements predominantly represent the power gain

saturation of the transistor.

The model has been used to calculate the large-signal

FET characteristics in the amplifier circuit with the use of

a digital computer. The amplifier analysis method is based

on the piecewise harmonic balance technique [12] with the

originally recommended optimization procedure replaced

by the Newton-Raphson computational scheme [14]. This

modification considerably shortens the calculation time

and enables us to perform an analysis and design process

on the desk computer. Since nonlinear device operations as

either power amplifiers and oscillators is quite similar, the

FET characterization technique developed above for

amplifiers can be readily carried over to meet oscillator

design needs as well.
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Abstract —This paper discusses development, for the 240-GHz region, of

whkker contacted dbrfe mixers with LO powers between 10 and 50 pW.

Mixer requirements for low parasitic diodes, situated in high-embedding

impedance circuits are described and appropriate RF and IF circnit designs

presented. A capacitive post RE matching circuit for a full-height wave-

guide is developed with superior bandwidth characteristics at high imped-

ance levels and greater ease of fabrication than nsual matching circuits in

reduced height guide. Corroborating experimental results are presented for

an X-band model and for a 235-GEE mixer.

I. INTRODUCTION

T HE BEST MIXER performance within the 240-GHz

region has been accomplished using whisker contacted

Schottky barrier diodes situated in waveguide structures.

The l–10-mW LO power typically required for these

fundamental mixers has usually been supplied by millime-

ter-wave tubes and more recently by a frequency tripled

whisker contacted Gunn oscillator with 2-mW output.

Manuscript received February 9, 1984; revised August 28, 1984.
The author is with Northrop Research and Technology Center, One

Research Park, Pales Verdes Peninsula, CA 90274.

1The 0.5-dB insertion loss was measured with a fixed 750-Q resistor in

place of the diode. This resistance is an average of diode resistance
measurements taken previously without the IF matching circuit.
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Reduction of the LO power requirements to levels achieva-

ble with monolithic planar solid-state sources would sim-

plify the system design and enhance the practicality of

these mixers for tactical applications. This paper discusses

the development of high-impedance room-temperature

Schottky diode mixers with LO powers typically between

10 and 50 pW. Included in the paper are a) the analysis of

the mixer under low LO power operation, b) the use of a

novel capacitive stub impedance transformer to provide a

high-embedding impedance diode mount in full-height

waveguide, and c) experimental results for both art X-band

simulating model and for a mixer operated at 235 GHz.

II. DIODE AND CIRCUIT REQUIRE~NTS FOR Low

LO POWERS

The operation ~of mixer diodes at low LO power is

conceptually no different than a mixer operating with the

usual LO drive. In order to get efficient mixing, the LO

voltage must be adequate to sweep the diode over a wide

range of differential resistances. For millimeter-wave mixer

diodes operating typically with - l-mW LO drive, this
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