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A Fully Analytical AC Large-Signal Model
of the GaAs MESFET for Nonlinear
Network Analysis and Design

ASHER MADJAR, SENIOR MEMBER, IEEE

Abstract —In recent years much attention has been focused on nonlinear
microwave circuit analysis. Several research groups have published new
ideas and new approaches to more efficient computational schemes. To be
able to apply these methods it is essential to have-an accurate and efficient
large-signal model for the device. In previous work the author has devel-
oped such a model for the GaAs MESFET. To further increase computa-
tional speed and to permit use of the model by other workers, a fully
analytical approximation of the model was developed and is presented
here. The accuracy of the model is demonstrated, and it is presented in a
form that can be easily used and implemented by the reader.

I. INTRODUCTION

HE TOPIC OF nonlinear microwave network analysis
has been dealt with quite extensively in recent years,
- and practical methods have emerged for the efficient anai-
ysis of networks such as power amplifiers, mixers, and
oscillators. There is no doubt that in the near future
commercial computer programs for the analysis and design
of nonlinear microwave networks will be widely used,
much like programs for linear networks are used today.
References [1]-[7] are just a sample of the publications on
the above topics.

An essential prerequisite for the application of the above
methods is the existence of a large-signal model for the
nonlinear device. In this paper, such a model for the GaAs
MESFET is dealt with. An efficient and accurate large-sig-
nal model was previously developed by the author [8], [9].
This model was applied to the analysis of several MESFET
networks and shown to be accurate and efficient [11]-[13].
The above model is based on basic principles and is
developed by the actual approximate solution of the field
and charge transport differential equations. Therefore, the
electrical performance is directly related to the device
geometry and physical parameters.

The above model is “almost analytic” and therefore fast.
However, due to the large size of the program, the actual
circuit simulation is performed by the use of a pregener-
ated lookup table and an interpolation scheme.

This approach usually works quite well. However, con-
vergence problems may occur sometimes during the opti-
mization scheme since most optimization methods require
continuous functions as well as continuous first deriva-
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tives. Also, the computer program to generate the lookup
table is not presently available for public distribution.

In this paper we present a fully analytical large-signal
model. This model is basically the same as above, except
that the lookup table information is approximated by
analytical expressions, most of which are designed to be
continuous and possess continuous first derivatives. The
advantages of this approach are a) better convergence of
the optimization scheme and b) explicit expressions that
can be readily applied by the reader.

In Section II a complete description of the model is
presented. An investigation of the model accuracy by
comparison to the previous model is described in Section
III. The comparison includes simulation examples of a
power amplifier and a mixer.

II. THE ANALYTICAL MODEL

A. General

The MESFET large-signal model is presented in Fig. 1.
The description of the various elements of the network is
given in [8] and [9] with a modification by Green [10],
except for CDG, CPAG, CPAD, which represent the
capacitances between the three bonding pads of the device.
Most of the elements in Fig. 1 are passive parasitic ele-
ments of the device, including the diodes that represent the
source—gate and drain—gate junctions. The charge trans-
port time delay via the channel is 7.

The active nonlinear portion of the device is represented
by the box labeled “basic FET.” This portion is char-
acterized by a mathematical relationship between the two-
port currents and voltages. As mentioned above, the
mathematical expressions were developed by the actual
solution of the field and transport differential equations.
The expressions are

AV, dVps

1= 1

4= GVSG—= +GVDS— 1)
av, av,

I,=1,,+DVSG dfG+DVDs dfs. (2)

I, is the drain—source conduction current. The other four
variables are capacitive coefficients representing the dis-

placement current of the device. The above five variables
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Fig 1. Complete MESFET network.

are functions of the port voltages V., V. These variables
are computed by the computer model for a given pair of
values for the voltages, as described in [8] and [9].

The computer model is used to generate a lookup table
for the above five variables. In the actual large-signal
analysis, the lookup table is used with an interpolation
scheme.

In this paper we present analytical expressions for the
above five variables. These expressions enable the reader
to actually implement our model and verify the results.
The expressions include 16 device parameters which must
be supplied by the user, as outlined below. The expressions

1%

&

a 18 the “knee voltage” and is calculated by

21

sat

845t 8a0

(4)

sat

The three variables 1.,,, g,,, and g, are functions of V.
I, 1s the conduction current at Vg =V, ; g, and g, are
the values of the drain conductance g, at V=0 and at
Vs = Vi Tespectively.

The expressions for the above three functions are

Toy, Vse <= Vg
;- AV + AV = 8moVse + Ipss —Vi<Ve<0 5)
Sal Ao+ AVes + AV — 8moVse T Ipss:  0< Vo <V
0, Vso 2 Vou

were derived by curve fitting to the lookup table data. such

that most of the functions and the first derivatives are

continuous.
B. The Conduction Current (I,,,)
The expressions for the conduction current are
840~ 8as _
gaoVps — W Vis. 0<Vps <V
— sat
con ( VDS 1) o1

Isat +0'7gdsl/sat<] —€ Vi 4 )’ VDS > I/sat‘

(3)

where
Vi turn-on voltage of the gate—source junction (=
0.7 V),
Vo cutoff voltage of the device (practically equal to
the pinchoff voltage: V),
I,y  maximum drain current (open channel),
8no  value of transconductance g, for Vi, =0, Vo =

|4

sat

1., value for Vo =0, Vo=V,

1 DSS sat*
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The expressions for 4, to A5 are presented in the Appen-
dix.

Gdom’
Gdoo - Gdom 2 2(Gdoo -
V}g SG
a0~ ,
Gdoo Gdoo
Ve — Ve + Gaoo
I/az;( SG V;;ut SG doo
0,

where
G,,, valueof g, for Vo =V,.=0,
G,om Vvalue of g, for V=0, Vio= -V
0, Veg < —Vr
C Vs + OV + GV + C,

- VF < VSG < ngsm

gdA =
DV, + DyVsy + DV + D, Vedsm < Vs < Ve
0. Vse > Veur-

(7)

Here V,,,,, 1s the value of Vg, at which g, 1s maximum.
Usually V,,,, is the edge of the “almost linear” region of
the device, so that for Vo>V, ., I, decreases fast
(decrease in g, close to V). V., can be approximated by
the constant V¢ in [8] and [9]. All the above parameters can
be extracted from the static I -V curves of a given device.

The expressions for C; to C, and D; to D, are pre-
sented in the Appendix.

C. Displacement Current Coefficients

In this subsection the expressions for the four displace-
ment current coefficients are presented. '

1) GVSG: This coefficient is the largest and most im-
portant capacitive function. In fact, this is approximately
the common-source input capacitance of the device. It is
practically independent of Vj:

GVSG(-V}),
CO

GVSG = W,

GVSG(Vew):  Vse2 Vi

cut*

Vs < —Vr

—Ve<Vsa<Var (8)

C, is the value of GVSG for Vg, =0. The user can specify
here the input capacitance at Vg;=0 (not including the
capacitance of the parasitic elements, of course). ¢ is the
built-in potential of the gate—source junction (¢ = 0.8 V).

2) GVDS: This coefficient represents the active feedback
capacitance (effect of dV,g/dt on gate displacement cur-
rent):

GVDS=C. + — 2~ |4 nl2Ves
~ 7% " 1—tanh(-1) an Vet ’

Vps = 0.

©)
C, is the value of GVDS for large V) (independent of
Vsa)-

Vi

63

Vse <=V

Gdom)

Vo + Goor  —Vi<Vse<0

(6)

O<I/S‘G<I/cut

Vsa > V.

cut

The feedback capacitance for normal bias conditions (Vs
>V,,,) may be used here (usually supplied by the manu-
facturer in the small-signal equivalent circuit):

Cno
Cun= TV /e —Ve<Vse <Vau
Cp = Cn(Vews) Vso > Ve (10
C,=C,(=V), Vs <—Vr

where C,,, is the value of GVDS for Vg =V5,=0. The
term tanh (—1) (=0.761) is kept in (9) (and also in (11)
and (12) below) to emphasize the meaning of the parameters
C,,C,, etc. C,q may be taken to be approximately one half

" of C,.

Practically, for normal bias and signal conditions, Vj¢ is
above V,,, at all times. In that case GVDS may be ap-
proximated by a constant C,.

3) DVSG: This coefficient represents the active feed-
back capacitance (effect of dVyg;/dt on drain displacement
current). Its value is practically very small (around two
orders of magnitude below GVSG and one order of magni-
tude below GVDS. So, in practice it is possible to neglect it
without any visible error. However, for the sake of com-
pleteness, an- analytical approximation is presented for it
as well:

: Crax Crnax
_ _ +
DVSG [Cmﬂ 1— tanh( — 1) 1—tanh ( - 1)
V
-tanh(Z V"S-l) » Vg0 (11)
sat

where C_,, is the value of (—DVSG) for large V).
4) DVDS: This coefficient represents the output capaci-
tance:

Cy—Cp Cy—Cy
=y +
DVDS=Cy = {1 " tanh(~1) | 1—tanh(—1)
Vs
-tanh |2 —1|, Vps=0 (12)
sat

where C,, is the DVDS value for large V¢ (practically
independent of V;), and C, is the DVDS value for
Vps = 0 (practically independent of V). For normal bias
and signal conditions V,g>V,,, and DVDS can be ap-
proximated by a constant (Cp). Cy; can be extracted from
the small-signal equivalent circuit of the device (usually
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TABLE1
NE720 PHYSICAL AND (GEOMETRICAL PARAMFTERS

MESFET CABE 20 DEVICE PARAMETERS TAELE

1) GATE-BOURCE SEPERATION (LBS): 1.00 MICRONS
2) BATE LENGTH (LB): 1.00 MICRONS

I} BATE-DRAIN SEPERATION (L.BD): 1.00 MICRONS
4) BATE WIDTH (W): 400,00 MICRONS

S) DOPING LEVEL (ND): 3.00E+17 CM-3

6) CRITICAL ELECTRIC FIELD (ECY: 2.50 KV/CM

7) BATURATED ELECTRON VELOCITY (VE): 1.00E+07 CM/SEC
8) RELATIVE DIFLECTRIC CONSTANT (ER): 12.50
) BUILT-IN POTENTIAL (PHB): .800 VOLTS

10) GATE METALLIZATION RESISTANCE (RB): 2,000 OHMS
11) SUBSTRATE LEAKABE RESISTANCE (RSUBST): S.00E+02 OHMS
12) EPITAXIAL LAYER THICKNESS (A): .1350 MICRONS
13) BOURCE METALL IZATION RESISTANCE (RSCONT) & 1. 0000HMS
14)DRAIN METALLIZATION RESISTANCE (RDCONT) ¢ §. 00O00DHMS
MESFEY CASE 20 PACKABE/CIRCUIT PARAMETERS:
1) CHARACTERISTIC IMPEDANCE (Z0): $S0.0 DHMS
2) SOURCE INDUCTANCE (SIND): 1.70E-01 NANOHENRIES
%) GATE INDUCTANCE (BIND): I.50E-01 NANGHENRIES
4) DRAIN INDUCTANCE (DIND): 4.00E~01 NANDHENRIES
5) FARASITIC INFUT CAPACITANCE (SCAFIN)Y: 1.50E-01 PICOFARADS
&) PARASITIC DUTPUT CAPACITANCE (SCAPD): 1.50E~01 PICOFARADS
7YBATE FAD CAFACITANCE (CPADG):  1.00E~02FICOFARADS
BYDRAIN PAD CAPACITANCE (CPADD): 1.00E-G2FICOFARADS
FIDRAIN TO BATE PAD CAPACITANCE (CAPDG): 1.00E-02FPICOFARADS

TABLE 11
NE720 ELECTRICAL PARAMETERS FOR ANALYTICAL MODEL

MESFEY CASE 20 DEVICE FARAMETERS TABLE
1) FORWARD CONDUCTION YOLTAGE(VF): .75 VOLT

2) CUTOFF VOLTAGE(VCUT): 3.10 VOLT

3) V8B FOR MAX GDS(VGEDSMY: 1.75 VOLT

4) BUILT-IN POTENTIAL(FHI}: .80 VOLT

%) DEVICE M&X CURRENT (CURGN): 165.0 MA

&) DEVICE CURRENT FOR VSG=O(CURDSS): 115,0 MA

7) BM FOR VSB=0(BGMO): 50.00 MMHO

8) MAX VALUE OF BD AT VDS=0(8BDOM):

9) BN VALUE FOR VSGE=VDS=0(GD0O0): $527.00 MMHO

10} BDS VALUE FOR VSGE=VGDSM(GDSM): 4.000 MMHO

11) 6V86 VALUE FOR VSG=0(CO0): .718 PF

12) BVDS VALUE FOR VD8=v56=0{(CM0)1 « 3500 PF

133 (-DV8B) VALUE FOR LARGE VDS(CMAX) .0060 PF

14)DVDS VALUE FDR LARGE VYDS(CH) .0440 FF

15)DVDE VALUE FOR vD8=0O(CL) .0030 PF

16)BVYDS VALUE FOR LARBE VYDS(CK) .0440 FF

939.00 MMHO

supplied by the manufacturer), and its value is close to
that of C,. C; is approximately an order of magnitude
smaller than C,;.

III. ANALYTICAL MODEL ACCURACY EVALUATION

A. General

In this section the evaluation of the analytical model
accuracy Is presented. Two types of accuracy tests were
performed: (a) comparison of the analytical expressions
with the values from the lookup table [8], [9] for a given
device and (b) simulation of an amplifier and a mixer
performance using the analytical expressions versus the
lookup table. These tests are outlined below.

B. Analytical Expressions versus Lookup Table

The device used for the comparison tests is an NE720
MESFET, made by the NEC Corporation. The device
physical parameters used for the lookup table calculation
are listed in Table 1. The device electrical parameters used
for the analytical expressions are listed in Table II (for the
meaning of the physical parameters, see [8] and [9]).

Since the most important parameters of the MESFET
performance are the conduction current (I ,) and the
function GVSG, these two functions versus Vg, and V¢
are used for the comparison. In Fig. 2 the function I
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con

BUSG(PF)
3,000

NE 720

—— Analytical

--- lookup table

———

] — e L 3 VSG(Y)
0.25 .25 2.25 3.25

Function GVSG for analytical (solid) and lookup table (dashed).

N

Fig 3

which represents practically the static -V curves of the
device, is presented for both the analytical expressions
(solid line) and the lookup table (dashed line). From the
figure it is obvious that generally there is good matching.
There is some difference for Vg, = —0.5 and for low V¢
(Vps <V,.)- The difference in the low V¢ range is simply
due to the “piecewise linear” approximation for charge
carrier velocity versus electric field function used in the
numerical model [8], [9], compared to the parabolic ap-
proximation for I, versus V¢ for the analytical expres-
sions.

In Fig. 3 the function GVSG versus V; is presented for
the analytical expressions (solid line) and the lookup table

on
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Fig. 4. Output power versus input power for an FET amplifier.

(dashed line). This function is practically independent of
Vps- From the figure it is obvious that there is very good
agreement, except for a slight difference in the overdriven
region (Vs = 0.75).

C. Simulation Examples

The best accuracy test is the actual simulation of a
large-signal network, and comparison of the performance
using the two approaches. Since the accuracy of the lookup
table approach has already been proven by us for several
networks — amplifier, mixer, oscillator (see [11]-[13)), it is
sufficient to compare the two simulation results.

The first network simulated is an amplifier made up of
an NE720 device in common-source configuration excited
by a 50-8 source at the gate and loaded by a 50-{ load at
the drain. No attempt was made to optimize the circuit
performance. The frequency is 4 GHz and the bias condi-
tions are Vi, =—125V, V. =6 V. In Fig. 4 the output
power of the amplifier versus the input power is presented
for the analytical expressions (dashed line) and lookup
table (solid line). From the figure it is obvious that there is
quite good agreement between the two graphs.

The second network simulated is a MESFET mixer
using the NE720 device in common-source configuration.
The device is excited by 50-@ RF and LO sources at the

gate. The IF is extracted at the drain with a 50-2 IF load.
The gate is shorted for the IF frequency and the drain is
shorted for the RF and LO frequencies. Up to eight LO
harmonics are considered. All the frequencies generated in
the device (except LO,RF,IF) are 50-2 loaded at the gate
and shorted at the drain. The analysis approach of the
mixer uses the harmonic balance method and is outlined in
[13]. The LO frequency is 4 GHz the RF frequency is 4.2
GHz. The bias conditions are V= —~25V, V=4 V.

The available small-signal conversion gain of the mixer
versus the LO power is presented in Fig. 5 (ana-
lytical-dashed line; lookup table—solid lirie). The good
agreement between the two curves is obvious.

For the above large-signal simulations, the computations
using the analytical model were approximately 25 percent
faster than the computations based on the lookup table.

IV. CoNCLUSIONS

In this paper a fully analytical version of an ac large-sig-
nal model for the GaAs MESFET is presented. The source
model is a previously developed model based on basic
principles and the actual physics and geometry of the
device. The analytical version was developed by curve
fitting the analytical expressions to the source model. The
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analytical expressions presented here can be readily ap-
plied by the reader.

APPENDIX

In this appendix the expressions of several polynomial
coefficients are presented.
The five coefficients for the I, expressions are

4= 21w — Ipss) -

N7 7
A — 3(1on = Ipss) _ 28mo

’ Vi Vr
A, = ngV;:ut (21/;ut - 3I/gdsm) + 3IDSS(2I/gdsm - I/cut)

3=

I/C?lt [ - V::lzxt + 6I/<:utl{gdsm - 6I{g2dsm

y L 8mo _4KutA3(VVC%11 _3Vg2dsm)

4=

3I/cut(cht - 2Vga'sm)

AS == 6A3nga’sm -3 'A4ngsm'

The coefficients for the g, expressions are

_ - 2Gdsm _ 3(Vdgsm - VF) Gdsm
1= 3 2
(ngsm + VF) (Vga'sm +VF)3
6 ngsmVFGdsm Vl’g( VF + 3ngsm)
C3 = 3 4 3 dsm
(ngsm + VF) (ngsm + VF)
2G =3V, +V, )G
Dl _ dsm - DZ — ( gdsm cul) ; dsm
(cht - Vga’sm) (cht - ngsm)
. 6 ngsml/cutGdsrr; V::it ( V;;ut - 3I/gdsm )
3 3 D4 = 3 dsm*
(I/cut - nganz) (I/cm - ngsm)

The meanings of all the parameters used in the above
expressions are presented in the text.
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