
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TF.CHNIQUES, VOL. 36, NO. 10, OCTOBER 1988
1411

Modeling of the Transverse
GaAs MESFET’S

Delays in

ASHOK K. GOEL, MEMBER, IEEE, AND CHARLES R. WESTGATE, SENIOR MEMBER, IEEE

Abstracf — When a signal is appfied to the gate electrode in a MESFET,

the depletion layer under the gate is not formed instantaneously, resulting

in additional propagation delays. We have developed a comprehensive

model of these delays in the GaAs MESFET’S. The MESFET has been

modeled as two Iossy transmission lines coupled to each other via the

gate-drain capacitances. In addition to the intrinsic MESFET elements,

e.g. the internal capacitances and the internal resistances, the model also

includes the gate and drain metalliiation resistances, source and drain

contact resistances, and the electrode parasitic capacitances in the

MESFET. The electrode capacitances were determined by using the

method of moments in conjunction with a Green’s function appropriate for

the geometry of the MESFET. The model has been used to study the

dependence of the delay time and the rise time on the gate length, device

width, and resistivity of the gate materiat. Results can be used for the

optimization of high-speed circuits, in particular, picosecond circuits.

I. INTRODUCTION

T HE TOTAL propagation delay in a MESFET consists

of two parts. First, the time taken by the electrons to

move from the source to the drain electrode, usually called

the “longitudinal” delay, can easily be calculated by divid-

ing the channel length by the average velocity of the

electrons in the channel. This is typically of the order of

3–5 ps. The second part, usually called the “transverse”

delay, arises because, at high frequencies, the signal ap-

plied to one end of the gate takes a finite time in traveling

along the width of the gate. In other words, the depletion

layer along the entire width under the gate electrode is not

formed instantaneously. Studies [1]-[4] have shown that at

frequencies above 10 GHz, one must include the effects of

wave propagation along the gate width. A recent study by

LaRue et al. [4] has shown very clearly that at frequencies

above 18 GHz, standing waves exist along the gate width

in a GaAs MESFET. That means that,. at frequencies

above 10 GHz, a lumped-element equivalent circuit for a

MESFET will not be adequate to explain the MESFET

performance completely and the MESFET should be mod-

eled as a distributed-element equivalent circuit. In the

past, equivalent circuits for the GaAs MESFETS valid for

microwave frequencies but including only the intrinsic
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elements in the MESFET have been developed [5]–[7], the

MESFET performance including their noise behavior has

been studied [8]–[10], and a technique for predicting the

large-signal performance of a GaAs MESFET has been

presented [11].

In this paper, a model for calculating the transverse

propagation delays in GaAs MESFET’S, suitable for inclu-

sion in the CAD tools, is developed. The model is suitable

for MESFET’S with submicron gate lengths as well. First,

a distributed-element equivalent circuit for a GaAs

MESFET is presented. Then a technique to obtain the

transverse delays in the MESFET is developed. The model

is then used to find the dependence of the delay and the

rise times on the MESFET dimensions and other parame-

ters.

11. THE MODEL

A. A Distributed-Element Equivalent Circuit for a

GaAs MESFET

A GaAs MESFET modeled as two lossy transmission

lines coupled to each other by the gate-drain distributed

capacitances is shown in Fig. 1. The gate line is fed by an

input signal in the form of a unit step voltage on one end

while its other end is open circuited. All the elements

shown in Fig. 1 are per unit lengl,h along the width of the

device (denoted by the coordinate z). The circuit includes

the intrinsic as well as the extrinsic elements in the

MESFET. The various symbols used in Fig. 1 are defined

as follows:
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Lg

L~

cgs

cgd

cdc

R,C
R d.

rgs

‘ds
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Gate metallization resistance.

Drain metallization resistance.

Inductance of the gate line.

Inductance of the drain line.

Intrinsic capacitance between the gate and the

source electrodes due to the presence of the

depletion layer under the gate.

Intrinsic capacitance between the gate and the

drain electrodes.

Capacitance due to the presence of the dipole

layer in the channel of the MESFET.

Contact resistance of {he source electrode.
contact resistance of I he drain electrode.

Channel resistance bet ween the gate and source

electrodes.

Channel resistance between the source and drain

electrodes.
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h
Fig. 1. A GaAs MESFET modeled as two lossy transmission lines

coupled to each other by the distributed capacitances Cgd and C~J. All

the elements shown in the figure are per unit length along the width of

the device (denoted by the coordinate z).

C:d

C;d

Transconductance of the MESFET.

Electrode parasitic capacitance between the

source and gate electrodes.

Electrode parasitic capacitance between the gate

and drain electrodes.

Electrode parasitic capacitance between the

source and drain electrodes.

Self-capacitance of the drain electrode.

Voltage across the capacitance Cg,.

A unit step voltage source.

Load applied to the drain line.

B. Determination of the Transverse Propagation Delays

In this section, a method for the determination of the

transverse propagation delays in a GaAs MESFET is

presented. An input signal in the form of a unit step

voltage is applied to the gate line as shown in Fig. 1. This

signal propagates along the gate line, suffering distortion

in its waveform. Due to the presence of the coupling

capacitances ( Cgd and CJd) and the transconductance g~,

a distributed current wave is induced in the drain line.

Since in a typical MESFET, the gate metal resistance is

much higher than that of the drain metal resistance, the

induced wave in the drain line propagates at a much higher

speed than does the signal in the gate line. In other words,

as far as the determination of the propagation delays in

the MESFET is concerned, the propagation of the input

signal in the gate line decides the speed at which the

current at the load end of the drain line reaches its

steady-state value. Therefore, in the following analysis, the

small resistance and inductance associated with the drain

line ( L~ and Rd) will be neglected.

In the complex frequency space (the s space), the volt-

age and current distributions along the gate line satisfy the

following transmission line equations:

d2V~
— . #V-g
dz2

d 21~

dz 2
— = y218

(1)

(2)

where y stands for the propagation constant. Most general

solutions of the above differential equations are given by

Vg(z)=Acosh(yz) +Bsinh(yz) (3)

and

lg(z)=~[Asinh(yz) –Bcosh(yz)] (4)
o

where 20 is the characteristic impedance of the line and

the constants A and B can be determined by using the

known boundary conditions. In the s space, a unit step is

represented by (1/s). Therefore, using the boundary con-

dition at z = O, i.e.,

Vg(o)==:

we get from (3)

A=:
s

and using the boundary condition at z = W,

Ig(w) =0

because this end is open circuited, we get from (4)

sinh(yW)
B=

scosh(yW) “

Substituting for A and B in (3) and after simplifying, we

get for the voltage along the gate line

coshy(W– Z)

~(z) = (5)
scosh(yW)

C. The Propagation Constant, y

The propagation constant for a transmission line is

given by the equation

()

1/2

y= : (6)
P

where Z, is the series impedance per unit length along the
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Fig. 2. (a) A section of the gate and drain lines coupled by the imped-

ance Z,. (b) An equivalent circuit used to obtain the coupling imped-
ance Z,.
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Fig. 3. An equivalent circuit used to obtain the impedance Z,.

line and 2P is the parallel impedance per unit length along

the line. However, in order to use (6), the line should not

be coupled with any other line.

Therefore, the first requirement is to uncouple the gate

line from the drain line. This can be accomplished by using

Miller’s theorem [12]. A section of the gate and drain lines

coupled by the impedance ZC is shown in Fig. 2(a). An

equivalent circuit used to obtain ZC is shown in Fig. 2(b).

The ratio between the voltages at nodes 2 and 1, i.e.,

P’z/ Vl, can be found by equating the total current leaving

node 2 to zero. This yields

V’-P’l V-2
—-+z+gmv=o

Zc t
(7)

where V is the voltage across the capacitance CgJ, and an

equivalent circuit used to obtain the impedance Zt is

shown in the Fig. 3. The voltages VI and V are related by

the expression

vl/scgs
v= 1 = kV1 (say). (8)

r~, + R~C+ —
Scg.

Then (7) becomes

or

h (1- %A)z,
K=T=

1 Zt+zc “
(9)
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Fig. 4. The uncoupled circuit equivalent to the coupled circuit

Fig. 2(a).
of

Now, according to Miller’s theorem, the circuit of Fig. 2(a)

is equivalent to the uncoupled circuit of Fig: 4 provided

the impedances ZI and Zz are given by the following

equations:

Zc
zl’—

l–i

and

Zc
z2= -q-.

1–;;

Substituting for K from (9), we get

z, – Zc
Z1 = ——

1 – kg. WZt
(lo)

and

2,(1 – kgJVZC) Z,

‘2= (1 - kgJVZC)Z1 - (Zt + ZC)
(11)

where W is the width of the MESFET. It has been inserted
because gm has been defined as the transconductance of

the MESFET per unit length of the gate line. The series

impedance per unit length of the gate line is now given by

Z,= R~+sL~ (12)

whereas the parallel impedance per unit length of the gate

line, i.e., 2P, is equal to the impedance of the parallel

combination of Zl, C;,, and the series combination of Cg~,

r~,, and R,C (see Fig. 4). The propagation constant y can

then be obtained by using (6).

D. Propagation Delays

An indication of the intrinsic speed of the MESFET is

given by its short-circuited oul,put current. Current in-

duced in one section of the drain line is given by – g~V,

where V, the voltage across the c{ipacitance Cg,, is given by
(8). Voltage at any point on the gate line, V~, is given by

(5). Therefore, the current induced in one section becomes

dI(s) =
–gntcoshY(W–z)dz

s(1 + sc~.(r~, + R,,)) coshyW
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where dz is the length of the section. The total current

induced in the drain line will then be given by

– g.

l(s)=s(l+scg.(rg~ + ~$,))cosh(y~)

“/‘coshy(w’– Z) dz.
o

After the integration is performed, the expression for 1(s)

becomes

I(s) =
– g. tanhy W

(13)
YS(l+ ~Cg.(rg. + R,, )) -

The time-domain response of the output current can be

obtained by an inverse Laplace transformation of 1(s).

Because of the presence of branch points associated with

the propagation constant y, inverse transformation will be

obtained by using the concept of Bromwich integrals, i.e.,

1
i(t)=— J()I s ends.

2 TJ Br

Using Simpson’s rule, we can write

Writing the complex frequency s in terms of its real and

imaginary parts as

s=o+ja

we have

As= jAu

and

s=u+jn Au.

Therefore

In principle, any positive u and AW that will cause two

consecutive terms in the summation in (14) to be suffi-

ciently close to each other can be used. However, these

were carefully chosen to optimize the speed of conver-

gence. The choice for N depends on the speed of conver-

gence as well but it should be chosen to be sufficiently

large.

III. RESULTS AND DISCUSSION

A. The Program IPDGM

A program called Intrinsic Propagation Delays in a

GaAs MESFET (IPDGM) was written wQich incorporates

the steps of the above section. For given values for the gate

length, MESFET width, and electrode material resistivity,

the program calculated the propagation constant, per-

formed the summation in (14), and determined the normal-

ized drain current as a function of time in any desired time

range. The output response was normalized in the sense

that it is the ratio of the output current at a given time t to

GOAS MESFET
Width =100 urn

GL=02Fm
12

-(

10 –

;08

v

~06 -

;04 k

02 –
o 005 01

5

Fig. 5. Normalized short-circuited drain currents in a typicaf GaAs
MESFET for the gate lengths of 0.2 and 5.0 pm. The insert shows the

dram current for gate length of 0.2 pm for times less than 0.1 ps.
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G(I As MESFET

Width ❑ 100pm
%
Q5 _

u
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F
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-1
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a
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o 1
0.I I .0 10,0

GATE LENGTH (pm)

Fig. 6. Dependence of the delay time on the gate length in a typical
GaAs MESFET.

its value at time t= m. The program used the following

values for the equivalent circuit element:

Cg~=l.5X10-9 F/m

Cgd =4.5 x10-11 F/m

L8=10-6 H/m

R~= 2.OX p X104 G/m

~,=3.3X10-3 i2. mr

r~~=O.2 Q-m

R,C=10-3 Q-m

R~C=10-3 il. m

gn = 100 S/m

Ci,, = 4.OX 10-11 F/m
c.,
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Fig. 7. Dependence of the rise time on the gate length in a typicaf

GaAs MESFET.

6

J

GOAS MESFET
Gate Length ❑ O 5 pm

m
a5

Fig.

4 –

3 –

2 –

I –

o I I
I 10 I 00 I000

W I DTH (pm)

8. Delay time in a typical GaAs MESFET as a function of the

width of the MESFET.

where o is the electrode material resistivit y. All values are

per unit length (per meter) of the width of the MESFET.

These values represent a typical GaAs MESFET with a

1 pm gate length, 0.5 pm thick gate metal, and 1023/rn3

channel doping density. The. program took care of the fact

that the values of Cg,, Cgd, Lg, and Rg depended on &e

value of the gate length currently being used. The values of

the electrode parasitic capacitances were determined by

using the subroutine called EPCSSGM, which was, in fact,

the program EPCSGM developed earlier [13].
To optimize the speed of convergence in the summation

in (14), it was found that the best values for u and Aw

depended on the time t (in seconds). These were found to

be u = 0.5t and Aw = 0.05/t. The best choice for N

depended on t also. It ranged from 200 to 1000 for small t

and large t,respectively.
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Fig. 9. Rise time in a typical GSAS MESFET as a function of the width

of the MESFE,T.
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Fig. 10. Normalized short-circuited drain currents in a typical GaAs

MESFET for gate widths of 50 and 500 pm. The insert shows the drain

current for gate width of 50 pm for times less thao 0.1 ps.

B. Dependence of the Propagation Delays on the MESFET

Dimensions and the Electrode Ma~erial Resistivity

The program IPDGM has been used to study the depen-

dence of the delay time and the rise time [14] on the

MESFET dimensions, namely the gate length and the

device width, and on the resistivity of the gate metal. The

overshoot and ringing observed in the curves below are

due to a finite number of terms included in the approxima-
tion expressed by (14) used to find i(t).

Fig. 5 shows the normalized short-circuited output cur-

rents for gate lengths of 0.2 andl 5 pm. For these results,

the width of the MESFET was fixed at 100 pm and the

gate metal was taken to be aluminum with p = 3 #J. cm.

Fig. 6 shows the dependence of ihe delay time on the gate

length while the dependence of the rise time on the gate
length is shown in the Fig. 7. These two figures show that,

for gate lengths above 0.5 pm, the delay time and the rise

time increase significantly. This increase in the propa-

gation delays can be explained as due to the increase in the

capacitances C8$ and Cgd when the gate length is in-
creased.
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TIME (f IS)

Fia 11. Normalized short-circuited drain currents in a tvpical GaAs
MESFET for gate metal resistivities of 5 and 200 pfl; ;m.

Gote Length =0 5 ~m

I 10 I00 I 000

RESIST IVITY (+(J cm)

Fig. 12. Delay time in a typical GaAs MESFET as a function of the
gate metaf resistivity.

As a function of the width of the MESFET, the delay

time and the rise time are shown in the Figs. 8 and 9,

respectively. Fig. 10 shows the normalized short-circuited

output currents for gate widths of 50 and 500 pm. For

these results the gate metal was again aluminum and the

gate length was fixed at 0.5 pm. Figs. 8 and 9 indicate that

the propagation delays increase significantly for device

widths greater than 100 pm. This is due to the increase in

the capacitances C& aqd Cgd as the width is increased. For

widths less than 100 pm, the propagation times are almost

constant as the width is increased.

Fig. 11 shows the normalized short-circuited drain cur-

rents for gate metal resistivities of 5 and 200 PO ocm. For

these results, the gate length was fixed at 0.5 pm whereas

the width of the MESFET was kept at 100 pm. It shows

that, as the resistivity is increased, the drain current rises
more slowly toward its steady-state value. The depen-

dence of the delay time and the rise time on the gate

metal resistivity are shown in Figs. 12 and 13, respectively.

IV. SUMMARY AND CONCLUS1ONS

A computer-efficient algorithm for calculating the trans-

verse propagation delays in GaAs MESFET’S is presented.

The MESFET has been modeled as two lossy transmission

30

-1

GCIAS MESFET
Gate Length ❑ 05 ~m

; 25 Width = 100 ~m
!2

/

I 10 100 1000

RESIST IVITY (Ffl cm)

Fig. 13. Rise time in a typical GRAS MESFET as a function of the gate
metal resistwity.

lines coupled to each other by the gate–drain capacitances.

The model is valid for MESFET’S with submicron gate

lengths as well and is suitable for inclusion in the CAD

tools. The algorithm has been used to study the depen-

dence of the transverse propagation delays in GaAs

MESFET’S on the MESFET dimension and other gate

parameters. The results can be utilized for the optimization

of high-speed circuits.
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