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P / Prp for several LO powers. Since the power series (28) is
valid only for a given range of the inputs, the macromodel is
only valid within that range. The circles are simulation results
using the time-domain simulator ASTAP [8], and show good
agreement.

IV. TraNSFER CHARACTERISTICS

The dashed lines in Fig. 2 demonstrate an important property
of bivariate GPSA. Since the summation given by (19) contains
powers of the phasor components as given by (14), any arbitrary
input—ouptut transfer characteristic is of the form

Y, = ZHzJ(XJ) (29)

where H, ; is an ith-order nonlinear transfer function for the
input phasor X, (or set of X,’s). In general, H, , is a function of
the other input phasors. The dashed lines in Fig. 2 give (a)
first-order, H,, and () third-order, H,, transfer characteristics
for the IF phasor when P;o=2.0 dBm. In our example, the
even-order transfer functions are zero. Note that in Fig. 2, the
vertical axis is gain, not output amplitude; thus the lines repre-
sent the zeroth-order and second-order transfer characteristics
for the gain, corresponding to the first- and third-order transfer
characteristics for output amplitude. For the range modeled, all
higher order transfer functions are negligible. Adding (a) and
(D) yields a value within 1% of the total characteristic (solid
line) shown for P, , = 2 dBm. Thus a simple behavioral model is
obtained by using only lower order powers of the input. Here,
the nonlinear RF to IF characteristics can be described by the
sum of two components. Each component can be represented as
a linear function when expressed in log—log form.

V. CoNCLUSION

The algebraic formula for the output of a nonlinearity de-
scribed by a bivariate generalized power series having multifre-
quency inputs has been developed. These formulas enhance the
capabilities of generalized power series analysis by allowing
nonlinear functions of two variables to be considered in a
general way. An example of a ring mixer has shown the practi-
cality of this kind of analysis.
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Modeling of Asymmetric and Offset Gaps in
Shielded Microstrips and Slotlines

ANIMESH BISWAS, MEMBER, IEEE, anp VIJAI K. TRIPATHI,
SENIOR MEMBER, IEEE

Abstract —A  generalized model for characterizing the frequency-
dependent properties of general symmetric, asymmetric, and offset gaps
in microstrips and slotlines on a single-layer or multilayer dielectric
medium is presented. The transverse resonance technique is applied in
the spectral domain to extract the equivalent circuit model parameters
of the discontinuities. This technique incorporates the end effect of the
discontinuity by a compatible choice of basis functions.

I. INTRODUCTION

The characterization of symmetric and asymmetric gaps in
microstrips and slotlines has been the subject of considerable
interest in recent years since a knowledge of these discontinuity
parameters is required for an accurate design of resonator
elements and multiresonator filter circuits. The offset gaps in
microstrips and slotlines provide an additional degree of free-
dom in terms of layout and design of coupled resonator filters.
In addition, the analysis can also be helpful in estimating the
coupling between offset coplanar conductors and slots in high-
density microwave and millimeter-wave integrated circuits. A
rigorous analysis for symmetric and asymmetric gaps in mi-
crostrips on suspended substrate has been presented by Koster
and Jansen [1]. The accuracy of the method depends primarily
on the choice of basis functions and can be verified by suitable
experimental data. Experimental data for the end effect of
open-ended slotline have been presented by Knorr [2]. This
paper gives a general analysis of the gap discontinuities in both
microstrip and slot structures, including offset gaps. The tech-
nique is based on an application of the transverse resonance
technique proposed by Sorrentino and Itoh [3]. Here, the fields
in various regions of the cavity are expanded in terms of hybrid
modes whereas the slot fields and strip currents are expressed in
terms of simple yet accurate basis functions. The validity of this
type of basis function has been affirmed experimentally for the
case of finline gap discontinuities [4].

II. TuHEORY

The cross-sectional and longitudinal views of the general gap
discontinuities in shielded microstrips and slotlines and their
equivalent circuits are shown in Figs. 1 and 2. The electric and
magnetic fields are expanded in terms of hybrid modes in each
region and then the application of the boundary conditions at all
the interfaces leads to the Green’s dyadic as given in [4]. This is
followed by the application of the Galerkin procedure in the
transform domain, leading to a set of homogeneous equations as

Manuscript received October 10, 1989; revised December 15, 1989.

The authors are with the Department of Electrical and Computer Engi-
neering, Oregon State University, Corvallis, OR 97331.

IEEE Log Number 9034894.

0018-9480 /90 /0600-0818$01.00 ©1990 IEEE



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 38, NO. 6, JUNE 1990 819

—EW
@ oo
Yse
(o +— 1+—¢ o
Zgq Ysh1 Ysh2 Zy,
O O
—1 — | Iy !
(b

Fig. 1. (a) Cross-sectional and longitudinal views of suspended substrate
cavity housing the discontinuity. (b) Equivalent circuit.
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3

1 D1
e
|
3
9
™
5
s
¢
N
I
R

o
.4, 1 k) —
Y P0G LYt LG =0

(1
where
P =2, n,m#0
n,m=0
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O, , n,m=0

for odd mode

for even mode.
Here, C,,, and D,,, are unknown coefficients of transformed
fields (or currents) L,,,, and L,,,, at the aperture (or strip)
plane. For the shielded microstrip case, the transformed cur-

rents can be written as

Lo = ’ [ GBI (9, 2) cos(a,y) sin (B,,7) dydz

L, =/bf(11+12+s)1 (y,z)sin(a,y)cos(B,,z) dydz. (2a)
mn 0 Jo y n

Similarly for the case of shielded slotline, the transformed fields
are given by

Lopn= [ [ B, (5, 2) cos (a,y) sin (B,,2) dydz
070

Lipa= [ [ E,(y,2) sin(@,y) cos (Bnz) dydz (2b)
070

x !

55851 R wor

[ b | — 1 s —lp —— z
—EW
(@ -
Zso1 Zse2
o 1 - ]
Zo1 %h Zop
(o - O
e 4 =l —
(b)

Fig. 2. (a) Cross-sectional and longitudinal views of shielded slotline cavity
housing the discontinuity. (b) Equivalent circuit.

where

nar mar

= and = —,
“ n B (Li+1,+5)

" b

The elements of the Green function matrix in (1) for slotline
and microstrip line are given by

ﬁfnrmnl jwl"LOaz .
. - . Sln(rmnlhl)
joegFy, Fy
Gll'strip = (0[2 + BZ ) (33)
f n o JOM0%P sin(T,,,,171;)
\ JwegFyy Fy
Gu]strip = Glestrip = (a2 + 32 )
n m
(3b)
arzzrmnl jw:u'Oﬁrzn
; - sin(T,,17)
JwegFyy Fy
G22|str1p = (az + BZ ) (30)
and
. 2 2
jwega B
{ _'Fll_mT‘Fzz}
G - mnl 0 4
ttlsot (a2+ 3r2n)Sin(rmn1h1) (42)
jwege, B, a
n (A)LLO
Gl =Gl = il 4b
12]slot 21|slot (0(,% + B;)Sin(rmnlhl) ( )
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T —Fyy— - “Fy
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G =
22lstot (a2 +p2)sin(T,,1h)
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where
anl .
Fll=COS(anlhl)_672F1F—~51n(rmn1h1) (Sa)
F22 =1l €08 (anlhl) + an2F2 sin (anlhl) (Sb)
_ {erZan3 sin (anZd) sin (an3h2) - Er31_‘ng COS(anZd) €Oos (Fmiz3h2)} (SC)
! {ErlrmnS Cos (an2d) sin (Tmn3h2) + 6r31-‘mn2 sin (anZd) cos (rmthZ)}
F {an3 COS(FmHZd)COS(anShZ)_ anZ Sin(rmnld)Sin(rmn3h2)} (Sd)
2—- {an3 sin (anZd) cos (an3h2) + 1-‘mn’z COS (rngd) sin (anShZ)}
Lo = \/wzl*oso —al- B, (5¢)
— 2 2 p2
rmn2 - '\/w Mo€p€,rn — Oy Bm (Sf)
an3 = ‘/wzl‘LOEOEﬂ - 0{5 - Brzn M (Sg)

In order to obtain the three unknown values of the equivalent
circuit parameters shown in Figs. 1 and 2, we require three sets
of solutions for /, and /,. For a given frequency, and a fixed
known values of [, length /, is computed from (1) by setting the
determinant of the coefficient matrix equal to zero.

III. Fierp anp CURRENT DISTRIBUTIONS

The basis functions for currents (or slot fields) are assumed to
be symmetrical in the y direction since the variational nature of
the Galerkin procedure is expected to lead to accurate results
despite the asymmetric nature of these currents (or fields) for
offset gaps. Here, the y and z components of the electric fields
across the slots and currents in the strip are expressed as

L(y.2)]oaa = Ey(y’z)|odd = fuWf(2) F f(») f(2)

cven €ven

L(Y:2)|oaa = E(¥,2)oaa = fa1(¥)f3(2) F for(¥)fa(2) (6)

even even

where

) =[m /2~ (-p)] ",

fz(y)=(y-pJ[(wa/2)?—(y-szr/a [(y=p)|<w, /2
i=1,2 (7a)

0<z<A, /4

|(y_pz)|<wz/2

D) | _gin | 272
f(2) - cos Ay |

_ sin M A /4 {
= _cos (211_/\1/2) , 1/4<z<sl
(7b)
fi(2) _ sin M
() | s @b/ |
(hts)<z<(hi+L+s—21,/4)
. [2
=(s:lons );T(Z_zl_zz—suz/z),

(L+L+s=A /D <z<(l+1L+5)

(7¢)

where A, and A, are the dominant mode wavelengths of uni-
form slot or microstrip lines of widths w, and w,, respectively,
and p; and p, are offset parameters of strip or slot. At the time
of computation, length /; is chosen to have a value close to
A1 /2. Equations (7b) and (7¢) are illustrated in Fig. 3 to show
the effect of end correction for open-end strip or slotline.

IV. Resuits

The computation of the resonant length of the cavity in the
presence of the gap discontinuity was carried out by truncating
the series in (1) to 200 terms. Generally, the number of terms
chosen in (1) depends on the operating frequency and the
dimensions of the housing. It is seen that for the results pre-
sented in this paper, 200 terms lead to an evaluation of the
resonant length of the cavity accurate to within about 1%. In
order to validate the z variation of our basis functions, the
computed results based on the technique presented here are
compared with published experimental data [2] for slotline end
effect in Fig. 4. The agreement is seen to be fairly good. Fig. 5
shows the variations in the equivalent circuit parameters for an
asymmetric gap for the case of microstrip on suspended sub-
strate. These results are slightly different from those given in [1],
which could be due to the choice of basis functions. Fig. 6 shows
the variation in the equivalent circuit parameters as a function
of the width ratio of the asymmetric gap in the slotline case. The
series capacitance for the microstrip case and the shunt induc-
tance for the slotline case increase with an increase in the strip
and slot width ratio respectively and, as expected, acquire an
asymptotic value for large ratio. Figs. 7 and 8 show the variation
of equivalent circuit parameters of the offset gap discontinuity
in microstrip and slotline respectively. It can be seen from these
figures that the series capacitance for the microstrip case and
the shunt inductance for the slotline case decrease almost expo-
nentially as p, /p; decreases. This behavior is expected since
the interactions between the lines decrease with a decrease in
the p, / p, ratio. For the limiting case, the discontinuity behaves
as an open circuit for the microstrip case and a short circuit for
the slotline case.
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z variation of strip current and slot field: (a) even-mode excitation;

Fig. 3.
(b) odd-mode excitation.
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Fig. 5. Vanation of reactance parameters of asymmetric gap in microstrip
on a suspended substrate with strip width ratio: a =40 mm, b = 40 mm,
hy=d=0.635 mm, w;=0.635 mm, s=20.09525 mm, €,,=104, ¢,;=1.0,

frequency = 4.0 GHz, p; = p, =20 mm.

.08 0.8
.06 0.6
Lse2
Gsh2
lld T Lse1
- [=4 -
(\) 04 Csh1 3 0.4
4 - Lsh
.02 0.2 T
Sse
0.0, . T . " 0.0 T T T T
05 0.6 0.7 0.8 0.9 1o 0.5 06 07 0.8 0.9 1.0
Pa/py P2/Py
Fig. 8. Variation of reactance parameters of asymmetric gap'in slotline with

Fig. 7. Variation of reactance parameters of asymmetric gap in microstrip
on a suspended substrate with strip offset parameters: g =40 mm, b=
40 mm, €,, =104, €,3=1.0, hy=d=0.635 mm, w;= 0,635 mm, w, =
1.27 mm, s = 0.09525 mm, p, = 20 mm, frequency = 4.0 GHz.

20 mm, d=0.635 mm, w;=0.635 mm, w, =1.27
20 mm, frequency = 4.0 GHz.
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V. CoNCLUSION

A numerical method used to solve for the frequency-depen-
dent characteristics of symmetric, asymmetric, and offset induc-
tive and capacitive gaps in shiclded slotline and microstrip lines
has been presented. With a simple yet accurate basis function,
this technique leads to an accurate evaluation of the equivalent
circuit parameters of these discontinuities.
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An Improved GaAs MESFET Model for SPICE

ANGUS J. McCAMANT, GARY D. McCORMACK, AND
DAVID H. SMITH

Abstract —A SPICE model has been developed to more accurately
model GaAs MESFET devices. In particular, small-signal parameters
such as the § parameters are accurately modeled over a wide range of
bias conditions. These results were achieved by modifying the Statz [1]
model equations to better represent the variation of I, as a function of
the applied voltage.

The model applies over a large range of pinch-off voltages, allows size
scaling of devices, and is suited for modeling R,  changes with fre-
quency. The Statz equations are used to represent diode characteristics
and capacitive components of the model.

I. INTRODUCTION

Since the commercial development of GaAs MESFET IC
technology, the past decade has seen a proliferation of proposed
models for GaAs MESFET’s. Of these, the most frequently
cited and most widely used are the models proposed by Curtice
[2] and an improved model put forward by Statz ef al. [1]. The
Curtice model is derived from the Shichmann-Hodges JFET
model [3] modified to provide a proper knee voltage for the /-V
curves. The Statz model additionally provides an improved rep-
resentation of the capacitance behavior.

The purpose of the current work is to model specific features
of MESFET behavior which neither the Curtice nor the Statz
equations properly describe. It is shown that the resulting model
equations provide an improved fit to measured MESFET char-
acteristics without increased complexity.

II. DEFICIENCIES OF EXISTING MODELS

A typical result obtained when attempting to fit the Statz
model to measured I-V data is illustrated in Fig. 1. Notice
particularly the slope of the 7-V curves, the drain conductance.
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Fig. 1. As illustrated for a 0.6 V pmch-off GaAs MESFET, the Statz model

(solid lines) shows poor tracking of the drain—source resistance as the gate
bias is varied. The model parameters were chosen to fit measured data (<)
at an intermediate gate bias.
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Fig. 2. The Statz model does not track measured drain resistance, R ;,, well
as the gate bias is varied. The measured data are extracted from S-param-
eter data. As illustrated in the figure, the tracking is especially poor when
V, is near cutoff. The sharp change m slope near 1.2 V is a result of using
the cubic polynomuial approximation in the Statz equations.

As with most proposed GaAs MESFET models, the drain
conductance is modeled by multiplying the expression for I, by
a term: (14 AV,,). While this term can represent drain conduc-
tance at a particular bias point, it does not model variations with
bias correctly, predicting a conductance which increases at higher
values of [,, while the observed conductance actually de-
creases.

The Statz model also fails to provide an accurate model at low
currents where V,, is near cutoff. In particular, the drain
conductance derived from the Statz equation, illustrated in Fig.
2, does not fit well.

The differences between the measured and modeled dc -V
curves are reflected in erroneous predictions of small-signal
parameters such as gain and drain resistance over the dynamic
range of the device. The improper tracking of these parameters
with bias leads to incorrect predictions of such performance
characteristics as gain compression and harmonic distortion.

Proposed models that fit drain conductance variations better
than the Statz model include that by Materka [4] and the
Curtice cubic [5], but these models suffer from other disadvan-
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