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Abstract— An integrated electromagnetic and circuit
modeling environment is developed for a CPW-based
spatial power combining array with folded slot antennas.
Simulated and measurements effective isotropic power
gain (EIPG) of an individual cell and of a 4x4 array is
presented.

I. INTRODUCTION

The quest for high power from solid state devices at
millimeter-wave frequencies and above has led to intense
interest in combining power from spatially distributed
sources [1]. A defining characteristic of these systems is
that the electromagnetic environment has a significant
effect on system performance. Through electromagnetic
coupling the active devices interact and system perfor-
mance can only be adequately simulated by incorporat-
ing electromagnetic modeling in circuit simulation. The
challenge is to develop an electromagnetic analysis that
supports circuit ports so that it can be used with an
appropriate circuit simulator. The major contributions
of the work described here are

1. Development of a Method of Moment (MoM) formu-
lation of arbitrary shape slot structure that

(a) provides a multiport linear model of the structure
with circuit ports defined in terms of port voltages and
port currents and so is compatible with a circuit simu-
lator; and

(b) supports calculation of the near and far field dis-
tributions and calculation of the EIPG of the overall
system.
2. Experimental characterization of a CPW-based
folded slot active array.

The development uses the mixed potential integral
equations (MPIE) and the method of moments (MoM)
techniques to achieve full-wave analysis for the passive
linear part and a linear circuit simulator for the active
part (amplifiers).

II. THEORY

The MPIE approach has been previously applied to
the study of coplanar waveguide discontinuities and has
shown very good accuracy, efficiency and versatility in
terms of the geometries it can solve. Using the equiva-
lence principle [3], the aperture can be closed and then
replaced by an equivalent magnetic surface current M,
below the ground plane (superscript b) and —M, above
the ground plane (superscript a). Therefore, the orig-
inal problem is decompose into two isolated problems.
The total electric and magnetic fields in region “a” and
region “b” are expressed in terms of electric scalar and
vector potentials:

E°(M,) = %VXF“ (M,). (1)
E’(-M,) = éVxF" (-M,). 2)
H® (M,) = H%,. + jwF* (M,) - V¥* (M,) 3)

H? (-M,) = HY;,,, + juF® (-M,) - V& (-M,). (4)

These potentials are expressed in terms of Green’s func-
tions of a multilayer inhomogeneous region

Fe(M,) = / / . Gr (r,0) - M, (f)dS'.  (5)

M= [ [ & @) pm (). (©)

b — =? N ’ '
F (Ma)—//scm,r) [-M, ()4 (7)
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Fig. 1. (a) The amplifier unit cell (b) 4x 4 array [2].

W)= [ [ o) pm (NS @
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where Gp (r,r'), Gg (r,r'), Gp (r,r"), and Gg (r,x’)
are the spatial-domain dyadic Green’s functions of vec-
tor and scalar potentials from the magnetic sources
M, (r') and pm, (r') in the regions a and b respectively.
These spatial-domain dyadic Green’s functions are cal-
culated using a numerical evaluation of the Sommerfeld
integration [5],[4],and [6]. The surface magnetic cur-
rent radiates an electromagnetic field in the two regions

above and below the slots, so that the continuity of the
tangential electric field on the surface of the slot is sat-
isfied. The remaining boundary condition to be applied
is the continuity of the tangential magnetic field on the
surface of the slot aperture which leads to the following
MPIE equation that is solved using the MoM. Thus

H* (l‘) = Hb (l‘) laperture (9)

The method of moments (MoM) formulation is de-
veloped by expanding and testing the MPIE using
Galerkin’s method to form a linear system of equations
which is the MoM matrix set of equations [7]. The mag-
netic current is expanded as

N M
M, =) V. T% (r) + Zlvmgn (r). (10)
n=1 m=

where T; and TY, are the rooftop basis functions.
Upon introducing these distribution functions into the
MPIE’s and testing them with T, k =1 to N, and TY,
1 =1 to M, the following system of integral equation is

obtained:
[ Yzz‘ Yzy ] [ Va: ] - [ (AHIG;Tz) } (11)
Yy Yy Vy (AH,, TY)

Here (,) specifies the inner product operation and the
subscript ¢ refers to the tangential components in the
x-y plane. Yzz, Yzy, Yyz, and Yy, are the MoM ad-
mittance submatrices. The vectors, V;, and V, are
the unknown coefficients of the magnetic current am-
plitudes. (AHg;p., Tf),and (AHy,, ., TY) are the exci-
tation vectors from the incident fields which are iden-
tically zero everywhere except at the positions of the
sources (at the ports in the case of transmitting mode).

III. PortT

The MoM admittance matrix of the slot system, with
electrical ports at the location of the active devices in-
serted in the slot, includes the interactions associated
with the non-port magnetic currents. we are interested
in the port impedance matrix and these ports are dif-
ferential ports located on the slot at the interface of
longitudinally adjacent MoM cells. After rewriting the
excitation vectors in terms of currents and separate be-
tween the port cells and non port cells and then (11)

can be expressed as
ve 0
vt |T |

Yee th
[ th

Yit (12)
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Here superscript ¢ denotes terminal port quantities and
superscript ¢ denotes quantities pertinent to magnetic
currents induced on the slot surface. The excitation vec-
tor [I] is due to the delta-gap current generators at each
port and is given a value of 1 Amp. Equation 12 defines
the complete moment matrix, which includes the inter-
actions associated with the non-port magnetic currents.
However, we are interested in the port impedance ma-
trix, from which one can infer the coupling coefficients
between unit cells on the slot. We will now find these
network matrices for the ports. We obtain the voltages
from (12) as

[:’/t] = 322 ¥t:]_1[3] (13)
[z z[e] e

From (14), we identify the port impedance matriz [Z] =
[Z'], since [V?] = [Z*][I] from circuit theory.

IV. AMPLIFIER AND ANTENNA PARAMETERS

This paper focuses on developing an electromagnetic
model, compatible with a general purpose microwave
circuit simulator, for a CPW-based folded slot active
array the transverse view of which is shown in Fig 1(b).
Each dimension of this system is around two wave-
lengths. Each amplifying unit cell is an amplifier con-
nected to the receiving and transmitting folded-slot an-
tennas by CPW lines as shown in Fig 1(a). The dimen-
sions of the folded slot are L=18 mm, W=7 mm, and
the gap width is 1 mm. The substrate has a dielectric
constant of 10.8 and thickness of 0.635 mm. The array
consists of 4x4 unit cells configured as shown in Fig
1(b). The x-spacing is 38.5 mm and the y-spacing is 27.5
mm. The amplifiers are GaAs MESFET’s (NE32184A).
From the manufacturer’s data sheet, the transconduc-
tance of this MESFET, gy, is typically 33 mS. Using
the same parameters as in [2], leads to Zip, = Zour =
Zout = 125 Q. The overall gain of the array can be
expressed in term of the effective isotopic power gain
(EIPG) which is the only directly measurable quantity,
defined as GrsqGrsqs Ga, where G4 is the gain of the
amplifier and Grsq and Grs, are the directional gains
of the folded-slot antenna on the air and dielectric sides,
respectively. The EIPG was simulated using farfield
calculation of the radiated field result with plane wave
excitation of the active array.

V. SIMULATION RESULTS

The input impedance for a folded slot antenna with
L=78 mm, W=6 mm, gap width of 2 mm, dielectric
constant 2.2, and thickness of 0.831mm was calculated
using the MoM method. This is compared with the
results obtained previously using FDTD simulation [2]
and to measurements in Fig. 2. The EIPG of a single
amplifier cell and the array are shown and compared
with measurements in Fig. 3(a) and (b) respectively.
The simulated values has the same frequency depen-
dence and the same maximum value as the measured
values. The EIPG is around 11 dB for the unit ampli-
fier and 32 dB for the array. Plots show a difference in
the maximum gain frequency from simulated and mea-
surement results. The simulated maximum EIPG oc-
curred at 3.9 GHz which is less than measurement by
0.4 GHz. We believe that this shift in frequency is due
to differences between the fabricated and simulated di-
mensions [2] and also to the limitations in the use of
manufactures typical data in constructing the model of
the MMIC. Nonlinear behavioral modeling of the MMIC
is in progress so that saturation can be studied.
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Fig. 2. The calculated and measured input impedance of the
folded slot. MoM simulatijon (solid line), FDTD (short dashed
line), and measurement (long dashed line): (a) real; and (b)

imaginary.
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Fig. 3. The calculated and measured EIPG. MoM simula-
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tion(solid line), and measurement (dashed line):(a) unit cell;
and (b) array.



