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Abstract— In this paper, electromagnetic mod-
eling and experimental validation of a waveguide-
based spatial power combining array are pre-
sented. Here, an aperture-coupled patch ar-
ray power combining system is modeled in its
entirety. This includes a Method of Moments
(MoM) integral equation formulation of the Gen-
eralized Scattering Matrix (GSM) for a N-port
patch-slot-waveguide transition and the mode-
matching analysis of the GSM for the receiving
and transmitting rectangular waveguide tapers.
An overall response of the system is obtained
by cascading GSMs of electromagnetic structures
and the S-parameters of amplifier networks. Nu-
merical and experimental results are shown for
the single unit cell, 2 x 3 and 3 x 4 amplifier arrays
operating at X-band.

I. INTRODUCTION

The demand for high-power and efficient mi-
crowave and millimeter-wave amplifiers has created
a large amount of theoretical and experimental re-
search in the area of open [1)- [4] and waveguide-
based [5]- [9] spatial and quasi-optical power com-
bining systems. Due to the complexity of these
structures there is a great need for the electromag-
netic modeling and analysis of spatial power com-
bining systems, including a better understanding of
important issues such as multimoding effects, sur-
face waves, and device/field interactions. For the ac-
curate analysis of open and waveguide-based power
combining systems, it is necessary to model the en-
tire system, including a full-wave analysis of passive
structures and the interaction of passive elements
and active devices.

In this paper, we present results of electromag-
netic modeling and measurements of a waveguide-
based aperture-coupled patch amplifier array shown
in Fig. 1. The amplifier array has been recently

designed, fabricated, and tested with hard horn ex-
citation [10]. The incident signal from the feed horn
couples into an array of patch antennas. Each an-
tenna is coupled to a microstrip line through a slot-
coupled single-mode waveguide transition [11]. Each
microstrip line feeds an amplifier network. The out-
put signal is then coupled to an output horn via the
same waveguide transition described above.

Amplifiers
Input Patch Antenna Layer
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wg':y'“‘ Slot Apertures
Fig. 1. A waveguide-based aperture-coupled patch am-
plifier array.

A full-wave integral equation formulation is devel-
oped for the electromagnetic modeling of a waveg-
uide to aperture-coupled patch array, resulting in
the GSM of a N-port device. A coupled set of the
electric field and magnetic field integral equations
(with dyadic Green’s functions obtained for layered
waveguides) is discretized via the MoM for the elec-
tric and magnetic current density. This provides an
accurate model of the patch-to-slot coupling at each
port for all propagating and evanescent TE and TM
modes. The GSM for a rectangular waveguide ta-
per is obtained using the mode-matching technique,
where a linear taper is approximated by double-
plane stepped junctions similar to [12]. All mod-
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ules within the power combining system including
the amplifier network are cascaded to get an overall
response (return loss and gain). The structure was
simulated and tested for a single unit cell and a 2x 3
and 3 x 4 element amplifier array.

II. FuLL-WAVE SYSTEM MODELING

An electromagnetic modeling of the entire spa-
tial power combining amplifier (Fig. 1) is based
on the decomposition of the system into mod-
ules, including rectangular waveguide tapers (feed-
ing/collecting), N-port aperture-coupled patch ar-
ray waveguide transitions, waveguide-microstrip line
Jjunctions, and amplifier circuits. Each of these mod-
ules has to be rigorously analyzed in order to obtain
an accurate response of the entire system.

Fig. 2. Geometry of N-port aperture-coupled patch array
waveguide transition.

Consider the N-port patch array to waveguide
transition shown in Fig. 2. Rectangular patch an-
tennas S?, and slot apertures 57 in a ground plane
Sy are located on the opposite interfaces of dielec-
tric layer with permittivity e;. Note that each of the
slot-coupled waveguides (regions V) is filled with
the same dielectric material (¢3). The incident elec-
tric and magnetic fields in the large waveguide (re-
gion V) are generated by an impressed electric cur-
rent source Jimy (V X Jimp for the magnetic field).
It should be noted that an incident magnetic field
from each of the waveguides V7 is similarly handled.

A coupled set of integral equations is obtained by
enforcing the boundary condition on the tangential
components of the electric field on the conductive

surfaces S%, at z = 0 and the continuity condition
on the tangential components of the magnetic field
on the magnetic surfaces (slot apertures) SJ at z = 7
(similar formulations have been presented in [13]).
The integral form of the electric-field boundary con-
dition is obtained using the second vector-dyadic
Green’s theorem (with appropriate boundary and
continuity conditions):
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boundary-value problem for a semi-infinite partially
filled waveguide (regions V; and V5) terminated by
a ground plane at z = 7. They satisfy boundary
and continuity conditions for the electric field on
the surfaces Spr, Sy, and on the interface Sy.

The continuity condition for the tangential com-
ponents of the magnetic field at z = 7 results in the
magnetic-field integral equation:
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The electric dyadic Green’s functions EEZ )(7'", 7'),
=(22
65,2 )(7"’, 7') have been derived for semi-infinite par-
tially filled waveguide (regions V; and V2) satisfy-
ing boundary and continuity conditions for the mag-
netic field vector. The electric dyadic Green’s func-
tions of the second kind Eﬁ?(f', 7') are obtained
for the semi-infinite waveguides (regions V) termi-
nated by a ground plane at z = 7. Green’s functions
are obtained in terms of double series expansions
over the complete system of eigenfunctions of the
Helmholtz operator.

The incident electric E;M('F) and magnetic
H, °() fields are expressed as a series eigenmode
expansion for all propagating and evanescent TE
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and TM modes. The MoM discretization for the
electric and magnetic currents enables the reduc-
tion of a coupled set of functional equations (1) and
(2) to a matrix system of algebraic equations with
respect to the unknown coefficients in the currents
expansion. The magnitudes of scattered (reflected
and transmitted) modes are obtained in terms of
current coefficients using a unity power normaliza-
tion for the electric and magnetic vector functions.
The GSM for the N-port waveguide transition is ob-
tained by relating the magnitudes of incident and
scattered modes at each port. It should be noted
that in this formulation the GSM is constructed for
the N coupled waveguides with all propagating and
evanescent TE and TM modes at each waveguide.
This is in order to cascade GSMs of the waveguide
transition and transmitting and receiving rectangu-
lar waveguide tapers.

Rectangular waveguide tapers, approximated by
double-plane stepped junctions, are analyzed using
the mode-matching technique [12]. For each stepped
junction, the GSM for propagating and evanescent
TE and TM modes is obtained. The GSM of the
linear taper is constructed by cascading GSMs of
individual junctions. The accuracy of the algorithm
depends on the number of modes and steps used to
model the tapered waveguide.

The waveguide-microstrip line feed junction was
designed using HP HFSSTM with a center fre-
quency of 10 GHz and a 10 dB return loss band-
width of 400 MHz [10], {11]. The amplifier net-
work presented in [10] was simulated using HP
ADSTM_ Note that the S-parameters of Mini-
Circuits ERA1T™ monolithic amplifiers were mea-
sured and incorporated in the modeling scheme to
obtain a response of the entire amplifier network.

III. NUMERICAL AND EXPERIMENTAL RESULTS

In order to verify the accuracy of the full-wave
modeling, three experiments were to be performed
on a previously published amplifier array at X-band
[10], {11]. The three experiments consist of the mea-
surement of a unit cell, a 2 x 3 array, and finally a
3 x 4 array as shown in Fig. 1. Each unit cell of
the three experiments contained an input aperture
coupled patch antenna, a waveguide to microstrip
transition, a two-stage amplifying circuit, a second
microstrip to waveguide transition, and finally an
output aperture coupled patch antenna. In the sin-
gle unit cell measurement, a WR90 waveguide was
used to feed the input and output antennas. The
waveguide was placed in contact with the ground
plane, and the dielectric of the patch antenna was
fitted within the waveguide walls. The numerical
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Fig. 3. Numcrical and cxpcrimental results for the gain

of the single aperture-coupled patch amplifier waveg-
uide transition.
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Fig. 4. Numerical and experimental results for the gain
of the 2 x 3 waveguide-based aperture-coupled patch
amplifier array.

model of the dielectric filled waveguide to patch an-
tenna to WR90 waveguide was combined with mea-
sured data of the amplifier circuit and simulated mi-
crostrip to waveguide transitions. The results for
the complete numerical model and experiment are
shown in Fig. 3. The numerical model predicted
the behavior of the circuit well and compares better
with measured results than a commercial 3D Finite
Element Method program.

The second experiment was performed in the
same manner as the first experiment. For the 2 x
3 array, a 30.5 mm high, 46.0 mm wide, and 41.48
mm long horn was used to feed the array at both the
input and output. The array was placed within the
center of the horn so that the ground plane of the
array was in contact with the aperture of the horn.
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Fig. 5. Numcrical and cxpcrimental results for the gain
of the 3 x 4 waveguide-based aperture-coupled patch
amplifier array.

The numerical and experimental results for the 2 x
3 array are shown in Fig. 4. For the 3 x 4 array ex-
periment, a 53.975 mm high, 73.025 mm wide, and
107.33 mm long horn was used to feed the amplifier
array. Full-wave simulation results of the system are
shown in Fig. 5. The numerical model of the arrays
presented accurately predicts the change in the res-
onant frequency caused by the cascading of the horn
and waveguide to antenna GSMs. This behavior is
not apparent when only considering the dominant
mode coupling from the waveguide to aperture cou-
pled patch array.

IV. CoNCLUSION

Electromagnetic modeling and experimental ver-
ification are presented for the accurate analysis of
a waveguide-based spatial power combining array.
An aperture-coupled patch amplifier array is mod-
eled in its entirety. This is accomplished by decom-
posing the system into electromagnetically-coupled
modules, including rectangular waveguide tapers,
aperture-coupled patch array to waveguide transi-
tions, waveguide-microstrip line feed junctions, and
amplifier networks. The overall response of the sys-
tem is obtained by cascading GSMs of passive el-
ements and the S-parameters of the amplifier net~
works. Numerical and experimental results are
shown for a single unit cell and 2 x 3 and 3 x 4
amplifier arrays. This methodology can be effec-
tively used for the electromagnetic modeling of vari-
ous waveguide-based spatial and quasi-optical power
combining systems leading to a better understand-
ing of multimode and surface wave coupling effects
and circuit/field interaction mechanisms.
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