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Abstract— An electromagnetic modeling pro-
cedure for electrically large microwave and
millimeter-wave systems with circuit-field inter-
actions 1s presented. The concept of an elec-
tromagnetic terminal is introduced to interface
separate electromagnetic models of the blocks in
a partitioned network.

INTRODUCTION

ICROWAVE technology has advanced to the

point where electrically large systems, a
wavelength or even several wavelengths in the three
dimensions, are being developed. Electromagnetic
modeling of these large systems along with lin-
ear and nonlinear circuit components is emerging
as one of the great challenges in microwave and
millimeter-wave computer aided engineering. The
target problem in the current work is the quasi-
optical power combining amplifier shown in Fig.
1 [7]. Each dimension of this amplifier is at least
two wavelengths. The amplifiers are MMIC chips
arranged in a 5x5 or perhaps larger array. Each
amplifying unit cell of the amplifier is an amplifier
with a microstrip coupled slot input antenna and
a similar antenna at the output.

A simplified view of this system is shown in Fig.
2(a) and a unit cell in Fig. 2(b). The unit cell
has an amplifier, typically a MMIC in the center
of the stripline. In addition to the problem size,
one characteristic of this system is the tight cou-
pling of the nonlinear device to its electromagnetic
environment.

There have been a few attempts to model sys-
tems with interacting fields and circuit elements.
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In transient analysis of distributed microwave
structures lumped circuit elements can be embed-
ded in the mesh of a time discretized electromag-
netic field solver such as a finite difference time
domain (FDTD) field modeler [1], [2]. There are
also commercial products that allow the interfacing
of electromagnetically derived models with circuits
but for now only fairly simple systems with a few
ports can be handled.

The work presented here is a progression of three
separate developments. First, in [3], [4] Kunisch
and Wolf introduced a technology for integrating
port-based electromagnetic field models with non-
linear devices. Second in [5], and [6] a multiport
network was used to enable electromagnetic mod-
els of individual interconnects to be assembled in
a larger structure. This assemblage accounted for
the interactions of the structures through the use
of electromagnetic ports with electric and magnetic
currents. Third a network model of a large quasi-
optical structure was developed by Heron, Nuteson
et al. in [8], [9].

The work in the current paper develops a net-
work based model of the electromagnetic environ-
ment, whereby sections of the large electromag-
netic structure are interfaced to each other at “elec-
tromagnetic terminals” and to the conventional
nodal-based circuit at the ports. The depiction
shown in Fig. 3 represents three unit cells. Fach of
the slot-stripline-slot blocks is interfaced to a non-
linear network using normal current/voltage de-
fined terminals. The exterior of the block is rep-
resented by multiport networks at the input and
at the output. Each of the ports corresponds to
one of the basis functions used in the discretiza-
tion of the field at the slot. These input and output
ports are denoted electromagnetic terminals to dis-
tinguish them from the current-voltage terminals
of conventional circuit analysis. The electromag-
netic terminals are defined in terms of incident and
reflected waves. The interfacing quantities at the
“electromagnetic terminals” can be of any type as
long as the same basis is used for the evaluation
of the networks on either side of the interface. In
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Fig. 3. Network model of larg partitioned electromag-
netic system.

this work a method of moments (MoM) simulator
was used and the interfacing quantities were the
weighted basis functions of the incident and scat-
tered magnetic field of individual cells. This is then
a generalization of the scattering matrix concept
with forward and backward traveling waves. The
slot-microstrip-slot blocks were treated separately
here as precautions (such as the use of photonic
crystals) are taken in design to prevent direct cell-
to-cell interaction.

The aim of the overall analysis is to develop a
single network representing the linear network with
the minimum possible representation of the linear
sub-networks. Generally a nodal admittance ma-
trix with rank equal to the number of interfacing
terminals is desired.

REsuLTS

Figs.4 to 6 are plots of various electromagnetic
and circuit quantities in the microstrip coupled slot
portion of the system.

Fig. 7 and Fig. 8 are field profiles at the output
of the array at various distances from the surface
of the transmitting antennas. The formation of the
main beam and the sidelobes can be seen clearly. In
this simulation the amplifiers were unit gain linear
amplifiers.
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Fig. 4. The magnitude of the electric field on the input
slots at 10 GHz: (a) magnitude; and (b) phase.

Fig. 8 are the same field profiles as above but
now one of the amplifiers turned off. These profiles
were generated without the need of recalculating
the field solutions.

DiIscUssION

The work presented here is an approach to han-
dling large systems such as quasi-optical amplifiers
using full electromagnetic modeling. The intercon-
nectivity of electromagnetic blocks could be han-
dled using an electromagnetic simulator or in a
circuit simulator. We have chosen to perform the
interconnectivity in a circuit simulator because of
the excellent methodology that has been developed
for the analysis of circuits. The essence of a cir-
cuit simulator is enforcement of Kirchoff’s current
law. In the extension we have developed additional
quantities introduced at the “electromagnetic in-
terfaces.” A circuit simulator enforces balancing
of the electromagnetic quantities (the coefficients
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Fig. 5. The magnitude of the electrical current on the
stripline at 10 GHz: (a) magnitude; and (b) phase.

of the weighted basis functions) at the interface.
The interface requires that the interface network
be locally referenced [10] so that the electromag-
netic quantities are not referenced to a global volt-
age reference node.

The separation of the electromagnetic model into
partitioned networks facilitates optimization in de-
sign. Generally the design approach proceeds by
first designing the individual unit cells and then
arranging them in an array. In optimizing the ar-
ray layout it not necessary to recompute the elec-
tromagnetic model of the unit cells. Recomputa-
tion of the electromagnetic blocks is only required
when the specific geometry affecting the block is
changed. The next step in the design process would
be the optimization of the array geometry but this
has not been possible up to now because it has not
been possible to handle such a large structure.
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Fig. 6. Magnitude of the reflection coefficient seen from
the output of the amplifier.
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(d)
The magnitude of the horizontally polarized
electric field at a distance z from the slot array sur-

face: (b) z = A/4. (¢) z = A/2. (d) z = 3\
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