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Abstract  
An integral equation formulation is proposed for the analysis of waveguide-based 

aperture-coupled patch arrays for use in spatial power combining systems. A method 
of moments discretization is used to reduce a coupled set of integral equations t o  
a matrix system resulting in the Generalized Scattering Matrix (GSM) for the N- 
port waveguide transition. In addition, the GSM for a rectangular waveguide taper 
is obtained using a mode-matching technique. Receiving and transmitting waveg- 
uide modules are cascaded to obtain the GSM of the entire passive structure. The 
proposed electromagnetic algorithm has been incorporated in a modeling environ- 
ment for the analysis of complete waveguide-based aperture-coupled patch amplifier 
arrays, including passive elements and active devices. 
Introduct ion 

In recent years, an increased interest in open and waveguide-based spatial power 
combining systems [1,2] has created opportunities for the modeling and design of 
efficient high-power combiners and for a better understanding of power combining 
mechanisms in free space. This includes full-wave electromagnetic modeling of pas- 
sive guided-wave structures, field-circuit interfacing techniques (i.e. active devices 
coupled into the electromagnetic environment), and the modeling of multimoding, 
coupling and radiation effects. 

In this paper, we present a full-wave integral equation formulation of an aperture- 
coupled patch array in the layered N-port waveguide transition. This is developed for 
the analysis of a complete waveguide-based amplifier array, which includes receiving 
and transmitting waveguide tapers, N-port patch-to-slot waveguide transitions, and 
amplifier networks [3]. The analysis of the N-port waveguide transition (geometry 
shown in Fig. 1) is based on the method of moments integral equation formulation 
for electric and magnetic currents induced on the surface of the patch array and slot 
apertures coupled to single-mode waveguides. The GSM of the transition is obtained 
for all propagating and evanescent T E  and TM modes, taking into account a cou- 
pling of all ports. A rectangular waveguide taper (shown in Fig. l), approximated 
by double-plane stepped junctions, is analyzed using the mode-matching technique 
similar to [4]. The GSMs of waveguide tapers and N-port waveguide transitions are 
cascaded to obtain the overall response of the entire passive structure. Numerical 
results are presented for a single patch-to-slot waveguide transition, two cascaded 
waveguide-based patch-to-slot transitions (patch-slot-patch), and two cascaded 2 x 
3 patch-to-slot arrays with rectangular waveguide tapers. 
Theory  

Consider the N-port waveguide transition (Fig. I), which contains a patch array 
SL at the interface Sd of adjacent dielectric layers with permittivities €1 and €2 in 
the overmoded waveguide (regions VI and Vz, respectively), slot apertures Si at 
the ground plane S,, and N-1 singlemode waveguides coupled to the patch array 
through an array of slots (regions Vj  of the dielectric permittivity €3). 

A coupled set of integral equations is obtained by enforcing the boundary condi- 
tion on the tangential components of the electric field on the conductive surfaces S& 
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Figure 1: Geometry of a waveguidebased aperture-coupled patch array in the N- 
port layered waveguide. A rectangular waveguide transition (taper) is used for the 
excitation by the dominant mode. 

at z = 0 and the continuity condition on the tangential components of the magnetic 
field on the magnetic surfaces (slot apertures) Si at z = T (similar formulations 
have been presented in [5]). We are particularly interested in the electric field r e g  
resentation in the region VI and the magnetic field representation in regions Vz and 
Vi (to satisfy boundary and continuity conditions). The total electric field in the 
region VI is obtained in the integral form in terms of the unknown electric current 
density Ti(?’) and magnetic current density M3(F‘’) using the second vector-dyadic 
Green’s theorem: 

+ 5 J , Exj(?’) . [V’ x q]ds’ 
j=1 si 

=(U) 
The electric dyadic Green’s functions of the third kind, Gel (F‘, f’) and, Es1)(F‘, F f ) ,  
are obtained for regions Vl and Vz satisfying boundary and continuity conditions for 
the electric field on the surfaces S M ,  S,, and on the interface s d  (see [5 ] ) .  

The total magnetic field in the region Vz due to induced electric xi(?’) and 
magnetic Mj(?’) currents is obtained as follows: 

and in the regions Kj due to magnetic current Mj(F“): 
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The electric dyadic Green’s functions of the third kind, ?$f)(F, ? I ) ,  E:)(?, ? I )  

have been obtained for regions VI and V2 satisfying boundary and continuity con- 
ditions for the magnetic field vector. The electric dyadic Green’s functions of the 

second kind E:)(?, ? I )  are obtained for the semi-infinite waveguides (regions V j )  
terminated by a ground plane at  z = T (similar formulations are shown in [5]). 

The incident electric F(f) and magnetic HF(F) fields are expressed in terms 
of eigenmode expansions, including propagating and evanescent TE and TM modes 
normalized by a unity power condition [5]. Note that the incident magnetic field in 
the regions Vj  is similarly handled. The integral representations (l), (2), and (3) 
yield a coupled system of integral (functional) equations, which is discretized using 
the method of moments. The GSM for the N-port waveguide transition is obtained 
by relating the magnitudes of incident and scattered modes at each port, where the 
magnitudes of scattered modes are expressed in terms of current coefficients (in the 
current expansion) using a unity power normalization. 

A rectangular waveguide taper (Fig. 1) is approximated by double-plane stepped 
junctions. Each junction is analyzed by the mode-matching technique similar to [4]. 
The GSM of the entire linear taper is obtained by cascading GSMs of individual 
junctions. The accuracy of the GSM cascading algorithm depends on the number 
of TE  and TM modes and steps used t o  simulate the tapered waveguide transition. 
Results and Discussion 

The numerical results are presented here for several passive waveguide-based 
structures, including a single unit cell and an aperture-coupled patch array operating 
at  X-band. Geometrical and material parameters used for the single patch-to-slot 
transition, 2 x 3 aperture-coupled patch array, and a rectangular waveguide taper 
are given in [6] and [3], respectively. Fig. 2 demonstrates dispersion characteristics 
(magnitude and phase) for the reflection, 4 1 ,  and transmission, 5’21, coefficients of 
the dominant TElo mode for the single patch-to-slot transition. This was used to  
obtain an overall response of two cascaded unit cells (patch-slot-patch transition). 
The results for the S-parameters of the entire structure are shown in Fig. 3. It 
can be seen that cascading of two unit cells results in the appearance of the second 
resonance a t  higher frequency (about 11 GHz). The numerical results were also 
generated for 2 x 3 patch array and a rectangular waveguide taper. Magnitude 
and phase of the reflection and transmission coefficients of the dominant mode are 
presented in Fig. 4 for the entire structure consisting of the input and output 
waveguide tapers (used for feeding and collecting) and two aperture-coupled 2 x 3 
patch arrays (patch-slot-patch transition). Again, we observed two sharp resonances 
a t  10.5 GHz and approximately 11.5 GHz. 

The proposed methodology and electromagnetic algorithm will be used for the 
optimization of waveguide-based aperture-coupled patch amplifier arrays for use in 
spatial power combining. 
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Figure 2: Magnitude and phase of the reflection and transmission coefficients of a 
single patch-to-slot waveguide transition. 

Figure 3: Magnitude and phase of the reflection and transmission coefficients of two 
cascaded waveguidebased single patch-to-slot transitions. 
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Figure 4: Magnitude and phase of the reflection and transmission coefficients of two 
cascaded 2 x 3 patch-to-slot arrays with rectangular waveguide tapers. 
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