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Abstract— The hybrid finite element-boundary integral-multilevel fast multipole algorithm
(FE-BI-MLFMA) approach is adopted for fast and accurate computation of radiation from large
slotted-waveguide antenna arrays. A simplified model is presented by using a thin current probe
as the excitation and a layer of perfectly matched layer (PML) as the termination for slotted-
waveguide antenna. Since each slotted-waveguide antenna can be generally considered as a single
sub-domain, the domain decomposition algorithm (DDA) is applied in the FE-BI-MLFMA to re-
duce computation resource and achieve high efficiency. This DDA-FE-BI-MLMFA is parallelized
to further strength its capability. To validate the presented approach for computing radiation
from slotted-waveguide antenna arrays, a series of numerical experiments are performed. Good
agreement between our calculated results and results from commercial software CST validates
accuracy of the presented approach. To show capability of the proposed DDA-FE-BI-MLFMA,
a large X-band slotted-waveguide antenna array containing eighteen waveguides is designed and
its radiation characteristics are studied.

1. INTRODUCTION

The slotted-waveguide antenna arrays are widely used in real-life communication and radar system
applications, because of their small size, light weight, compact structure, high efficiency, and low
side lobe characteristics. The computation of radiation from slotted-waveguide antenna arrays is of
growing interest due to its importance in practical applications. Various methods have been devel-
oped to compute the radiation from slotted-waveguide antennas, such as the variational approach
in terms of equivalent network, the method of moments (MoM), the finite-difference time-domain
(FDTD) method, the finite element method (FEM) and the hybrid finite element-boundary integral
(FE-BI) method [1-10].

However, due to large number of slots and the mutual coupling between the slots through the
waveguides and the exterior space, previous researches mainly focus on analysis of radiation by a
single slot in a waveguide, 1-D slotted-waveguide arrays or small 2-D slotted-waveguide arrays in
a planar surface. In real application, fast and accurate analysis of radiation from large slotted-
waveguide antenna arrays containing tens of slotted-waveguides and comprising thousands slot
elements cut in the wall of the waveguides still faces great challenges.

In this paper, an efficient approach is presented for fast and accurate analysis of radiation from
large slotted-waveguide antenna arrays by using the FE-BI-MLFMA [11-13]. To simplify the cal-
culation, for each single slotted-waveguide, a short and infinitesimally thin current probe is used as
the front-end excitation. A perfectly matched layer (PML) is used to terminate end of the waveg-
uide port and absorb the reflected wave from the antenna to make each slotted-waveguide antenna
work in the travelling wave mode. Since each slotted-waveguide antenna can be considered as a
single sub-domain, the domain decomposition algorithm (DDA) is applied to reduce computation
resource and achieve high efficiency. To improve the convergence, the sparse approximate inverse
(SAI) technique is applied to construct an efficient preconditioner [14,15]. To further improve the
capability, it is parallelized on a memory distributed computer system [13,14]. The comparison
between DDA-FE-BI-MLFMA computed results and the commercial software CST results for the
radiation patterns of a slotted-waveguide array validates the accuracy of the presented approach.
To show capability of the presented approach, a large X-band slotted-waveguide antenna array
containing eighteen waveguides with Taylor amplitude and inverse phase excitation distribution is
designed and its radiation characteristics are computed and analyzed.

2. COMPUTATIONAL ALGORITHM

Consider the radiation problem of a single slotted-waveguide antenna whose surface is denoted as
S. A short current probe oriented in the z-direction and located at (xf, ys) can be modeled as:

Jinp:élo(s(l‘_xfay_yf)e_jkw (1)
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Figure 1: Simplified model for a slotted-waveguide antenna array.

where Iy is the lumped current flowing into the antenna and ¢ is the phase. The location of
the current is in the middle of the original waveguide excitation port. The front-end port of the
waveguide is extended a small distance from the original feed location and terminated with an
infinite thin PEC plate. At the end of the waveguide, it is filled with PML of thickness 0.3)\,, with
Ag being the waveguide wavelength. Then it is also terminated with infinite thin PEC plate.
According to the FE-BI-MLFMA presented in [11], the solution region is directly divided into
the interior region and the exterior region by the surface S. The final FE-BI matrix equation
system for a slotted-waveguide antenna array with N slotted waveguides can be written as:
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where H, = ZoHyg, with Zy being the free-space impedance. P and Q are the BI dense matrices,
K and B are the sparse FEM matrices. Ty denotes the projection Boolean matrix between the
global BI degrees of freedom (DOFs) and the FEM degrees of freedom (DOFs) of the ith slotted
waveguide. E' denotes the discretized unknowns of the electric fields for the ith waveguide, H
denotes the discretized unknowns of the magnetic fields on the boundary of the whole antenna
array.

In a slotted-waveguide antenna array, each slotted-waveguide antenna can be considered as a
single sub-domain, and the domain decomposition algorithm (DDA) can be applied to the FE-BI-
MLFMA to reduce the required computation resources and achieve high efficiency [12,13]. After
solving the sparse FEM matrices of each sub-domain, we can obtain:

E'=(K)™ (v - B'T,H,) (3)
Substituting Equation (3) into the BI equation, we can obtain the final equation system as:
P+Q|f,=b (4)
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The equation system of (4) can be efficiently solved by using the iterative solvers such as the
GMRES. The MLFMA is employed to speed up matrix-vector multiplications. This computa-
tional approach is also parallelized on a memory distributed computer system with an efficient
preconditioner constructed by using the SAI technique [15].
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Figure 2: Radiation patterns for an antenna array containing two slotted-waveguides at 10 GHz. (a) E-plane.
(b) H-plane.

Table 1: The radiation characteristics parameters of the slotted-waveguide antenna array.

Calculation method DDA-FE-BI-MLFMA  CST
Gain (dBi) 27.9 28.1
3dB beam width (%) —L¢_ 1.0 L0
H-plane 33.1 34.4
E-pl —21. —21.4
Side lobe level (dB) _—pane 5
H-plane —40.0 —39.4

3. NUMERICAL RESULTS

A series of numerical experiments are investigated in this section. All the computations are per-
formed on the parallel computer platform Liuhui-II at the Center for Electromagnetic Simulation,
Beijing Institute of Technology. It has 10 nodes, each node has 2 Intel X5650 2.66 GHz CPUs with
6 cores for each CPU, 96 GB memory.

As shown in Figure 1, a typical true 3D slotted-waveguide antenna array containing eighteen
slotted waveguides is specially designed. For each slotted-waveguide antenna, we choose the BJ100
waveguide (22.86 x 10.16 mm), the main mode frequency of which ranges from 8.2 GHz to 12.5 GHz.
We set the working frequency of the antenna as 10 GHz. The vertical spacing between every two
neighbor waveguides is fixed as 5.2 mm. To achieve high gain and low side-lobe performance, the
fed phase and inclination angle for each slot are strictly inversed to the adjacent ones, to the
corresponding one in wall of the adjacent and the mirror symmetry waveguide.

We first validate the presented approach by comparing results with the CST results for the
radiation patterns of the middle two slotted-waveguides. There are total 90 narrow-wall slot-
radiating elements for each slotted-waveguide. The radiation characteristics parameters of the two
slotted-waveguides antennas are listed in Table 1. Figure 2 shows the calculated radiation patterns
in F-plane and H-plane respectively. Good agreement can be observed between the DDA-FE-BI-
MLFMA and the CST results.

To demonstrate great capability of the presented approach for electrically large arrays, we com-
pute radiation patterns of the whole large antenna array containing eighteen waveguides as shown
in Figure 1. The radiation patterns for the array with equal-amplitude/Taylor-amplitude and in-
verse phase distribution feed in the E-plane and H-plane are shown in Figure 3. The computed
radiation characteristics parameters are listed in Table 2. We can see from Figure 3, by using
the Taylor-amplitude distribution feed, better side lobe can be achieved with wider main lobe and
lower gain in the H-plane, but little influence on radiation patterns in the E-plane. Figure 4
shows the normalized orthogonal polarization radiation patterns for the large antenna array with
Taylor-amplitude distribution feed in the E-plane and H-plane. We can see from these figures, sup-
pression cross-polarization characteristics are obtained in E-plane (< —50.49dB) and in H-plane
(< —26.96dB). In this calculation, the number of unknowns for the FEM part and the BI part is
5,306,784 and 2,291,742 respectively. It takes about 91 GB memory and 4 hours of CPU time with
16 MPI processes.
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Table 2: The radiation characteristics parameters of the large slotted-waveguide antenna array.

Amplitude distribution Taylor Equal
Gain (dBi) 354 36.1
FE-plane 1.0 1.0

3dB beam width (°)
H-plane 5.1 3.9

FE-plane —-18.7 —19.2
H-plane —-32.5 —13.2

Side lobe level (dB)
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Figure 3: Radiation patterns for the large slotted-waveguide antenna array containing eighteen waveguides
at 10 GHz. (a) E-plane. (b) H-plane.
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Figure 4: Normalized orthogonal polarization radiation patterns for the large slotted-waveguide antenna
array at 10 GHz. (a) E-plane (b) H-plane.

4. CONCLUSION

An efficient computational approach using the FE-BI-MLFMA is presented for analysis of radia-
tion from large slotted-waveguide antenna arrays. A simple but flexible and efficient model is pre-
sented to simplify the calculation. Comparisons between computed results and commercial software
CST results validate the presented model for fast and accurate analysis of radiation from slotted-
waveguide arrays. The radiation characteristics of a large carefully designed slotted-waveguide
antenna arrays are computed to show the efficiency and capability of the presented approach.
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