show variations of 3 dB. Taking into account this result, it appears
that the waveguide interconnects are the main source of variation.
However, the major uncertainty in the fabrication does not stem
from the demanding mechanical tolerances, which have been met
very precisely, but rather from the conductive bonding of the
substrates to the carrier plate. This cannot be carried out with
sufficient reproducibility and uniformity in the manual fabrication
process employed. A significant improvement is expected when
using stamped conductive-bonding film and a professional multi-
layer press.

The conversion gain variations are compensated for by indi-
vidual adjustment of digitally programmable attenuators in the IF
circuitry. Additionally, a final correction of element gain and phase
errors is applied in the digital circuitry.

5. CONCLUSION

A novel highly integrated 4 X 4 receiver array module for digital
beamforming in the Ka-band has been designed and fabricated. It
incorporates 16 antenna elements, together with individual analog
heterodyne receiver circuits, all packaged in a compact module of
30 X 30 X 92 mm? size, thus allowing us to array several modules
in order to form a complete terminal. The first measurement results
from the fabricated prototype module prove the functionality of the
packaging concept. Critical issues, for example, the fabrication of
the waveguide interconnects, have been identified and will be the
subject of further optimization.
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ABSTRACT: This paper presents a robust approach for calculating
spatial-domain Green’s functions on the interface or close to the inter-
face of planar multilayered microstrip structures with lossless or lossy
dielectric materials for a wide range of frequencies and layer thick-
nesses. We compute the mixed potential Green’s functions for distance p
for 200 points from 0.1 to 10 wavelengths. The CPU is less than 30 s
for each frequency on a Pentium-1V 2.4-GHz PC. In the case of moder-
ate layer thickness, the fast Fourier transform (FFT) method is intro-
duced to the half-space extraction method in order to calculate all p
values of the different radial source-to-field separations simultaneously.
For thin layers, the results are computed by the contributions of the
vertical-branch cut and the addition of a surface-wave pole. © 2004
Wiley Periodicals, Inc. Microwave Opt Technol Lett 44: 86-91, 2005;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.20555

Key words: spatial-domain Green’s function; fast Fourier transform
(FFT); vertical-branch cut; surface wave poles; leaky-wave poles

1. INTRODUCTION

Computation of electric-field Green’s functions for multilayered
media is always a critical concern for the formulations of integral
equations in many electromagnetic problems. Green’s functions of
single-layered media have been studied using the complex-image
method [1, 2]. Another approach is based on the representation of
the spectral-domain Green’s function in terms of a pole-residue
form [3, 4]. Time-domain layered-media Green’s functions have
also been evaluated [5]. For problems of interconnects in printed
circuit boards, the frequencies usually range from 500 MHz to 20
GHz, whereas the distances range from 0.01 to 10 free-space
wavelengths. There are also varying dielectric thicknesses of mul-
tilayered media. A fast and robust method is required to evaluate
the layered-medium Green’s functions with the following require-
ments: (a) a multilayered medium, (b) lossless and lossy dielec-
trics, (c) a wide range of frequencies corresponding to wide range
of thicknesses, and (d) distances p a range of 0.01 to 10 free-space
wavelengths. To cover these wide ranges of variations, in this
paper we present two complementary methods to cover all these
requirements for the mixed-potential Green’s functions. The first
method is to solve problems of moderate thickness of d (total
thickness), with d > 0.05A,. The spatial-domain Green’s func-
tions are calculated using fast Fourier transform (FFT) method,
based on the half-space extraction method [6, 7]. The computation
time for simultaneously evaluating the Green’s functions of 200
different source-to-field distances, ranging from 0.01 to 10 free-
space wavelengths for each frequency, consumes about 20 s. The
second method is applied for total thickness with 0 < d =
0.05A,, using the numerical integration along the vertical-branch
cut together with the surface-wave pole extraction. The time of
calculating 200 different values of p, ranging from 0.01 to 10
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Figure 1 Side view of a four-layered medium with a dielectric substrate
above a ground plane

free-space wavelengths, requires about 30 s for each frequency.
The surface-wave poles are extracted by means of the Newton—
Raphson method [8], which can be easily implemented for multi-
layered media. There are no contributions from the leaky-wave
poles for d of less than 0.05 wavelengths when the vertical-branch
cut is chosen as the path of integration. In this paper, we present
the numerical results for a four-layered medium with two thick-
nesses. One is moderate thickness, with d equal to 0.2, where the
Green’s function is calculated by the FFT based on half-space
extraction. Another thickness of 0.02A,, is adopted for the vertical-
branch-cut integration approach, and 200 different values of p are
chosen from 0.01 to 10 free-space wavelengths. For wave-propa-
gation problems, the formulations of impedance-matrix elements
via the method of moments (MoM) requires a robust Green’s
function calculation approach for a wide range of frequencies and
dielectric thicknesses. The approach presented in this paper has
been fully implemented in the problems of interconnects for filling
the impedance-matrix elements [9].

2. FAST FOURIER TRANSFORM VIA HALF-SPACE
EXTRACTION FOR d > 0.05A,

In this section, the FFT is applied based on the half-space extrac-
tion method [6, 7] for Green’s function solutions. Figure 1 shows
a four-layered medium structure with various dielectric materials
and thicknesses above a perfect electric conductor (PEC). Region
0 is defined as air. Some of the dielectric materials are lossless and
some are lossy. The electric-field spatial-domain Green’s functions
for mixed potentials, G, and G, with source and field points on
the surface of the dielectric substrates are expressed by

j * k ) , . ,
GA(P) = JIJ“OJ dkpljo(kpp)(e*lk\zle + RIEg—ik(z+z )), (1a)
0

4 k,
JoT ok
Gyp) = — 4are, dkp;J()(ka)
0 7
) ) kZRTE + kgRTM ) ’
X e—jk\z—z|_|_ k2 < e—jk(:+z) , (lb)
p

where k = 2m/\,, k, = Vk; + kj, k. = Vk* — k,, p is the
source-to-field distance on the x—y plane, and z and z' are the
vertical positions of the horizontal source and observation points,
respectively. The electric field at the field point is observed hori-
zontally. For surface-field evaluation, z = z’ = 0. R”® and R™
are the reflection coefficients for the transverse electric (TE) and

transverse magnetic (TM) waves, respectively, whose formula-
tions are shown in [10]. J4(k,p) is the Bessel function of 0" order.
In [7], the integration is carried out on the Sommerfeld integration
path with half-space extraction due to singularities on the real &,
axis. For the following, only formulations of scalar potential G,,
are presented.

To calculate for surface-field solutions with different values of
p simultaneously, the numerical integrals of the half-space ex-
tracted part are integrated by means of the FFT method in [11].
Firstly, Eq. (1) is separated into three parts. The first part corre-
sponds to free-space solutions, and is analytically solved by the
Sommerfeld identity [12] (Figure 2). The second part corresponds
to the half-space case, and the third part refers to a layered medium
with half-space extraction, given by

G(!y)(P) :f dkpgv(kp)‘lo(kpp)exp(iVRkp)’ (2)
0

where

k) = .
g ”) N dmreg kk,

[K*(R™ = RgY) + K(R™ — Ro1)lexp(vek, ).
3
By applying the FFT, the identity in [13] is used as follows:

T

00 (V
dk,J,(k,p)exp(—vk,) = ———=——,
L Al P e
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We rewrite Eq. (4) in terms of the FFT formulations as follows:

(N/12)—1 N
g(k,) = NAK, > a(flexp(—j2afk,), 0<k,< (E - 1>Akp,

n=—N/2

(&)

where

a(f) = f dk,g(k)exp(—2mfl). f= i (©)

In [11], for the proper choice of N, the number of samples should
be in some integral power of 2. The right-hand side of Eq. (5) is
periodic and does not tend towards zero at ; thus, we multiply Eq.
(5) by exp(—vgk,). Then, we alias the functions g(k,) into
periodic sequences g¥(k,) and the periodic subroutines are ex-
pressed as

N—-1

n
a@<7> = Ak, > gUCAK)e N =0,1,... ,N=1. (7)
NAk, ‘7(:0 r

The final solution then becomes

. n 1
N, —
Gilp) = Nk, > av( NAkp) N ®)

n=
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Figure 2 Sommerfeld contour integration path used in numerical inte-
gration of the half-space extraction C; + C,

where the aperiodic sequence a(n/NAk,) is firstly de-aliased
from the outcome of Eq. (7) for G,. It is noted that the integration
path of original formulation of FFT in Eq. (5) is along the real axis.
Because singularities may occur on the real k, axis, we need to
take the integration sequence g,(k,) above the real k,, axis. In the
integration, we take k, = k, + jk, where k7 .. = 1/d,
Kk}, max = max(15/d, 10 Re(ky)) and Ak, = 2k|, ,,./N;, where

ky refers to the wave number associated with the N"™-layer sub-
strate, N, = 20,000 sample points, and v, = d/8.

3. FORMULATIONS OF VERTICAL-BRANCH CUT AND
SURFACE-WAVE POLES FOR 0 < d < 0.05A,

For a thin-layered medium, the performance of the half-space
extraction method degrades. The integration is carried out on the
vertical-branch cut associated with k, (BCO0), as shown in Figure 3.
When the vertical-branch cut is chosen as the path of integration,
the contribution of the leaky-wave poles are out of consideration in
the Green’s function calculation within this range of d. The inte-

1)
kp

A

surface wave poles

.
| | >

TN f
v k.

XX

BCO

Figure 3 Integration path of branch cut for numerical vertical-branch-cut
integration and possible surface-wave pole locations for layered media
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Figure 4 Approximate locations of surface-wave poles and leaky-wave
poles on the complex « plane and the corresponding vertical-branch-cut
integration path and the SIP of a single-layered medium of thickness
0.01A, and permittivity 4

grand decays exponentially along the vertical-branch cut due to the
presence of the term of the Hankel function. The expressions for
G, is given by

K°R™ + IZR™

__ ! ]
VBC

In Eq. (9), the integration is carried out along the path k, =
ko + jk,, where k', goes from — to 0. On the vertical branch cut
associated with ky, (k_) is defined as k_ on the right side of the
vertical-branch cut, with (k_), as that on the left, (k.), = —(k_)g,
and k,. = Vky — k. Multilayered dielectric substrates with any
other materials can also be applied using this approach. By means
of Cauchy’s integral theorem, the vertical-branch-cut integration
associated with k, and the surface-wave and leaky-wave pole
extractions need to be included in the resultant solutions. We
consider single-layered material with relative permittivity e, lo-
cated onto the PEC. In the analysis, by means of the complex «
plane, we set k, = kqsin . In Figure 4, we stretch the approximate
locations of surface-wave poles and leaky-wave poles on the
complex «a plane, the vertical-branch-cut integration path, and the
SIP described. For extractions of the surface-wave and leaky-wave
poles, we adopt the Newton—Raphson method [8]. The surface-
wave and leaky-wave poles are found based on the characteristic
equations. Since the surface-wave poles are located between
Re(k,) to Re(ky) on the 4™ quadrant of the complex k,, plane,
where k, is the wave number of region N in the N-layered medium
structure, the initial searching points of the Newton method are on
the real k,, axis, starting from Re(k) to Re(ky). The locations of
the leaky-wave poles are on the bottom Riemann sheet, while that
of the surface-wave poles are located on the upper Riemann sheet.
The solutions of the surface-wave and leaky-wave poles are ob-
tained from different characteristic equations [10]. An infinite
number of leaky-wave poles exist. However, when d is less than
0.05A,, the leaky-wave pole extractions are located on the right-
hand side of the vertical-branch cut, as shown in Figure 4. By
Cauchy’s integral theorem, the leaky-wave pole does not contrib-
ute to the Green’s function determination, for this range of d. The
fact that leaky-wave poles do not contribute is a result of using the
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vertical-branch cut as the integration path. For evaluation of mixed
potentials with thin-layered substrates, only surface-wave pole
extraction has to be applied, together with the vertical-branch-cut
integration. The analytic expression of the surface-wave pole con-
tribution of the TE poles is given by

2

_ j kf 2) TE
Cr— Hy (k,p)res™, (10)

G%W(P) =

where res”” is the residues of R”%. The TM poles are formulated
in a similar manner. The analytic expression for the residue is
given by

TE 1 . TE
res't = E A lim (k, — k,,)R"™". (11)

p(TE) <V kp=kopko—kop

Thus, we solve G, in Eq. (9) for the vertical-branch-cut inte-
gration, and Eq. (10) for the surface-wave pole extraction for
thin-layered media. Since the integrand decays exponentially along
the vertical-branch-cut integration due to the Hankel function, the
number of integration samples can be greatly reduced to achieve
accurate results. In the integration, we use k', ... = 10/p,,,, and
Ak, is separated via logarithmic scale into about 20,000 integra-
tion points. A frequency of 1 GHz is used.

4. IMPEDANCE-MATRIX ELEMENTS

In [9], the interconnect problem has 150 unknowns; thus, we solve
for thousands of unknowns of the impedance-matrix elements.
However, thousands of unknowns are usually adopted in an inter-
connect problem, and a high number of computations of the
Green'’s function is required. Based on the robust Green’s function
evaluation methods, this was fully implemented in [9]. A formu-
lation of the impedance-matrix elements using the present ap-
proach with a distance range from 0.01 to 3, and a frequency
range from 500 MHz to 20 GHz has been implemented. This
section demonstrates how this approach can be applied to formu-
late the impedance-matrix elements. The formulation of the im-
pedance-matrix elements for nonoverlapped patches is given by
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Figure 5 Absolute value of the integrand in Eq. (1) with half-space
extraction. A log—log scale is used, showing the exponential decay for large
k, (integrands are on the C, of the Sommerfeld integration path with
k" = 3.353; p = 0.1A, = 0.03 m)
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Figure 6 Real and imaginary parts of the surface electric fields of the
spatial Green’s functions as a function of distance r in a range of 0.01 to
10A, with parameters: frequency = 1 GHz, &, = 3¢y, &, = (3.1 —
Jj0.1)eg, e5 = (3.2 — j0.05)¢g,, and &, = 3.3¢; thicknesses: 0.015, 0.012,
0.018, and 0.015 m, respectively

Z)’l‘ln = jwMO * ANTAH ‘ T;/i(;mc) ‘ (:;A(;HX(‘9 ;H(T) ° T:/i(?)l(,‘)

- Ji : AmAnVS . Trﬁ/i(;mc) . GV(;mw ?m') : V:? : T;/i(;nc)' (12)

we,

Note that the impedance-matrix element formulation is a function
of mixed potentials G, and G,.

5. RESULTS AND DISCUSSION

We first demonstrate the numerical results using the FFT approach
based on the half-space extraction method. For a layered medium
configuration (as in Fig. 1), where region 0 is air, region 1 has g, =
3g,, region 2 has e, = (3.1 — jO.1)g,, region 3 has 5 = (3.2 —
j0.05)e,, and region 4 has €, = 3.3g,. The bottom layer refers to
the perfect electric conductor (PEC) layer. The operating fre-
quency is 1 GHz and the dielectric thicknesses of each layer of
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regions 1-4 are 0.015, 0.012, 0.018, and 0.015 m, respectively. In
Figure 5, we show the numerical integrand of G, with half-space
extraction along the Sommerfeld integration path. We plot the
magnitude of the integrand along the C, of the SIP as a function
with increasing k;, on a log-log scale. As we can see, the integrand
decays exponentially as the value of k|, increases. Since the inte-
gration path C, is above the real k, axis, the denominators of R™E
and R™ are never equal to zero. The peak of the integrand occurs
when the path is closest to the surface-wave poles.

Due to the large variations in magnitude for p, ranging from
0.01 to 10 free-space wavelengths in Green’s function solutions,
we plot the numerical results for the real and imaginary parts of
G,. Figure 6 shows the real and imaginary parts of the calculated
mixed potential G, as a function of source-to-field distance from
0.01 to 10 free-space wavelengths using the above configuration.
With this configuration, half-space extraction via FFT method is
used. The numerical outcome using the half-space extraction
method without FFT is also shown in the figure. We can see that
solutions match in both real and imaginary parts for the specified
range of p and the results remain unchanged whenever the FFT is
applied. This reveals that the computational time of the evaluation
of mixed potential G, is about 20 s for 200 different values of p
using the FFT method based on half-space extraction, while that
without FFT requires more than 5 min. The simulations are carried
on a PC with a 2.4-GHz CPU.

For moderate thickness of d, the fast Fourier transform method
with half-space extraction is applied. The introduction of the FFT
method [11] leads to a reduction in computation time by evaluating
all p simultaneously for each frequency. However, the perfor-
mance of the half-space extraction method degrades when the
dielectric thickness decreases. It is found that solutions of large
percentage errors occur with the use of this extraction method for
small thickness of d, which results in the introduction of another
complementary method for evaluating the spatial-domain Green’s
function with a dielectric of thin multi-layered media. Numerical
integration along the vertical-branch cut is implemented instead of
the Sommerfeld integration path. The integrand oscillates less by
means of the Hankel function. With the addition of surface-wave
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Figure 7 Real and imaginary parts of the surface electric fields of the
spatial Green’s functions as a function of distance p in a range of 0.01 to
10A, using the vertical-branch-cut approach with parameters: frequency =
1 GHz, &, = 38, &8, = (3.1 — j0.1)g,, €5 = (3.2 — j0.05)g(, and &, =
3.3g,; thicknesses for each layer: 1.5, 1.2, 1.8, and 1.5 mm, respectively
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and leaky-wave pole extractions, accurate solutions can be ob-
tained. In Figure 7, we use the above layered medium with the
same dielectric materials, but different thicknesses. The thick-
nesses for each region (regions 1-4) are 1.5, 1.2, 1.8, and 1.5 mm,
respectively. Thus, the total thickness of the layered medium
becomes 0.02A at a frequency of 1 GHz. The numerical results for
the real and imaginary parts of G, are shown, respectively, re-
vealing that there are no leaky-wave poles when 0 < d = 0.05A,,
and hence the difficult-to-locate leaky-wave poles do not need to
be extracted. It is demonstrated that the computational time of the
mixed potential calculations is about 30 s using the vertical-
branch-cut integration for the 200 different source-to-field separa-
tions.

This approach has been found to be especially efficient in the
analysis of via discontinuity when generating impedance-matrix
elements by the method of moments (MoM), which requires a high
number of Green’s function solutions to be calculated. It has been
implemented in interconnect problems [9]. To verify the accuracy,
we verify the numerical outcome using the formulation in Eq. (12).
In this case, the layered medium contains one layer with dielectric
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constant of 4.001 and thickness of 0.254 mm, that is, 10 mil. The
working frequency is 8.09 GHz; hence, the thickness is 0.00685A,,.
The solutions of the mixed potentials G, and G, have been
calculated using the vertical-branch-cut integration with surface-
wave pole extraction. Figure 8 shows the magnitude of the imped-
ance-matrix elements Z,,,, with the m'™ patch centered at (x,,, y,,)
and n™ patch centered at (x,,, y,). The result using the vertical-
branch-cut approach is compared with that using the higher-order
asymptotic method [6]. The results show that both methods result
in the same output, as shown in Figure 8.
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ABSTRACT: A novel untilted edge-slotted waveguide antenna array
with very low cross-polarization is presented, in which the radiating
element is composed of an untilted narrow-wall slot and a pair of
shaped irises that flank the slot in the waveguide. An array with 16
proposed elements for X-band application is designed and measured.
The experimental results show that the antenna has an excellent
cross-polarization level of < —40 dB and over 7% bandwidth of
VSWR = 1.5. © 2004 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 44: 91-93, 2005; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.20556

Key words: waveguide; slot; antenna

1. INTRODUCTION

The slotted waveguide antenna array has been used in radar and
communication systems widely due to its easy fabrication, agile
aperture-distribution control, and low loss. In this antenna, the
radiating element is simply a narrow slot milled in the broad wall
or the edge of a rectangular waveguide [1]. Normally, the edge slot
must be inclined in order to be excited. However, the slot incli-
nation produces an undesired component of the electric field
orthogonal to the waveguide’s longitudinal axis. This causes not
only unwanted polarization, but also heightened back radiation.
For the purpose of minimizing the presence of undesired cross
polarization, some array approaches have been used [2], resulting
in complex structures. Fortunately, a radiating element consisting
of an untilted narrow wall slot and a pair of excitation wires was
invented by Ajioka [3] and analyzed by Hashemi-Yeganeh et al.
[4]. Furthermore, an untilted slot excited by a dielectric plate with
conducting strips on both sides was developed [5]. Since the tilted
holes for the wires must be drilled to the waveguide walls and then
the tilted wires must be soldered to the walls, these untilted slots
excited by tilted wires have problems with regard to the fabrication
of a large array. Although the untilted slots excited by a dielectric
plate with etched conducting strips can control the coupling more
easily and more accurately than wire excitation, there is a problem
that the dielectric plate must be fixed to the waveguide walls in a
stable manner, especially for antennas working under difficult
conditions.

In this paper, a new technique to excite the untilted slot in a
narrow wall is proposed and an antenna array with very low
cross-polarization composed of untilted slots is designed. Using a
pair of shaped irises that flank the slot instead of the abovemen-
tioned wires or stripes, as shown in Figure 1(a), untilted slot-
antenna excitation is realized. The proposed slot array can be
fabricated more easily, especially as the slotted-waveguide antenna
needs to be fabricated of carbon-fibre reinforced plastics (CFRP)
for low mass, high stiffness, and perfect thermal stability in air-
borne and spaceborne applications. Based on the simulation car-
ried out using the commercial software Ansoft HFSS, an antenna
array for X-band applications is designed, fabricated, and mea-
sured. Then experimental results are presented to verify the design.
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