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Linear array modules with prescribed
excitations using waveguide shunt slot-fed
microstrip patch elements

KHAGINDRA SOOD', RAJEEV JYOTI' AND SHASHI BHUSHAN SHARMA~

A waveguide shunt slot-fed microstrip patch antenna (WGMPA) element is proposed and analyzed with method of moments
(MOM) using entire-domain basis functions. The developed analysis has been utilized to obtain parametric observation of
power-coupling versus transverse offset of feeding slot from the waveguide axis. Expressions for the radiation pattern as a sum-
mation of contributions of individual basis functions are reported. The proposed element is amenable to building-up series-fed
linear arrays by a simple cascading of elements at the through-end of the feeding waveguide. The authors propose that arbitrary
amplitude excitations may be applied to such linear arrays for desired tailored array pattern characteristics. The required
transverse offsets for each array element may be computed using the reported parametric result. As a demonstration of
concept, two distributions are designed — uniform amplitudes and Dolph-Chebyshev for reduced side lobes. Computed
element patterns from MOM are used with an array factor formulation for arbitrary element positions. Both modules show
radiation characteristics closely matching the expected directivity and sidelobe envelopes. Analysis validation is achieved
using a proven finite element method (FEM)-based solver; the comparison is close and is reported. Efficacy of the waveguide
shunt-slot fed patch element for building linear array modules with prescribed amplitude distributions is thus established.
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Il. INTRODUCTION

Aperture-coupled feeds for a microstrip patch antenna were
first proposed by Pozar [1]. Excitation typically occurs electro-
magnetically through a ground-plane aperture from a feed line
on one side to the radiator on its other side. Kanda et al. have
proposed a waveguide aperture-coupled feed through an
end-wall slot [2] that has been studied further by Ho and
Hsu [3]. In the present paper, a waveguide top-wall slot is
suggested instead as a mechanism of patch excitation. As com-
pared to the end-wall slot, in this radiator configuration,
antenna elements may be conveniently cascaded to obtain a
series-fed linear array. The term “stick” array has been used
to denote this kind of linear array configuration. Chang and
Schaubert have investigated such arrays using inclined
side-wall slots to excite the patch elements [4]. Furthermore,
this may be employed as a sub-array by repeating units
across the waveguide axis to obtain a planar array. The
patch being resonant, allows the slot itself to be relatively
short and the inter-stick spacing may be maintained
optimum for avoiding grating lobes [4]. An apparent disad-
vantage of this feed is that the slot inclination must be
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altered to change the excitation amplitude that leads to polar-
ization issues. With the proposed shunt-slot scheme, slots may
be retained collinear and only their offsets suffice to control
the coupling amplitude.

With this inspiration, the proposed waveguide shunt slot-fed
microstrip patch antenna (WGMPA) is analyzed using a
method of moments (MOM) formulation to investigate the con-
figuration and obtain design guidelines. Entire-domain basis
functions in conjunction with a Galerkin procedure have been
used to obtain an accurate numerical solution for problem
geometry. The MOM analysis has been used to obtain variation
of the coupled power from the longitudinal slot with transverse
offset. The reciprocity method has been used to compute the far-
field contributions of individual MOM-matrix coefficients. The
actual element radiation pattern is thus obtained as a weighted
summation of the pattern contributions term-by-term.

Coming to the design of the linear array itself, a centrally-
positioned longitudinal slot is not expected to radiate; a pre-
calculated transverse offset is necessary. Successive slots
need not be spaced a guide-wavelength apart, as may appear
at first glance. By alternately displacing slots to either side of
the long axis of the waveguide, the slots can be positioned
Ag/2 apart and yet radiate in phase. For the desired amplitude
excitations, the corresponding slot transverse offsets are
obtained from the MOM analysis. This method of feeding a
linear array may be applied for any chosen number of
elements with an arbitrary amplitude distribution.
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In this paper, the proposed shunt slot-fed patch element
has been used to realize two types of linear array modules
using alternating side-to-side slot placement. The modules
consist of five elements each and are general cases of (i)
uniformly-excited linear array and (ii) linear array with a tai-
lored Dolph-Chebyshev distribution for reduced side lobes.
For the latter case, the amplitude tapers are provided by
varying the slot transverse offset along the length of the
array. As the choice of tapers is completely general, the
present study is expected to establish the suitability of the pro-
posed element for realizing such linear array “sticks”. Suitable
precautions like central feeding are still necessary when plan-
ning an operational linear/planar array to ensure that
frequency-scanning is avoided as shown in [5].

We present the design and analysis of these two linear array
modules based on the MOM-analysis in conjunction with an
array factor formulation for arbitrary element positions. The
two sample linear array modules are also analyzed using an
FEM-based commercial electromagnetic (e.m.) solver for the
sake of validation. Prototype design is carried out at C-band
and the results from the two analyses are compared.

Compared to the aperture-coupled microstrip line feed,
fringing fields in the waveguide feed are completely enclosed
in the rear half-space; minimizing spurious back-lobe radi-
ation. Also, spurious coupling to (active) devices, if any, is
reduced. Thus, the proposed feeding method would be suit-
able for active antenna array applications. Also, at higher
microwave or mm-wave bands, the microstrip line losses
become progressively prohibitive. Substrate thickness must
be reduced to preclude surface wave generation resulting in
a mechanically flimsy structure. Waveguide feeding lends a
robust structure with very low feed line losses.

. MOM-ANALYSIS OF THE
WGMPA ELEMENT

WGMPA element geometry is illustrated in Fig. 1. The patch
radiator on the microstrip substrate is centered above the
waveguide top-wall slot. The original problem may be
decoupled using the equivalence principle; closing the coup-
ling slot with a perfect magnetic conductor. Anti-parallel mag-
netic currents are assumed across the slot in the respective
“half”-problems. This is a sheet magnetic current density rep-
resented by MV/m across the slot and is defined by the
relation M = E x 71, where E is the steady-state electric field
across the slot and # is the unit outward normal across the
plane of the slot. The two sub-problems may be separately
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Fig. 1. WGMPA (single-element) geometry.
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solved with the magnetic current as a common coupling
source. The other unknown is J A/m which is the sheet electric
density across the patch surface.

Following the MOM procedure, two operator equations
representing the problem of Fig. 1 are obtained

H{(M) + I:If(l\_/l) —H!() = I:Iimacross S, (1)

—E!(M) + E/(J) = oacross S,, (2)

where S, denotes the slot and S, the patch surface. The sub-
script, ‘f denotes the tangential component; ‘a’” is the wave-
guide sub-problem and ‘b’ the upper half-space e.g. Ef(f) is
the tangential electric field in region ‘b’ due to the patch elec-
tric current.

The unknown currents are expanded as in terms of a series
of known current functions with unknown coefficients as:

N¢ Nb
M= ZV’”M”’; and 7221171'- (3)

Following the MOM procedure, (1) and (2) may be con-
verted to the MOM matrix equation that is:

[Ye+ Y] [T9] V) (1
( ) m)(f:)‘(o)’ @

where Y*, Y’ are self-admittance parameters for regions ‘a’
and ‘D, respectively. T and C” are the patch-to-slot coupling
terms and vice versa, while Z is a self-impedance for the patch.
V., and I; are column vectors denoting the unknown coeffi-
cients. I; is the excitation vector due to the incident signal at
waveguide port while excitation in the patch region is the
null vector (excitation occurs through the two coupling
terms). The moment matrix is of order (N® + N%) x (N* +
N?), where N”, N® are the maximum number of functions
retained for slot and patch respectively where the series in
(3) are truncated. The matrix terms are obtained by taking
the inner product of the relevant expansion function with
the selected weighting function.

Although the formulation is general, we report the specific
case of a rectangular slot exciting a rectangular patch radiator.
Entire-domain sinusoidal functions are used as the basis func-
tions as well as testing functions (in accordance with
Galerkin’s procedure). The solution, i.e., the values of the
coefficient vector in (4) are obtained by inverting the
MOM-matrix and pre-multiplying it to the RH.S. The
MOM- coefficients thus obtained can be used to compute
the network parameters of the structure in Fig. 1 as well as
its far-field.

Details of the MOM derivation, expressions for the matrix
terms and network parameters, and parametric studies with
regard to the chief design variables have been reported by
the authors separately [6]. Only coupled power variation
with slot transverse offset and expressions for the far-field
quantities are included here as these are relevant for succeed-
ing computations on linear arrays.
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. PARAMETRIC VARIATION OF
COUPLED POWER AND FAR-FIELD
CONTRIBUTIONS

Parametric study for power coupling through slot versus

transverse offset was carried out for a C-band prototype by

a series of swept-frequency responses using the developed

MOM-analysis. Coupled power is the balance from s,, and s,,.
The design variable set for the C-band prototype is:

Waveguide: WR-159 a X b = 40.39 mm X 20.19 mm;
Substrate: Rogers RO-3003 &, = 3.0; tan 6 = 0.0013; Thickness,
d=1.524 mm

Microstrip patch: L, x W, = 14.12 mm x 9.41 mm

and Coupling slot: L; x W= 4.0 mm X 0.5 mm

Patch position: x, = 0.0 mm and y, = 0.0 mm

Coupling slot offset: x, = 30.195 mm (offset = 10.0 mm)

The slot offset from the waveguide axis varied from zero (cen-
tered, no-coupling position) to maximum permissible without
cutting the end-wall. One observes zero-coupling at the start, a
monotonic increase in coupling from about 2.0 to 12.0 mm
beyond which the response appears to saturate (Fig. 2). This
last region is not recommended as return loss fluctuates [6].

The radiation pattern of the WGMPA element is a vector
sum of the far-field contributions of individual basis func-
tions, i.e. patch electric current (dominant) and slot magnetic
current (minor). An elementary dipole is assumed at the
far-field point. From an a priori knowledge of its field at the
WGMPA position, the reciprocity theorem allows the
desired far-field to be computed. The complete expression
in matrix notation is:

o
By =L eme g (1)
4Ty, 14

where P™", P™ are termed measurement vectors. The evalu-
ated coefficients substituted in (5) give the net far-field.
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Fig. 2. Parametric variation of coupled power to prototype microstrip antenna
with axial offset of coupling slot, 6 mm.
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The measurement vectors are derived for each principal
plane for the given incident polarization. The measurement
vector due to y-component of patch current for a ¢-polarized
wave in the x = o plane (8 = 90°), is

Ly(lm/W,
Py, = sjsinhodsin @) —— 2T WD)
v —kz cos*@ + (Im/ W)

ejk Vp cosqz( 2 cos (ko % Cos (P) ;1 odd
% elko

—2j sin(k, “Lcos ¢) ; [ even

(6)

For I odd, the terms contribute a co-polarized pattern with
a central peak whereas for [ even, there is a boresight null
resembling a cross-polarized pattern.

The measurement vector due to y-component of patch
current for a y-polarized wave in the y = o plane (¢ = 90°):

j . . . L
/%% <03 0 5in(k,d sin ) sin (ko ~cos 9)

ko cos 9(177/ Wp)

(P, = 8j ;1 odd

= 0; [ even. (7)

This function has a boresight peak for [ odd but a null-field
contribution for I even.

The slot makes minor contributions as it is chosen as non-
resonant. The measurement vector due to x-component of

Relative

Power, dB _I

Off-Axis
0 Angle, deg

Fig. 3. MOM-computed principal plane radiation patterns for C-band
prototype WGMPA element at 5.59 GHz.
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current for a y-polarized wave in y = o plane (¢ = 90°) is

Py — 2 sin OW; (m7T/LS)
moy —k2 cos? @ + (MW/LS)Z
L;
X 2 cos(ko—cos go) ; modd (8)
2

. Ly
— 2jSm kozCOS @ | meven.

This function contributes co-polarized radiation for m odd
or even but for the latter, there is a null in the plane of the slot.

Finally, the measurement vector for x-component of the
current across the coupling slot for a ¢-polarized wave in
the x = o plane (§ = 90°) may be obtained as

i W
8 sm(ko S5 Cos (p) o odd

(P = nk, cos go(mﬂ'/Ls) ’ (9)

=o0; m even.
For m odd, the terms contribute a cross-polar pattern with
a boresight null and null-field for m even.
These expressions were used in (5) to obtain the net radi-
ation pattern — Fig. 3 shows an example.

V. OBTAINING LINEAR ARRAYS
WITH WGMPA AS UNIT CELL AND
ARRAY FACTOR FORMULATION

As alluded to above, linear arrays may conveniently be
obtained by cascading WGMPA elements on the through-end
of the feeding waveguide. Owing to the peculiar feeding
medium, ie. a continuous waveguide, the linear array
becomes a series-fed structure with the intervening waveguide
lengths deciding the inserted phase between the elements.

To obtain a broadside radiation pattern, all radiating
elements of the resulting linear array need to be excited
in-phase.

This can be forced equal to 360°; in which case the element
spacing has to be A, a choice that may lead to undue grating
lobes. Fortunately, there is a more elegant solution. The coup-
ling slots may be placed A,/2 apart resulting in out-of-phase
excitation. However, by alternately placing the slots on

Patches 0 O
< <&
o

Fig. 4. Linear array of WGMPA’s in staggered configuration.
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either side of the waveguide longitudinal axis, the remaining
180° phase may be imparted resulting in broadside reinforce-
ment without grating lobes (see Fig. 4).

This approach is followed for designing linear array
modules using the C-band WGMPA prototype listed in the
foregoing section. In accordance with the resonant frequency
obtained for the prototype, the design of the arrays is also per-
formed at 5.59 GHz. An inter-element spacing of A /2 =
35.91 mm was chosen. A nominal number of five radiating
elements were selected to obtain a workable array length
while providing enough freedom to tailor the pattern.

Since the individual radiating elements are staggered
around either side of the waveguide median, the array is not
strictly a linear array. Hence, for computing the array factor,
the expression for arbitrary element positions is selected.
This is well-documented in the literature [7] but is reproduced
for completeness as below for a given far-field direction (6, ¢):

N oo (10)
§ : o ejk(xi sin 6 cos @-+y; sin 0sin g+z; cos )

i=1 ©

where (x;, y;, z;) is the location of the ith array element and I; is
its excitation current compared to the minimum excitation I,.
Design is carried out for two sample linear array cases.

V. FIVE-ELEMENT LINEAR ARRAY
MODULES WITHUNIFORM AND
DOLPH-CHEBYSHEYVY EXCITATIONS

To obtain a uniform amplitude taper across the array, a fixed
transverse offset of + 10 mm for the feeding slot was chosen
on either side of the median line of waveguide. This choice is
not critical since the elements are to be excited in equal ampli-
tudes in this variant. However, x, = 10 mm ensures a large
fraction of power coupling through the feeding slots to the
patches as indicated by the MOM results. This will yield
high radiation efficiency and a good radiating structure
from this design.

A uniformly-excited aperture is characterized by a rela-
tively large first sidelobe level of ~—13 dB. The sidelobe
level may be reduced at the expense of boresight gain by
applying a taper to the excitation amplitudes. With a
tapered amplitude, the side elements contribute lesser to
both the main beam as well as the side lobes resulting in
lower levels of both. In terms of the Schelkunoff unit circle
method [7], the relative power level in a direction is pro-
portional to the product of the distances to all the roots. As
a result, clustering the roots closer to iy = 7 will result in a
reduction of the sidelobe levels in general. A procedure due
to Dolph entails placing array factor roots at the appropriate
position to obtain a symmetrical pattern and reduced side
lobes exhibiting a behavior as per Chebyshev polynomials
(see pp. 134 of [7]). This results in equalized side lobes at
the specified relative level. An exact calculation gives the
correct root positions for a s-element case + 88.82° and
+ 145.16° for a —20dB sidelobe level. This requires
excitation of the elements in the following ratio:

1:1.60:1.93:1.60:1
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To obtain this distribution of amplitude excitations
requires determination of the transverse offset of each coup-
ling slot from the waveguide axes. The parametric behavior
of the power coupling versus slot offset x; presented in
Fig. 2 is utilized to obtain the corresponding slot positions.

The offset for the central element that requires maximum
power coupling is fixed at 10 mm as this is close to the
maximum coupling level that may be achieved by the slot.
The other two couplings are used to obtain the offsets for
the end elements and the next inner elements respectively as:

6.64mm and 8.71 mm.

These two cases are chosen as their expected outcome is
well-known and as such may be considered as benchmarks.
The MOM-based computations are carried out along the
above lines. To further validate our findings, we have utilized
an FEM-based commercial solver for the two cases (described
next in Section VI). The results from both alternate simulation
methods are presented in Section VIL

VI. FEM-BASED ANALYSIS OF
LINEAR ARRAY MODULES

Ansoft® HFSS®, a commercial FEM-based e.m. solver, is used
for simulation of both example linear array modules. For both
cases, the ground plane size is truncated at a reasonable size
beyond the radiating elements to allow all significant fringing
fields to be included-determined through a few trials for con-
vergence. Through similar considerations, the radiation enclo-
sure required by HFSS®, the ABC is extended ~o.1A either
side beyond the substrate while the height is retained as
~0.8\ through a convergence check (see Fig. 5). Meshing
operations to seed the substrate, patch, and slot are performed
manually before execution and boundary conditions are
defined appropriately.

The voltage standing wave ratio (VSWR) response is
relatively broadband (see Fig. 6) for both cases. As the
number of elements are few, through port match-termination
provides a low-reflection response. A power coupling para-
meter, P, =1 — |S,,|* — |S,.|” is expected to yield a more
sensitive means of detection of resonance. The plot of P,,,
(Fig. 7) indicates a distinct peak at 5.59 GHz. The results for
the Dolph-Chebyshev case are similar and are not repeated.

Fig. 5. Five-element linear array of waveguide shunt slot-fed microstrip
antenna elements with uniform excitations.
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The contour plots at the resonant frequency show an
in-phase reinforcement of the fields radiating from the indi-
vidual elements in the space toward the front of the substrate
(see Fig. 8). The E-plane contours are close to that of a single
element. The uniformly-excited case also shows similar plots.

Vil. MOM-COMPUTED RADIATION
PATTERN PLOTS AND
COMPARISON TO FEM RESULTS

The computed radiation patterns for the linear array show be-
havior close to that expected for the 5-element uniformly-
excited linear array configuration (see Figs 9 and 10).

The peak directivity is 11.509 dBi and half-power beam-
widths in the principal planes are 16° x 72°. The H-plane
pattern shows expected beam narrowing due to presence of
five radiating elements. The two principal sidelobe levels are
—14.43 and —18.18 dB, respectively. These are as expected;
the minor difference being due to the element pattern
roll-off from boresight. Furthermore element spacing corre-
sponds to 0.67 A,; hence it differs from the standard case of
Aol2.

FEM predicts field values in the rear half-plane where
MOM does not on account of infinite ground assumption in
Green’s functions used. Pattern asymmetry, null-shift and
null-filling as well as in-plane radiation are seen.

The E-plane patterns are shown since element staggering
causes them to differ from those of a single element
(Fig. 10). A slight beam asymmetry is also predicted by
FEM compared to MOM.

For the case of Dolph-Chebyshev excitations, it is possible
to visually discern the effect of the reduced excitation on the
outer elements (compare Figs 9 and 11). The computed radi-
ation patterns show expected sidelobe reduction due to
tapered amplitude weights. The predicted peak directivity
is 10.383 dBi which is about 1.1 dB lower than the
uniformly-excited linear array module representing the
penalty of sidelobe suppression. The half-power beamwidths
in the principal planes are 18° x 86° which also represents a
main lobe enlargement versus the previous case. The two prin-
cipal sidelobe levels are —18.62 and —19.38 dB, respectively.
These are close to the intended equalized level of —20 dB.
The differences are due to approximation in the excitation
amplitudes actually realized by the given transverse offsets.
It is possible to carry out a more accurate estimate of the
offsets and a few design iterations to obtain a 20-dB suppres-
sion if desired. E-plane pattern predictions by the two analysis

. VIR Qe Rt P
(1)

whe Wt whe ol ] wh

Fig. 6. Simulated VSWR for 5-element WGMPA linear array with uniform
excitations.
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Fig. 7. Simulated coupled-power, P,,, for 5-element WGMPA linear array
with uniform excitations.

methods agree closely (Fig. 12). The predicted back lobe level
is —21.89 dB which conforms to the uniform-excitation case.
Apart from a match of the far-field radiation patterns, for
the sake of validation, the relative current (magnetic) strength
across the slot predicted by MOM and HFSS® are compared.
These are seen to match closely (see Fig. 13), the latter
showing minor steps due to the discretization involved.
From the presented results, it is seen that the radiation
pattern as well as slot current predictions using the developed
MOM-analysis used together with array factor formulation for
the two sample linear arrays closely match the results from the
commercially-proven FEM-based e.m. simulator HFSS®. By
implication, the MOM-based predictions may be said to be
validated from the results presented. MOM provides a faster
and computationally-efficient method for obtaining such
arrays. Rigorous analysis with FEM may be carried out in
the final stage to include finite-ground, mutual-coupling,
and other effects. It is also evident that the proposed

(a)

(b)

Fig. 8. HFSS®-computed E-field contours - for five-element linear array
module Dolph-Chebyshev excitations - (a) axial section and (b) cross section.
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Fig. 9. Radiation patterns for uniformly-excited WGMPA linear array -
MOM versus HFSS® simulations (H-plane).

WGMPA element provides a convenient means of varying
the amplitude distribution along a series-fed linear array.
The two sample distributions chosen for analysis suffice to
illustrate the feasibility of choosing any tailored distribution
which may then be quickly realized using the design data of
Section III for a reduced, equalized sidelobe envelope here

Relative
Power, dB —

Off-Axis
Angle, deg

Fig. 10. Radiation patterns for uniformly-excited WGMPA linear array -
MOM versus HFSS® simulations (E-plane).
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Fig. 11. Radiation patterns for Dolph-Chebyshev WGMPA linear array -
MOM versus HFSS® simulations (H-plane).

and for other objectives in general. By extension, these ‘stick’
modules may be cascaded in the transverse direction although
this has not been attempted presently. It may be mentioned
here that due to the relatively large ground plane assumed
at present, the aperture efficiency of the antenna may be
small. This is primarily because the present variant is intended
to demonstrate validation of the MOM analysis and to

Relative

Power, dB _l
Off-Axis
[}

Angle, deg
-30

Fig. 12. Radiation patterns for Dolph-Chebyshev WGMPA linear array -
MOM versus HFSS® simulations (E-plane).
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Fig. 13. Comparison of computed slot magnetic current for C-band antenna
prototype: MoM versus HFSS.

illustrate the flexibility of varying amplitude distribution
along the array axis. When the proposed linear array is
stacked in the transverse direction to build a complete
planar array, element packing efficiency will be higher and
we can expect good aperture efficiency. However, this has
not been attempted and the antenna design has not been opti-
mized for the same at present.

VIlIl. CONCLUSION

This paper has presented some details of the MOM-analysis a
WGMPA previously proposed by the authors, particularly the
far-field terms for basis-functions on radiator geometry. The
developed radiating element is used as a unit cell for building
linear array modules (or sticks) by cascading a number
of elements at the opposite waveguide end. As a
proof-of-concept, a five-element linear array configuration
has been selected and two types of excitations applied to it:
uniform excitations and Dolph-Chebyshev tapered distri-
bution for reduced side lobes. MOM-based pattern predictions
for the WGMPA element have been used in conjunction with
an array factor for arbitrarily-positioned elements to obtain
the array patterns. Simulations show input characteristics as
well as radiation patterns close to that expected. Both the con-
figurations were also analyzed using an FEM-based simulation
software. The results of this compare closely with the MOM
predictions thus validating the developed analysis. The efficacy
of WGMPA element is thus established for realizing linear
array modules that, in turn, are amenable to obtaining full
planar array configurations. Desired tailored distributions
may be applied using the parametric studies presented
herein as shown by the results of the Dolph-Chebyshev
module presented in this paper.
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