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Abstract: Microstrip series-fed arrays are often
utilised for compact array designs. This type of
feed structure minimises feedline lengths and feed-
line radiation. However, in practice, the radiation
from the feed network still can be significant and
it can have a noticeable effect on the array radi-
ation pattern. Analysis is performed using the
advantageous full-wave discrete image technique.
Theoretical and experimental analysis of the radi-
ation from a four-element series-fed microstrip
array antenna, which fully includes the effect of
the feed network, is presented. General conclu-
sions are made for the purpose of practical
designs.

1 Introduction

In this paper, the full-wave discrete-image technique is
used to analyse a microstrip antenna array. Specifically, it
is used to study the effect of the feed network on a series-
fed microstrip antenna array. The image technique allows
an entire array, including its feed network, to be treated
as an irregularly shaped patch antenna, which can then
be analysed by means of the moment method.

A recent advance in the analysis of microstrip
antennas has been the application of integral equation
techniques, using the Sommerfeld-type Green function.
The numerical integral techniques have been used to
analyse individual elements, as well as mutual coupling
between the elements in an array. Consequently, many
algorithms have been developed for calculating efficiently
the inverse transform of the Sommerfeld type Green func-
tion. The full-wave discrete-image technique [1] is one of
the suit of recently developed algorithms. The advantage
of the technique is that it turns a spectral domain
problem into a spatial domain problem without losing
any full-wave information. Therefore it is very suitable
for applications to microstrip antennas with large dimen-
sions, such as arrays.

A microstrip series-fed array [2] consists of a linear
array of microstrip patch antennas connected in series by
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a microstrip transmission line. This type of feed structure
tends to minimise the feedline lengths and thereby mini-
mises the radiation from the feed network. In practice, it
is found that the radiation from the feed network still has
a significant magnitude and can therefore have a notice-
able effect on the array radiation pattern.

In the past few years, some work has been done on the
feed-network effects of microstrip antenna arrays [3, 4].
One of these studies has focused only on the calculation
of the array input impedance using a semifull wave
model. In this model, the feed network was treated as an
ideal transmission line that was decoupled from the patch
elements. Unfortunately, this assumption is not valid for
most applications. On the other hand, the transmission
line radiation effects have been taken into account, based
only on the assumption of a pure travelling current wave
on the feed network. Because of the limitations of the
early work, it is difficult to draw any general conclusions
regarding the contribution of the feed network to the
radiation pattern. Therefore it is of interest to carry out a
general analysis of the feed network effects on the radi-
ation pattern of an array.

The primary objective of this paper is to present an
analysis of the radiation from a microstrip array antenna,
that fully includes the effect of the feed network. In par-
ticular, the array feed network is analysed with a stand-
ing current wave, using an efficient and accurate
full-wave discrete-image technique. The condition where
a standing current wave exists on the feed network is the
most general form of the problem. Normally, the imped-
ance of elements of an array are matched to the feed
structure to prevent standing waves. In the case of series-
fed arrays, though, there is usually uncertainty associated
with the derivation of the impedance of the elements due
to mutual coupling. This leads to an uncertainty with
regard to the matching condition, which in turn results in
at least parts of the array feed network having standing
waves. The results from the analysis that is carried out
here, using standing waves, can be used by the antenna
designer to take into account the effects of radiation from
the feed network. The fact that the image technique used
for the analysis is applied only to series-fed arrays in this
paper should not suggest that the technique does not
have broad applications. In fact, its potential applications
are quite broad. This paper will present general conclu-
sions with regard to the radiation from standing waves
on the feed network of a series-fed array. These results
will serve as a guide to the reader when designing practi-
cal array antennas.
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2 Radiation loss from microstrip lines

Consider a segment of planar microstrip line with an
arbitrary load on one end and matched source on the
other end. The current on the transmission line which is
fed by the source current I, e/ can be expressed as

Jy) = Io(e »* — TP W, 3 (1)

where I' = the reflection coefficient at the load end of the
line, W, = the width of the line, and 8 = the constant of
propagation in the transmission line.

The real part of the complex input power is dissipated
by two mechanisms. One is by radiation loss into
space, which occurs within the ‘visible range’ given by
k2 + k? < k}. Another is by propagation of surface
waves, which occurs in the ‘invisible range’. The surface
wave region is defined by the condition k2 + k? > k2.
For small d/4, the fraction of the total input power that is
converted into surface waves varies as (d/A)%, whereas
that radiated into free space varies as (d/4)? [5, 6]. There-
fore under these conditions, the portion of the power
radiated into space is considerably larger than that con-
verted into surface waves. As well, the power converted
into surface waves does not affect the characteristics of
that radiated into space under the assumption of infi-
nitely large substrate. Based on these two considerations,
we focus on the space-radiated power, that is, the real
part of the complex power that appears in the visible
range, as defined above.

The power radiated into free space is given by [7]

n/2 2n
potal — J J- f(6, ¢) sin 6 dO d¢ 2)
0 {]
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is the radiation power pattern that can be derived
directly from the far field pattern discussed in Reference
5. J, and J, are the Fourier transforms of the x and y
components of the current.

For purposes of comparison, E-plane radiation loss
and H-plane radiation loss are defined to be proportional
to the radiation lost in each of these planes, that is

n/2 T

PE =2z J f((), 5) a6 @
—n/2

P = 2n j " 116, 0) do )
-n/2

To calculate the radiation losses from the current on a
transmission line, the Fourier transform of the current
eqn. 1 is needed, which is
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where
k,=ko sin 8 cos ¢ k, =k sin 0 sin ¢ (@]

and L is the length of the line.

If eqn. 6 is substituted into eqn. 3, then eqn. 3 into
eqns. 2, 4 and 5, a set of representative results is obtained.
Total radiation loss, E-plane radiation loss and H-plane
radiation loss versus line length are given in Fig. 1. It is
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Fig. 1 Normalised radiation lost against the current distribution on a
microstrip line
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g, =21;h=15748 mm; W = 1.3 mm; f = 942 GHz
a current distribution on the microstrip line

b E-plane radiation loss

¢ H-plane radiation loss

d total radiation loss

assumed that there is a standing wave condition on the
microstrip line. The parameters for the line are: dielectric
constant ¢, = 2.1, substrate thickness d = 1.5748 mm, and
feed line width W = 1.3 mm. The general conclusions
concerning the end-fed line with standing current can be
drawn as follows:

(a) for a given feedline, the radiation losses vary with
the magnitude of the reflection coefficient I" at the load
end of the line. The greater the amplitude of I', the higher
the average radiation loss. When I' equals (0.0, 0.0), the
level of the radiation loss is at a minimum. In general, to
minimise the radiation loss a good matching condition is
desired.

(b) when I' does not equal (0.0, 0.0), the radiation loss
varies with the characteristics of the current standing
wave pattern. The values of the radiation loss parameters
for P and P¥ assume local minima at current nulls and
local maxima at current peaks. The H-plane radiation
loss parameter, on the other hand, goes to zero for line
lengths with an even number of standing waves and
assumes a maxima for an odd number of standing waves.
These facts suggest that there is an optimum line length
for reducing losses from the feed network.

(c) for a given feed network, the radiation loss
increases rapidly in the range 0 < L < 0.44,, and the
ripple on the patterns in Fig. 1 does not change signifi-
cantly with increase in line length. Radiation loss in the
H-plane is much less than that in the E-plane, due to
there being no x-directed current.
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In general, the feed network is not a simple structure,
consisting only of transmission line, but rather it may
also consist of matching networks, as well as filters. It
follows that, in a practical design, the current distribution
on the feed network needs to be derived along with the
current distribution on the array. This task can be
accomplished by using the full-wave technique described
in the next section.

3 Full-wave discrete image technique and
moment method solution

For simplicity, the discussion here is restricted to the
single-layer microstrip case. If onme considers an x-
directed horizontal electric dipole embedded in the sub-
strate, the x-component of the space domain vector
potential can be written as

w_ LT H
A = EL Tk, {TFe} ok, p)k, dk, ®)

and the scalar potential can be written as

1 (=1 1 k2 1 0T%
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where ¢, u and k, denote the source region permittivity,
permeability and the z-component of the wavenumber,
respectively. T3, and T#F, denote the spectral domain
transmisssion coefficients of TE and TM waves, respec-
tively. A detailed description of these components is
given by Reference 1.

Owing to the complexity of Sommerfeld-type integrals
given by eqns. 8 and 9, it is impractical to analyse a
microstrip antenna array using conventional numerical
integration procedures [8]. The full-wave discrete-image
technique provides a powerful tool for carrying out this
task. The idea underlying the technique is the use of the
Prony method to approximate the spectral domain
Green function (the terms inside the braces in eqns. 8 and
9), by a series of complex exponential functions. As an
initial guess, one may start with

Ni
Ay ={Tre} = X aie"™ (10)
i=1

and then carry out a search for the best approximation
using an optimisation procedure, based on the objective
function

F= j Wik,)
Ly

where N, = the number of images, generally less than 5;
a; and b; are complex coefficients; and k, is the wave
number in the horizontal direction. The integration path
L, is the same as that used in the Prony method which is
fully discussed in Reference 1. The choice of the weigh-
ting function Wi(k,) is based on the behaviour of the
approximated function.

Once the complex parameters a; and b; are determined
for a given substrate, the inverse Fourier transforms of
eqns. 8 and 9 can be easily carried out analytically by
using the Sommerfeld identity. That is to say, the compli-
cated Green functions defined by eqns. 8 and 9 become
simple Green functions in free space. The advantage of
using this technique will become obvious when we
discuss the moment procedure next.

Ni 2
Agk,) — ¥ aet*tal dl 11
i=1
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With reference to Fig. 2, the boundary condition for
the electric field on the surface of the array is

2 x (EX(r) + E<(r)) =0 (12)

where the scattering field E° can be defined using the
vector potential A and the scalar potential ® as

E(r) = —jod — VO (13)

rectangular patch element

feed network

dielectric substrate, €,

ground plane
on back

Fig. 2  Series-fed microstrip antenna array

and impressed field E° is assumed to be a § generator at
the input of the feed network. These potentials are
expressed in terms of the corresponding dyadic Green
function A and ®;. One element of Ag, that is AF" was
defined previously by eqn. 8, and @, has been defined by
eqn. 9. The potentials in eqn. 13 can be defined in terms
of integrals of the charge and current densities g, and J,
as

O(p) = ”%(P 1p)a(p) dS’ (14

A(p) = ”ZG(NP')J,(P') ds’ (15)

Finally, eqn. 12 can be rewritten in integral equation
form as

z x Ef(p) =12 x [jw J jZG(mp')Js(p') ds’

+V ﬁ%(ﬂlp’)qs(p') dS'] (16)

To solve eqn. 16 for an irregularly shaped microstrip
antenna, the moment procedure using rooftop basis func-
tions and line matching test functions, as shown in Fig. 3,

Fig. 3  Rooftop elements and integration paths
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is selected in this study. This approach was successfully
used by Reference 9 in a study of a single microstrip
antenna. In this model, every current cell supports one
rooftop basis, and two charge cells correspond to each of
the current cells. The current cells half overlap each
other, and one test segment is located at the centre of
each current cell. Therefore the surface current is expand-
ed as

Il

Jsx jTX(r_ rxj) (17(1)

||Mg

J

sy

It

1
b,
1
a;

I}Mz

1T =1, (175)

where r,; and r; is the centre vector of x-directed and
y-directed current elements respectively, and

1) = { ~IxV/a Iyl <2

A similar expression for T, can be obtained by inner-
changing a<—b and X Y. By use of the continuity
equation and the expressions in eqn. 17, the charge
density is obtained:

Ix|<a

elsewhere (17¢)

9= = { 2 M — rf) — T — r)]

jwab

+ ZIy}[l'l(r—r )—I‘l(r—r”)]} (18)

Inserting both eqns. 17 and 18 into eqn. 16, then applying
the testing procedure by integrating the boundary condi-
tion along the segments linking the centres of adjacent
charge cells, one obtains the following equations:

jo J A, dx + Orf) — O(ry) = f E: dx (19a)
jo J A, dy + ®(ry;) — O(ry;) = J E; dy (19b)
cyi cyi
where
1 M
A, = 5 Z I, jf AFTr i) 48’ (20q)
j=1 Sxj
1 N
A, = ; Z I,; ‘U AR TAr —r,) dS’ (20b)

o) = {f [ﬁ Ol | ) — 1) dS’
— J‘J~ D(r | I — ry) dS']
+ z IW{J:[ Qs(r | I — r, ) das’
_ ”s Oglr NI — 1y;) dS’]} (20¢)

The current coefficient I,; and I,; can be obtained after
solving eqn. 19, provided that the excitation field E* is
given. It is worth mentioning that only the free-space
Green functions are involved in the computation of eqn.
19. The moment procedure can be considered as a con-
ventional moment procedure in free space. This feature is
obviously important when a microstrip antenna array
needs to be analysed. From the current distribution
obtained by the moment soluton, we can find the radi-

IEE PROCEEDINGS-H, Vol. 138, No. 3, JUNE 1991

ation patterns, as well as all the other parameters of
interest with regard to the antenna’s characteristics.

4 Numerical and experimental results

With the objective of investigating the effect of the feed
network on a practical series-fed microstrip antenna
array, a four-element array is studied both numerically
and experimentally. The layout is shown in Fig. 4b. For
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11.79mm

3. 93mm 1.3mm

l——::l’l'j 4mm

b 12 32mm 10. OBmm

Fig. 4  Four-element array

a current distribution on the array and feed line at working frequency 9.42 GHz
b series-fed subarray and physical dimensions

simplicity, the feed network only includes a simple step
discontinuity.

The whole array system is divided into rectangular
element cells, on which the moment procedure is applied.
A two-dimensional distributed current is then deter-
mined, once the excitation is given. In this example, a
J-gap excitation source located near the end of the feed
network is used. In Fig. 4a, the current distribution along
the centre line of the array is shown. Based on the
current distribution, the effects of the feed network on the
radiation pattern can be predicted in a straightforward
manner.

Because of impedance mismatches, a standing current
wave exists on the feed network. According to the conclu-
sions in Section 2, the effect of the feed network will vary
with its length. Figs. 5-7 show the E-plane radiation pat-

50 -0 -30 0 30 60 90

v
Fig. 5  E-Plane radiation patterns with L. = 15 mm

measured
+++ theory

terns for the array with different lengths of feed network.
When the feed network includes only one-half of a stand-
ing wave current, as shown in Fig. 5 (with L = 15 mm),
the radiation pattern is degraded. It has higher sidelobe
levels and a wider mainlobe, as compared to the case
where the feed line effects are not present, as shown in
Fig. 8. If the length L is now adjusted, such that it
includes more and more of the next standing wave, we
can find a length (in this case L' = 28 mm), where the
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effects are greatly diminished and there is a correspond-
ing improvement in the pattern. This condition is shown
in Fig. 6 and comes about because of cancellation
between opposing currents. It should be noted that due
to the nonuniformity of the feed network and the

T

-90 -60 -30 0 30 60 90
4
Fig. 6  E-Plane radiation patterns with L = 28 mm
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Fig. 7  E-Plane radiation patterns with L = 37 mm
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Fig. 8 Theoretical radiation patterns of the array without feed
network

+ + + E-plane pattern
H-plane pattern

resulting nonuniform current distribution, the pattern
which is least distorted by the feedline is not the one
which corresponds to a peak occurring in the standing
wave pattern. When we increase the length still further, to
include the third standing wave, the pattern degrades
once again. This is shown in Fig. 7 with L = 37 mm. In
Figs. 4-6, the theoretical results are compared with
experimental results, and the agreement is seen to be very
good.

Because an infinitely large substrate is assumed in the
theoretical model, scattering of surface waves from the
edges of a finite substrate is not taken into account in our
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analysis. The significance of such scattering, which occurs
at 8 = +90°, can be seen in the discrepancy between the
predicated and measured patterns at 6 = £90°, in Figs.
5-7.

5 Conclusions

A full-wave theoretical approach is presented for carrying
out analysis of microstrip arrays, which includes the
effect of the feed network. Since no impractical assump-
tions are used in the array model, and a highly efficient
numerical technique is used to calculate the Sommerfeld-
type integral, it is expected that the technique used in this
paper will find a wide range of applications in microstrip
array design.

General conclusions were presented with regard to the
effect of the feed network on the radiation patterns of the
array antenna. These can be used as a guideline for prac-
tical designs. Since the radiation from feed networks
varies with their dimensions and current distributions,
these parameters can be adjusted by designers so as to
minimise the degradation in the antenna pattern. To
show the applicability and validity of the full-wave
discrete-image technique to microstrip arrays, a practical
four-element series-fed array has been studied both theo-
retically and experimentally. The experimental results
show very close agreement with the theoretical results.

Although only the E-plane radiation patterns were
studied, the results can be used for deriving other param-
eters such as input impedance. The modelling for a large
array using an entire domain basis function is currently
under development.
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