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Abstract—Mutual coupling, among other effects, causes the
element patterns in an antenna array to be different. In the
practica adaptive use of the array identical element patterns
are usualy expected. Linear pattern correction with matrix
multiplicetion can be used to correct the array element in-
puts/outputs. In this paper, a multiport model for a microstrip
array and a method to find the input circuit for its ports is
presented for usein the array correction.

INTRODUCTION

Mutual coupling distorts antenna array element pat-
terns. A matrix method can be used for the correction
of the array inputs/outputs [1,2]. In addition to mutual
coupling also the ground plane edge effect should be
included in the correction of a microstrip array [3,4]. If
the antenna elements in an array are purely voltage or
current driven, the array pattern correction can be done
with the impedance or admittance matrix [1,4]. A cir-
cuit model for an antenna array is of interest for mutual
coupling compensation [3]. When only the measured
scattering matrix is known, it is a reverse problem.

THEORY

Mutual coupling in multiport devices can be presented
with impedance (Z), admittance (Y) or scattering ma-
trix (S). In thiswork impedance and scattering matrices
are calculated using measured scattering matrices. Im-
pedance matrix elements for a given port are defined as
the ratio of output voltage in each port to input current
in the given port when all other ports are open circuited
with zero input currents. In the admittance matrix
measurement the input is voltage and outputs are cur-
rents when other ports are short circuited with zero
input voltages[5].

In Fig. 1 we see equivdent circuits for two-element
impedance and admittance matrix measurements [6-7].
It is simple to prove, that these circuits are in accor-
dance with impedance and admittance matrix defini-
tions and can be both presented a priori as circuit mod-
els for a linear passive two-port. These models can
give for an antenna at a given port an interpretation of
isolation, without mutual coupling, when the other
ports are open- or short-circuited. [1,6]. The principal
difference between these circuits is, that in the case of
coupling Z; and 1/Y; are different and cannot at the

same time present the same “isolated” antenna resona-
tor.

In general, the components in circuits of Fig. 1 can be
also complicated circuit structures. One complication
to real linear circuit is, that the mutual component can
have as well an unphysical negative resistance as a
positive one [6]. Because the circuit is passive the mu-
tual components are only explaining the balance in the
system and they cannot be found as a part of the physi-
cal array.
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Figure 1. Two-port circuit models of an antenna pair @) for imped-
ance matrix with a T-circuit [6] and b) for an admittance matrix with
am-circuit. Impedances Zy; and Z;, are defined with input current in
port 1 with port 2 opened, without a current. Admittances Y1 and Yz,
are defined with input voltage in port 1 and port 2 short circuited
with zero voltage.

Usually the signal to an antenna is coming from a volt-
age generator. In the case without mutual coupling the
form of the RF signal vector to/from an antenna array

is arbitrary and it can be as well the voltage (V ), cur-
rent (1) or voltage wave vector (V7), because with-

out mutual coupling these parameters at a given port
depend only on each other and the corresponding ma-
trix dependency between corresponding signal vectors

(\7 N ,\7+) isadiagona matrix. In the case of mutual



coupling the matrix dependency of a pair of different
signal vectorsis not diagonal. For an antenna array, the
RF signal at an antenna port is usually the current or
voltage (electric field) in the antenna element of the
array. When the RF signals at antenna ports are in the
form of a voltage wave vector V™ the input/output co-
efficients can be corrected to the voltages or currents
by multiplying with corresponding correction matrices
[1,2,4,7,8]

Vo= (9 Voanted = (| +Y)Voarre! 2 (1)

v(;)rrmt: (l _Q_lzorwanted: (I + Z)Zorwante({ 2, 2

where y and z are normalized admittance and imped-
ance matrices, | is the unity matrix and Z, is the gen-
erator impedance used in normalization. In (1) and (2)
it is assumed, that the wanted input vectors are the
wanted complex weights of the uncoupled element
patterns, defined without taking into account the mu-
tual coupling in the antenna array. We see, that the
corrections with (1) and (2) have opposite effects on
the inputs/outputs due to different signs of the scatter-
ing matrix. The mutual coupling compensation re-
moves internal reflections, which cause ripples in the
antenna element patterns. If the input/output RF signals
are the currents and they should be voltages in the ar-
ray (or vice versa) then the impedance (admittance)
matrix of the array is the corresponding correction ma-
trix. The impedance, admittance and scattering matri-

ces are related to each other [5]
z=(+8)(1-9)* ®)
S=(z+|)fl-(z—l) 4@
y=2,Y=22"'=z" (5)

In modern antenna technology the antenna elements
and the input ports devices have dimensions that are
not small compared with the wavelength. In this case
the feed element should also be presented as an input
circuit to be extracted from the array multiport circuit.
When higher frequencies with increased bandwidth are
used (which is the tendency of radio system evolution),
then the problems with input circuits will grow. If there
are well known and well modeled feed structures for
the antenna elements, then they can be easily extracted.
If we have scattering matrix measurements, then we
should change to z-matrix presentation when subtract-
ing an impedance component at input and to y-matrix
presentation when subtracting an admittance compo-
nent at input,

Vi =Yt Yia (6)

_ _jin
Zy =2y T2y (7

,wherey; and z, are the admittance and impedance ma-
trices at extracting step i and k (k #i). Admittance

and impedance matrices y" and Z" are diagona ones
and are to be subtracted. Matrices y;.; and z,, are the
admittance and impedance matrices after extracting
input components. After subtracting an input circuit
element the remaining multiport circuit should be
closer to an ideal voltage/current driven array.

Stepwise we can subtract whole input circuit changing
between y- and z-presentations, in analog to working
with the Smith chart in one-dimensional case, and then
use finally the required correction. After that we should
go stepwise backward to the original measurement
reference points defining a new correction matrix at
each step to obtain the final correction matrix for the
reference planes of the measured scattering matrix. The
reference plane in the input line for the original meas-
urement isusually at the array connectors. If we extract
as an example first a parallel input circuit component
(diagonals of y," =y!"/z ) and next a serid input

circuit component (diagonals of 2‘2” = 202‘2”) and use

the admittance presentation for the correction in Equa-
tion (1), then the correction matrix K would be

K= (I +Sm)_121y2 =

148, -y v -yi )t -22]

where S, z and y; are defined a the same reference
point and related to each others by Equations (3)-(5).
S is the measured scattering matrix and y,, is the cor-
responding normalized admittance matrix for S,

)

RESULTS

In Fig. 2 we see a multiport circuit model, which isin
accordance with admittance matrix definition. The
principleisthat each port is connected to al other ports
and that the admittance at the given port is the self-
admittance minus all mutual admittances for that port.
The corresponding circuit model for the impedance
meatrix can not be determined when the number of
ports is more than two. In [9] is presented a 3x3 multi-
port, which is not symmetric and does not give all mu-
tual components correctly according to impedance
matrix definition, and as following, can be used only as
an approximation. We can assume, that the topol-
ogy/structure in Fig. 2 is the only one explaining mu-
tual coupling exactly in a passive multiport. Thus, the
same structure should be used also for the impedance
matrix utilizing the dualism of electromagnetics with
magnetic circuits [10-13].

Another alternative would be to use mutual compo-
nents depending parametrically on other circuits as is
done traditionally with mutual inductance or capaci-
tance, and also for mutual resistances [14]. The mutual
component can be presented for y- and z-matrices as an
internal source of current or voltage depending para-
metrically on the input to another port. A disadvantage
of the passive circuit models without parametric com-
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ponents in Figs. 1 and 2 is, that the mutual component
appears there three times.

In general there is no simpler exact circuit model in
accordance with the measured admittance matrix than
the one shown in Fig. 2. Only when two elements are
far from each other the mutual admittance between
them can be ignored and the model can be simplified.
Each measurement of an impedance matrix component
can be modeled with the circuit in Fig. 1lawith all other
ports open-circuited, but these measurements cannot be
combined to a multiport model. This is a serious limi-
tation, because in a linear array each element has usu-
ally two neighboring elements.
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Figure 2. A circuit model defining admittance matrix for a 4-port
multiport (for example, for a4-element array).

A parallel resonator model has been used to explain the
behavior of microstrip antenna elements [15-18]. The
correction results in [3] using (1) are in accordance
with the parallel model. In Fig. 3 we see the measured
resonators, when the scattering matrix reference point
is at the beginning of the feed probe of a coaxial SMA
connector. In the correction done in [3] the reference
point is shifted from the level presented in Fig. 3 fur-
ther 23° towards the array resulting in a 45° shift on
the Smith diagram. The position of the resonators are
after that the same as the position of the ideal admit-
tance resonator in Fig. 3. In the first case (Fig. 3a) the
measured S;:s are presented. The frequency range is 3
... 6 GHz. The frequency of 5.3 GHz is shown for each
resonance with a small circle. Reflection coefficients
pvi) and p(z;) are the reflection coefficients corre-
sponding to diagonal elements of y and z (calculated as
in the one-dimensional case). We see, that the resona-
tors of z-presentations are less idea than the others.
For an array with element spacing 0.31 this effect is
more pronounced. This shows, that the y-presentation
is potentially better for the correction, probably, be-
causeit is closer to the ideal circle.

Further, an input circuit to be extracted has been de-
termined. The criterion for a good input circuit is, that

after extraction the remaining pi(y;)-resonances, i.e. the
reflection coefficients of the admittance matrix diago-
nal values, are identical and that they are close to the
circle of theideal resonator (see Fig. 3). Different input

b)

c)

Figure 3. The resonator behavior of an 6-element microstrip array
with element spacing of 0.44. Measured S;:s are shown in @) and in
b) and c) are shown the calculated p:s of y- and z-presentations,
respectively. The perfect circles are for ideal parallel resonators with
constant capacitance and inductance and with the resistance of the
generator.

circuit structures with up to 6 lumped elements were
considered, and three simplest cases with the smallest
number of elements were chosen. The general structure
is shown in Fig. 4 and the element values for the three
casesaregivenin Tablel.

S A S |

Figure 4. Components of theinput circuit.

The resulting pattern corrections in these cases are
about the same as those in [3] and [4], where the refer-
ence plane was redefined and only a scattering matrix
or its eigenstructure was used. In the cases A, B and C
the resonance circles are moved to the location of the
ideal resonance circle. In case C the resonance circles
are smaller than in the other cases, but it isredlistic. An
input circuit consisting of a series inductance and a
paralel capacitance is like a reference plane shift in a



waveguide done in [3]. The latter is much simpler to
do, though. In case C the correction results for some
arrays are better than for cases A and B. But the im-
proved pattern correction is not necessarily a good cri-
terion for a better input circuit. Antenna patterns in a
microstrip array are perturbed also by the ground plate
edges [3], and thus false input circuits might also give
good correction results.

Tablel Input circuit component values

C L, G
A — 0.60 nH _
B - 0.79nH 5pF
C 0.5 pF 0.50 nH -

Another criterion used to find a suitable input circuit is
the behavior of the mutual matrix components. Mutual
admittances yj:s for equidistant array element pairs
should be nearly identical. Also, y;:s should oscillate
regularly [6]. The case B removes a peak in y; at 3.8
GHz with a minor effect on the pattern correction at
5.3 GHz. However, it allows to find L, and C, more
accurately. In case C different pairs of C; and L, give
the same result when matching the resonant circles.
This results in unwanted uncertainty. From this exam-
ple we see, that the complexity of the pattern correc-
tion using the admittance matrix with input circuit ex-
traction exceeds that of earlier corrections using scat-
tering matrix [3,4].

CONCLUSIONS

It was demonstrated, that the matrix correction of an
antenna array can be done conveniently, in the case
that the array circuit model is one of the idealized
models with voltage or current driven antenna ele-
ments. A possible input circuit can be extracted. Fur-
ther, in genera case the corresponding linear electric
circuit model cannot be found for the impedance ma-
trix and instead a magnetic circuit model would be
needed to explain the mutual coupling in an array. For
amicrostrip array the admittance matrix presentation is
preferable and for it the exact equivalent electric circuit
can be found aso in the case of severa elements. The
extraction of the input circuit can give better pattern
correction results than the reference plane shift in a
waveguide, but is a more complicated method.
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