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Abstract
In this report two methods are presented to analyze finite phased arrays including a non-ideal feed
network and mutual coupling between the antennas. The first method uses Z-parameters, and the second
method uses S-parameters to model the feed network and the mutual coupling between the antennas.
For both formulations, methods are presented to solve the network model. The S-parameter formulation
is chosen over the Z-parameter formulation to analyze a finite line array, with a corporate feed and
mutual coupling between the antennas. The advantage of the S-parameter formulation is that these
parameters can be measured directly. The S-parameter network of the line array, including a corporate
feed and mutual coupling between the antennas, is solved with a microwave network solver (MOS). In
MOS two new network elements are introduced in order to be able to simulate the entire network model.
MOS is a suitable tooi for simulating large line or planar arrays.
Numerical results are also presented for the line array. In this report four different situations are
introduced to analyze the influence of the reflection of the antennas and the mutual coupling between the
antennas. Furthermore, the different errors produced by the four situations are investigated. From the
simulations it can be concluded that amplitude errors degrade the array factor significantly more than
phase errors. Amplitude errors are mainly introduced by mutual coupling between the antennas. From the
simulation of the line array as if it is an infinite line array, it can be concluded that the edge effects are
responsible for the introduced errors in the different situations. The presented method can also be used to
determine the high standing wave "hotspots' within the feed network. Also the VSWR at the input to feed
network under the different terminal conditions is simulated.
The results from the simulations have been compared to experimental results. From this it can be
concluded , that only at a single frequency point the results match approximately. To increase the value
of the presented method, further investigations have to be performed to determine the accuracy of the
presented model. Furthermore, the influence of the feed network on the simulation results has to be
studied. Seeing that the coupling between the antennas has been measured and the feed network has
been modelled with software.
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1. Introduction
Concerning my graduation I have performed a final internship at Signaal. This chapter gives a short
introduction to Signaal. After the introduction, the problem of the assignment is defined and the approach
to this problem is explained.

1.1 Introduction to Signaal
Signaal is short for Hollandse Signaalapparaten B.V. Signaal is specialized in designing and producing
integrated defense systems for command & control, sensor and communications purposes. Most of their
work is dedicated to naval combat systems. The systems of Signaal are used on board naval vessels of
more than 45 countries, including 14 NATO nations. Signaal also produces low-Ievel air defense systems
for ground forces all over the world.
Since 1990 Signaal is part of the multi-national Thomson-CSF, more specifically of the "Branche
Systèmes Détection et Missiles". Within BSDM, Signaal is responsible for aetivities in the field of Naval
Combat Systems (NCS). The NCS activities are organized around two business units: Signaal in
Hengelo, The Netherlands, and the NCS France in Bagneux.
At Signaal in Hengelo, I have performed my internship at the division R&S, Radar & Sensors. This
division is divided into severaJ sub-divisions. The sub-division where I was active is R&S FET-Ant, short
for R&S Front End Technology-Antennas. This sub-division is responsible for the front-end technology of
radar systems, which means the feed network and the radiating elements of the radar system.

1.2 Definition of the problem
Phased arrays have been used in fjeJds as diverse as radar, communications and radio astronomy.
Furthermore researchers plan to use array-based systems to enhance airport safety and efficiency.
The first phased array was built in 1937 to improve the communication link between the United Kingdom
and the East Coast of the United States, New Jersey.
Nowadays phased arrays continue to contribute to the defense of many countries and valuable platforms
such as ships and airplanes, which depend on array-based radars for their survival. The advantage of
phased array antennas over reflector antennas is its higher spatial resolution, longer detection ranges and
electronically steerable beams. Phased array antennas can be divided into two groups:

all elements of the array have their own transmitter/receiver (T/R) module;
a group of radiating elements is connected through a feed network to one T/R module.

The assignment is related to the Jatter group. In this report a finite phased array including a non-ideal feed
network and mutual coupling between the radiating elements is modelled and analyzed. The feed network
is typically a corporate feed consisting of split tee power dividers cascading to form a certain power
distribution over the aperture. Ideally there wiJl be a predefined distribution over the aperture. However in
practice errors wiJl occur in the distribution due to:
1. Multiple reflections inside the feed network;
2. Mutual coupling between the radiating elements;
3. Multiple reflections due to the mismatches between the radiating elements and the feed network.

These three effects produce ripples in the amplitude and phase distribution over the aperture. Thus the
antenna gain and sidelobe-Jevels wiJl be degraded, and the input voltage standing wave ratio (VSWR) wiJl
be affected. In this report special attention will be given to the effects of the mismatches of the radiating
elements at the aperture and to the mutual coupling. Also, the different degradations produced by both
errors wiJl be investigated.

1



1.3 Approach to the problem
The approach to the problem can be summarized as follows. Given a predefined aperture distribution, a
feed network is modelled. Then the mutuaf coupJing between the radiating elements is also modelled.
Two different network representations are given for both the feed network and the mutual coupling
between the radiating elements. One representation uses Z-parameters and the other S-parameters.
The mutual coupling between the radiating elements is measured. These two network models are then
connected together at the aperture to simulate the entire network and to find the correct aperture
distribution. For both representations methods are presented to solve them. After a comparison between
the two methods, one method is chosen to solve the problem. The chosen method uses the S
parameters.
In order to find the aperture distribution a microwave network solver MDS (Microwave Design System)
has been used. However using MDS imposes boundary conditions to the problem. MDS does not support
large multiports (>32). Therefore a boundary condition is set: onry 4-ports and smaller ports are used to
solve the problem. With this restriction all network models are formulated.

1.4 Outline
The structure of this report is as follows: Chapter 2 presents an abbreviated view in topics included in
modem arrayarchitecture, special attention is paid to the electromagnetic and architectonic aspects of
phased arrays. In chapter 3 the Jine array, which is used for the analysis is presented. In chapter 4 two
different network representations are defined. These representations are used to model the feed network
and the mutual coupfing between the antennas. In chapter 5 methods are presented to solve the entire
model. Eventually, one method is chosen to analyze the fine array. In chapter 6 the analysis tooI is
presented. A microwave circuit simulator is used to sorve the entire model. Chapter 7 presents the
measurement results of the line array. In chapter Bthe line array is analyzed using the previous
formufated model. The simulated array factor, aperture distribution, far field pattern, input VSWR, the
VSWR of the various tee-splitter within the feed network are presented. The simulation results are also
compared to measured results. Finally, in chapter 9 the conclusions of the report are presented.
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2. Antenna arrays
When a phased array-based radar system is built, important choices have to made. These choices are
partly determined by the specifications, which the radar needs to satisfy, and partly by the available
hardware. This chapter presents an abbreviated view of topics included in modern arrayarchitecture.
Special attention will be paid to electromagnetic and architectonic aspects of phased arrays.

2.1 Electromagnetic array theory
The collecting area of a conventional aperture is a continuous structure, whereas the collecting area of a
typical antenna array is made up of several antenna elements. These antenna elements can be placed in
any arbitrary configuration to form an array of antennas. Antennas are according to the IEEE Standard
Definition of Terms for Antennas" [1] a means for radiating or receiving radio waves". In other words the
antenna is the transitional structure between free space and a guiding device.

2.1.1 Basic array theory
Two important configurations of antenna arrays are linear arrays and planar arrays. Linear arrays consist
of elemental radiators laid in a straight line, while two-dimensional planar arrays consist of radiators
oriented on a geometric grid in a plane. In these radiation problems one can define two different regions,
the first around the origin of the coordinates wherein the sources lie, and the second in the field region
where the electric field due to these sources is measured.
The radiation field [2], which is the solution of Maxwell's equations can be expressed in terrns of magnetic
and electric vector potentiais. These expressions simplify if the distance between the source and the
observation point is large enough. This condition is met in most practical cases, and the vectors rand
r - r' may then be considered parallel (figure 2.1).

Ir -rtl~ r -r' cos~ (2.1)

•-- Field point (x,y,z)

Z

e

~---- source point (x',y',zJ

y

Ij---- souree region

x

figure 2.1 Geometry for pattern calculations

Now the discussion wil! be restricted to discrete elements arrayed in a repetitive grid. The electric field of
the n-th element in an array can be expressed as follows,
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(2.4)

(2.3)

(
e-ikorJ

En(x,y,z)= -r- Aen(XI,YI,Z')/neJkOr~COS(n. (2.2)

In equation (2.2) the term A e characterizes the individual element and specifies its behavior in terms of

the polarization and the orientation of the electric field. The remaining part of equation (2.2) contains the

effect of the amplitude, in terms of the current / n ' and the phase excitation as observed at the far-field

point. The field due to the summation of all the arrayelements is

E( )=(e- JkOr J"A / Jkor~cos(nx,y,z L.J e ne .
r n n

Now the elements are assumed to be equally spaced, electrically identical and oriented in the same
direction. Equation (2.3) can then be simplified to

E(x,y,z) = (e-:" JA.:~?"eM~' ..
From equation (2.4) the array factor is given by

(2.5)
n

In figure 2.2 a fine array is shown with equally spaced elements along the z-axis.

(X,y,z)

y

x

figure 2.2 Line array

The array factor for this case will have no fjJ variation only a 8 variation and equation (2.5) reduces to

AF(8) =L/neJ(n-l)kodCOSO (2.6)
n
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In figure 2.3 a simpte two-dimensional rectangular array is depicted.

x

figure 2.3 Rectangular array

y

t
n rows

e,/'
m columns

z

The general pattern can be written as

AF(8,~)= f ±ImneikOsino(mdxcosi"+ndysini") .

m~·M n=-N

where d x and d y represent the interelement spacing.

(2.7)

2.1.2 Mutual coupling
In an array of antennas, the driving-point or input impedance [3] of an individual element may differ
considerably from its self-impedance because of the effect of mutual coupling. This change of impedance
at the antenna input may cause extra reflections at the antenna terminals, because the antenna is not
matched to its feed line. Mutual coupling can seriously degrade the sidelobe-Ievels of the antenna array.
There are several methods to reduce the mutual coupling between antennas:

changing the antenna geometry;
placing metallic fences between the antennas;
enlarging the distance between the antennas.

Especially the first point is of practical interest. The designer of the antenna should always keep the
mutual coupling in mind when he designs an antenna array. The second option causes, in general, an
increase of the radar cross section of the antenna array, and is for that reason not always suitable. The
third option is only possible to a certain degree because of the possible occurence of grating lobes.
For antenna elements other than the simple dipole or slot radiator (see section 2.2.3), Iittle theoretical
work is available on the magnitude of mutual coupling effects. For these elements the mutual coupling
has to be determined with experimental methods. Even in the case of the dipole elements it is frequently
desirabie to measure the mutual coupling.
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2.1.3 Amplitude taper tor sidelobe control
The array factor for a line array, equation (2.6), can be influenced [3J by choosing an amplitude taper for

the currents In' The array sidelobe-Ievel, array gain and beamwidth all depend on the used amplitude

taper. In general, a stronger amplitude taper across the arrayaperture has the effect of reducing the
sidelobes at the expense of increased beamwidth and reduced antenna gain. There are four classical
tapers:
1. eosine on a pedestal;
2. Taylor distributions;

3. modified Taylor sin (mI)/mi distribution;

4. Dolph-Chebyshev distribution.
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2.2 Arrayarchitecture
The specifications for an array often dictate its architecture. Nowadays, a modem phased array has {4],
between 103 and 105 antenna elements. The antenna elements are followed by eleetronic subsystems,
including phase shifters, low-noise amplifiers (LNA), transmitters, beamformers and power supplies. With
respect to the phased array volume to be filled, there are basically two possibilities. These two archetypes
are discussed in this section.

2.2.1 The two basic array architectures
In figure 2.4a a rectangular array is depicted [5]. Figure 2.4a does not show any essential organization
that takes place behind the aperture of a rectangular array. As can be seen in figure 2.4b and 2.4c there
are two basic ways for constructing the array face.

...,.l-------::;>~=--- integrated circuit devices
(ampl~iers, phase shifters etc.)

..6""'----- power combiner

ground screen

000 0/
dy

000 0..--.
dx

substrate
material---~/L

(a)

(b)

~--- radome

~ control board
(phase shifters,
biasing circuit)

-----;>oL---------,~----e power

subarray
with metallic
ground screen·----"."'-
under semiconduct~or-----r"---:,----L..------/
substrate

L.------::;:~==:::::::;;z::::::::::~~::....=~//L---- array face with
semiconductor
active subarrays

(c)
figure 2.4 Array and subarray configurations (a) planar array (b) ti Ie architecture (c) brick architeeture

In figure 2.4b the array face is constructed of elements perpendicular to each other, this is called a 'brick'
structure. The brick structure is also known as [3] L1TA (Longitudinallntegration and Transverse
Assembly). In figure 2.4c the array is assembied into a multiple layer array, called a 'tiie' structure, which
is also known as TILA (Transverse Integration and Longitudinal Assembly).
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2.2.2 Interconnect approaches
Now the interconnection [4] between the phased array antenna efements will be considered.
With respect to figure 2.5 there are four basic options for the interconnection of the arrayelements (of
course variations are possible),

(a)

lllJl
/

directional
coupier

(c)

(b) phase control

phase control

(~
(d) (e)

figure 2.5 Five interconnect approaches, (a) Planar corporate feed (b) Volume corporate feed (c) Series
fed array (d) Space-fed array (e) Reflect array

1. The planar corporate feed, i1fustrated in figure 2.5a, is suitable for the tile architecture. The length of
the feed Iines is equal for all antenna elements. ff the resulting beam has to be steerable, adjustable
phase shifters or T/R (transmitter/receiver) modules have to be inserted.

2. The volume corporate feed, iIIustrated in figure 2.5b, is suitable for the brick architecture. For an
active array, programmabie phase shifters can be connected in series with each antenna element.

3. The series or source feed, iIIustrated in figure 2.5c, is ideal in microstrip or waveguide realizations
forming rows or columns of aplanar phased array.
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4. The space-fed architecture is iIIustrated in figure 2.5d and 2.5e. In the lens-fed version both faces of
the array are populated by antenna elements. Between each pair of antennas a programmabie phase
shifter or TIR module can be inserted. The reflect array shown in figure 2.5e works on the same
principle, except that one face of the array is terminated in short-circuited transmission lines.

The aperture distribution in space fed arrays is not constrained to transmission Iines and power dividers
and hence is lossless except for spillover and reflection 1055. However space fed arrays require
significant volume, while corporate fed arrays can be made more compact. Especially at lower
frequencies this becomes an important factor. The disadvantage of series fed arrays is the fundamental
Iimitation of bandwidth. However when the bandwidth Iimitation for a one-dimensional scanning array is
satisfied the series feed could be the ideal solution. Space feeds are simple and inexpensive to construct
and can be extremely effective. The patriot radar is an example of a space fed array (figure 2.6). This
radar is aC-band multifunction mobile radar, which was effective during the gulf war.

figure 2.6 Patriot radar, example of a space fed array
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2.2.3 Antenna elements
Many types of antennas [3], [4], [5] have been used as antenna elements of phased arrays, such as
homs, slotted waveguides, and conventional and bent dipoles. Recently, microstrip antennas in the form
of patches or printed dipoles have gained popularity.

~~_----,"m,-,-,e=tal patch

"<--I__---:!.._....l;g~ro~undplane

Substrate relative
permittivity ~r

(a)

conductor

(c)

metal patch
~--->I<'""---

__I __---:!__g!!:.r~ound plane

Substrate relative
permittivity ~r

(b)

_~!lJ----=s:=:ubstrate

(d)

figure 2.7 Arrayelements (a) directly coupled microstrfp patch (b) proximity coupled microstrip patch (c)
slot Iines (d) dipole

Selection of tile or brick architecture also implies a choice of element type. The tile configuration requires
an element that can be manufactured by monolithic integrated circuit technology. In figure 2.7a, band c
elements are depicted which can be used for the ti Ie configuration. The patch antenna shown in figures
2.7a and 2.7b, consists of a metallic ground plane and a thin dieJectric layer on top, in which a conducting
surface the 'patch' is etched. Figure 2.7d shows a popular balun fed dipole element for the brick
configuration.
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3. The line arrayarchitecture
In this chapter the line array, which will be analyzed is presented.

3.1 The line array
A sketch of the totalline array is depicted in figure 3.1.

I" element 2'" element 3" element 40~ element radrabng elements

~
==?2m.:u:..:u:__·_:u:__:_Jtl-:=m..".::7"·d.'-
I. ' I

I I I I:! ! : feed net\York,
split tee . : : power drviders,
power dNtder ; ~._._._._.- : lossy transmiSSIon lines.

.....;..--- I
transmiSSIon I :

"0. 'mmmum-mu_um---ïuT --ï=:;,;-:.;;----m-m_uu,

figure 3.1 The analyzed line array

The analyzed line array consists of 40 radiating elements over a finite ground plane. The feed network is
a corporate feed consisting of lossy transmission lines and split tee power dividers and gives rise to a 50
dB Oolph-Chebyshev taper over the aperture. As can be seen in figure 3.1 the line array is cut in half by
the metallic ground, one part is formed by the radiating elements, the other part by the feed network.
However, during the fabrication of the line array the total network, which means the feed network and
radiating elements, is etched on a single kapton sheet. This is iIIustrated in figure 3.2.

kapton sheet

.-
stripllne
leed network

I
I

"'d
I
I
I
I
I
I
I
I
I
I,
I
I
I
I
I

-----..
radlatIng elements

figure 3.2 Stripline feed network and radiating elements etched on a kapton sheet

11



Furthermore, the kapton sheet is mounted between two ground plates and foam. The foam carries the
kapton sheet, this is depicted in figure 3.3.

~ ground plane

figure 3.3 Stripline configuration

3.2 The antenna
The radiating elements, iIIustrated in figure 3.4, are about half a wavelength long and are mounted on a
dielectric substrate.

stripline _

__~,----- radiating
element

----f----- substrate

to feed network

figure 3.4 Radiating element

A balun is used for the transition of the stripline mode to the twin lead mode.
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3.3 Feed network

3.3.1 Split ratios
The feed network and the split ratios of the tee splitters are depicted in figure 3.5.

e18

e20

e12

e8

e7

e5

e6

e2

e2/e1= 1.093137

el

e16

e19/e18= 1.082166
e17

e14/e13= 1.212211
e13

e10/e9= 1.389392
e9

1------... e3

d2

d3

d5

d4 el0
e12/e11= 1.292183

ell

1------------.... e4

f5

14

d5~1=1.020931
j2

14~2=1.876778

j4

j31f5= 1.013284

j3

nrst-splitter =)4~4= 1. 000000

figure 3.5 Feed network

Only one half of the feed network is shown in figure 3.5, the other half is the image. A 3 dB splitter
(shown in figure 3.5 as the first splitter) conneets both parts.
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3.3.2 Amplitude taper
The feed network gives rise to a 50 dB DoJph-Chebyshev amplitude taper over the aperture. The
specified radiation pattern of the feed network is iIIustrated in figure 3.6.

T\T,T\

OdB

-50 dB

nT,TY
figure 3.6 The specified array factor

angle (e)

The Dolph-Chebyshev taper is optimum in the sense that it yields the narrowest 3 dB beamwidth for a
given sideJobe ratio. A special property of this taper is that it yields an array function with equal amplitude
sidelobes, as shown in figure 3.6. Furthermore, the Dolph-Chebyshev taper is more robust against
random errors, compared to the other three classical tapers (see section 2.1.3).
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4. Network representations
Without 1055 of generality, a line array is used in this report to present the different network
representations. As stated in section 3.1 the feed network and the radiating elements of the line array are
separated by a finite ground plane. Throughout this report this separation is used to present the different
networks, as iIIustrated in figure 4.1. The radiating elements are also considered to be a network. Both
networks are connected at the connection plane.

feed
netwerk

signal
generator

• I
I

radiating
elements
netwerk

figure 4.1 Feed network and radiating elements

connection plane

Networks can be represented in terms of Z-, Y- and S-parameters. In this report only the Z- and S
parameters are used to represent both networks. The V-parameters are left out of consideration, because
these parameters give less physical insight than the Z- or S-parameters.
First the Z-parameters and the S-parameters are introduced, then the relationship between these
parameters is given. Finally these parameters are used to formulate the network representations, for the
feed- and radiating element network.
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4.1 Network matrix representations

4.1.1 Z-parameters
The Z-port iIIustrated in figure 4.2 is defined by the equations,

V; 2 11 2 12 ZIN 11

V2 Z21 2 22 2 2N 12
= (4.1)

11

......,
port 1

12
.....,

port 2

Z
•

•

•
IN

......

."

portN

figure 4.2 Z-multiport

where V;, ... ,VN and 11 , ••• , IN represent the terminal voltages and currents at port 1, ... , N

respectively. The impedance matrix Z is a N x N matrix.
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(4.2)=

4.1.2 S-parameters
An alternative way of describing a multiport is with scattering parameters [6], as iIIustrated in figure 4.3.

bI SB Su SIN al

bz SZI Szz SZN az

SNI SNZ

~

+-
b,

port 1

port 2

S
•

•

•

port N

figure 4.3 5-multiport

P. Penfield [7], [8] and O. Youla [9] first defined scattering parameters for real and positive impedances
of multiports. In 1965 K. Kurokawa [10] also defined these parameters for complex impedances and
introduced generalized scattering parameters.
The scattering parameters describe the interrelationship of a new set of variables calied power waves

(ak ,bk)' The ingoing and outgoing power waves at the k-th port of the network are defined in terms of

the terminal voltage Vk ' the terminal current Ik' and an arbitrary reference impedance Zn . In this
k

report all reference impedances are defined real and positive. However, the presented theory here is also

valid for complex reference impedances, where Re(Znk» 0 . Now the ingoing wave ak and outgoing

wavebkcan be written as [4],

Vk +Zn/k
a k =--;====

2~Re(Znk) ,

Vk-Z:/k
bk = -r=======

2~Re(Znk) .

where the asterisk denotes the complex conjugate.

(4.3)

(4.4)
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The inverse transforms to (4.3) and (4.4) equal,

Vk = ~ 1 (Z: ak +Zn bk),
Re(Z n ) 1 k

k

1
I k = 1 (ak-bk )·

yRe(Zn)
As a result of (4.3) and (4.4) the complex power wave reflection coefficient can be defined as,

bk Vk - Z:/kr = - = -----=--
ak Vk +Zn/k

Because Vk / Ik =Z L (see figure 4.4),

k-lh port

(4.5)

(4.6)

(4.7)

+

E

figure 4.4 Signal source loaded with ZL

the reflection coefficient can be written as,

ZL -Z:r = 1 ,

ZL +Znl
where,

ZL = the load impedance (or input impedance) of the k-th port,

Z n = the reference impedance of the k-th port.
1

The voltage standing wave ratio (VSWR) at the k-th port is defined as,

l+lrl
VSWR= I I'1- r
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(4.12)

oo

1o
F=

4.1.3 Relationship between the S and Z matrix representation
In this section two different matrix network representations have been introduced. Now the relationship
between both representations is derived [6].
According to the definition of power waves (4.3) and (4.4), these waves can be written in the forms

a=F(v+Gi), (4.10)

b =F(v - G+ iY . (4.11)

In the above equations v and i are vectors whose elements are equal to the terminal voltages and

currents respectively. F and Gare diagonal matrices given by,

1

o 1

z" 0

0 Zn2
G=

0

o

(4.13)

Because b =Sa and v =Z i , using relation (4.10) and (4.11) we obtain,

F (Z - G + ) I =S F (Z +G) I . (4.14)

from which the relation between S and Z can be found.

Similarly, the impedance matrix Z can be expressed in terms of the scattering matrix S as

Z=F·1(I-St(SG+G+)F. (4.16)

In equation (4.16), I denotes the identity matrix.

i The '+' sign indicates the complex transpose of the matrix.
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4.2 Two network representations tor the radiating elements
In this section two different network representations describing the mutual coupling between radiating
elements of a line array are presented. The first representation uses Z-parameters the second uses S
parameters.

4.2.1 Z-approach
Consider an isolated antenna in free space [11] with a voltage V; across the feed terminals and a current

11 in the antenna arm. The input impedance to this antenna is then equal to its self-impedance,

Zl1 =~ /11 • Now a second antenna is brought into the environment of the first antenna. When both

antennas are excited, there wil! be a mutual interchange of energy between the two antennas. This
mutual interchange of energy is depicted in figure 4.5.

mutual interchange
of energy

< :>

v,

antenna 1 antenna 2

figure 4.5 Two antennas defined by their terminal voltages and currents

The mutual interchange of energy can be quantified by the mutual impedances, ZI2 and Z21' When the

elements are reciproca', ZI2 =Z21' The situation depicted in figure 4.5 is defined by the equations,

( V; J=(Zl1 Z\2 J(II J. (4.17)
V2 Z21 Z22 12

The previously described two-port model can also be expanded to a line array of N antennas, figure 4.6.

v,

antenna 1

figure 4.6 line array of N antennas

The system of N antennas iIIustrated in figure 4.6, can be seen as a N-port, which is defined by the
system of equations (4.1),

~ Zl1 ZI2 ZIN 11

V2 Z21 Z22 Z2N 12 (4.18)=

VN ZNI ZN2 ZNN IN
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The mutual coupling tor a line array ot N radiating elements can now be modelled [12] as depicted in
tigure 4.7.

+

+

+

figure 4.7 Equivalent circuit tor describing the mutual coupling ot a line-array

As can be seen trom tigure 4.7 the input impedance to the k-th antenna terminal is the series resistance,

Zkk + LZtn(1nilk)'
n"k
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4.2.2 S-approach
Consider the situation depicted in figure 4.8. This situation is the same as in figure 4.5, however the
mutual coupling is now described using S-parameters.

mutual interchange
of energy
<: >

y"'eo", 1 y"'eo",'

b1 8 1

figure 4.8 Two antennas defined by scattering waves

Again this configuration can be thought of as a two-port, where

(4.19)

For reciprocal antennas the relation Su = SZ! holds. The S-port model for the two antennas is shown in

figure 4.9.
Port C1 Port C2

port 82

port 81

dipole 2

+ +
Sc. .

port A2

+ - - +

SA Sa
+ - - +

I I
port A1

I I
dipole 1

dipole terminals

dipole 1 dipole 2

::~ ~r-~-s-~---'~ ~ ::

w (~

figure 4.9 Equivalent S-port modeIs for two antennas (3) simple 2-port model (b) equivalent model where
every S-port represents a physical effect

Figure 4.9a describes the relation between the two antenna terminals in terms of S-parameters. Figure
4.9b is an equivalent representation. In figure 4.9b the S-matrices are defined as,

(
SlI

S =
A 1 IJo ' (4.20)
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(

S22
S =

B 1 (4.21)

(4.22)

When the overall-scattering matrix of the configuration depicted in figure 4.9b is calculated using (4.20)
(4.22), equation (4.19) will be obtained. The mutual coupling between two antennas is now described
using simple 2-ports. Equation (4.20) and (4.21) represent the reflected waves at the antenna terminals,
while equation (4.22) represents the mutual coupling between the antennas. The simplicity of the above
presented method lies in the fact that all physical effects between the antennas are represented by 2
ports. The above-presented method to describe mutual coupling can easily be expanded. In figure 4.10
the situation is shown tor N antennas.

antenna tennina

,
!,
i
i
i
!

+ + I, SI1. ,

~--r
+ I I~

+ IS,. Sn

- - -
+ + - +

S" S" Sn
+ - + + -

Is

+ -

antenna 1 antenna 2 antenna 3 antennaN

figure 4.10 S-port model tor N radiating elements

In tigure 4.10 the two-ports are defined by,

So)
~ ,for i =1= }

(4.23)

(4.24)

and i,} = 1, 2, ... , N.

Again when the antennas are reciprocal Sij = Sji'
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4.3 Two network representation for the feed network
In the section, the z- and S-parameters are used to describe the feed network.

4.3.1 Z-approach
The stripline feed network is modeJled with transmission lines and tee-spJitters. In figure 4.11 the feed
network is shown.

figure 4.11 Network presentation of the feed network. The tee-splitters are represented by their Z
parameters. The transmission line sections, are defined by their lumped elements, R, L ,G ,C .

The transmission Ijne sections are represented by the lumped elements R ,L ,G ,C . The tee splitters
are described by their Z-parameters.

4.3.2 S-approach
The feed network consist of split-tee power dividers, presented by their scattering matrices, cascaded to
form a certain power distribution over the aperture.

(a)

a,----.
b,.-

s

split-tee power divider

(b)

figure 4.12 Feed network (a) cascaded S-ports (b) network representation of a split-tee power divider

In figure 4.12a the cascaded network is depicted and in figure 4.12b a network element is iIIustrated
which is described by complex power waves. The 3-ports represent the tee splitters in the feed network
and the 2-ports represent transmission-line sections.
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4.4 Far field considerations

feed
network

Until this point only the near fields and feed network of the fine array were considered. In this section the
far field is introduced in the network model. In literature [1] the far field criterion is defined as

r > 2D 2
/ À ,where r is the distance from the source point to the field point, D is the largest dimension

of the fine array and À the wavelength. In this report the far field is assumed to not scatter any incident
energy back to the line array. In other words the far field does not inf1uence the near field of the fine
array. The far field can be brought into the network model of figure 4.1 as iIIustrated in figure 4.13.

radiating
elements
network
(near field)

far field

:.'.
I '
I "
I ": \
I ,
I \. \.

connection plane \

\.
'.,
~

signal
generator

figure 4.13 Network model of a line array including the far field, the arrows to the far field indicate that
there is no energy scattered back to the line array.

In appendix A, the scattering matrix is formulated for the total network, that is the near field as weil as the
far field.
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5. Analysis methods tor both network
representations
With the analysis of a finite phased array including its feed network and mutual coupling, there are
different ways to describe the feed network and the mutual coupling. Two methods were presented in
chapter 4. The first method described the mutual coupJing in terms of mutual impedances and the feed
network in terms of distributed elements and Z-parameters. The second method used scattering
parameters to describe both the radiating elements network and the feed network.
Of course one can also describe, for example, the feed network with scattering parameters and the
mutual coupling with mutual impedances. However one representation has then to be transformed to the
$- or Z-representation. This leaves the problem to the two basic configurations described above.
Methods for analyzing both representations are given in this chapter. Both methods are compared and
eventually one method is chosen for analyzing the line array in this report. Without 1055 of generality, line
arrays are used to present both methods.

5.1 Impedance matrix representation: the impedance method
The impedance method [12] describes the mutual coupling between the antennas and the feed network
with Z-parameters. An equivalent circuit of the line array and feed network is shown in figure 5.1. The
feed network is described using distributed elements, as in figure 4.11. The radiating elements network is
described as in figure 4.7.

11
Z"------..

V, ~z'n (VI,)

12------..
Ir)------..

~Z2n (V/2 )V2

Vo Feed
Network

•
•

IN •
------.. ZNN

VN 1:: Z1N( In/IN)n>N

figure 5.1 N+1 port network representation of coupling between feed and radiators. Port 0 is transmitter

port with current 10 and voltage Vo . Ports 1 to N are radiator ports. Typically, the m-th radiator port has a

terminal voltage Vm and terminal current I m •

The voltage and current at each dipole terminal can be related by the following matrix equation,

Vm=Zm I m· (5.1)

In equation (5.1) Vm is the driving voltage at the antenna terminals, I m is the terminal current at each

antenna and Zm is the mutual coupling impedance matrix. The mutual coupling impedance matrix can
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(5.4)

(5.5)

be calculated using different methods, e.g. the induced EMF-method or the method of moments [1]. This
matrix can not be measured direetly, but can be determined indirectly through measured S-parameters,
see equation (4.16). The feed network can be described by the matrix equation

Vr = Zr Ir' (5.2)

In equation (5.2) Vr is the voltage at the terminals of the feed network, Ir the current at the terminals of

the feed network and Zr the impedance matrix of the feed network.

The radiating elements network at the terminals of the feed network in figure 5.1, is now assumed to be

embedded by the feed network. The feed network impedance matrix Zr is divided into submatrices [6]

(
Ve) (Zee Zei)(Ie) (5.3)
VI - Zie Zii Ij .

V e and Ie are the voltages and currents at the external ports of the feed network, and equal to Vo and

10 respeetively. V j and Ij are the voltages and currents at the internal ports ofthe feed network, and

equal to V;,""", VN and IJ>""'/N respeetively. The embedded radiating elements network is described

by equation (5.1). The connection of both networks at the terminals of the feed network imposes
restrictions on the veetors of the internal currents and voltages,

VI =Vm ,

Ij=-Im •

From equation (5.1), (5.3), (5.4) and (5.5) the impedance matrix of the total network can be found and the
system of equations can be solved.
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5.2 Scattering matrix representation: the connection
scattering matrix method
The connection scattering matrix method [6] uses the overall circuit connection scattering matrixW of the
network to calculate all ingoing and outgoing waves at all network ports. The radiating elements network
and the feed network are both represented by scattering parameters. Here, all reference impedances of
the ports are real and equal to each other. Both networks, Le. the feed- and radiating elements network,
are connected at the aperture to form the total network of the line array.
In this section the signal generator is defined first, then the overall scattering matrixW of the total
network is formulated. A closer look at the connection between various ports leads to an extra network
element. Also an example for a small array is given.

5.2.1 Equivalent S-parameter signal generator model
An independent signal generator connected to the input of the feed network, shown in figure 5.2, is given
by

(5.6)

'
g

+--=-

Zg rv.
Eg

(a) (b)

figure 5.2 Independent signal generator: (a) ingoing and outgoing waves at the generator port, (b)
equivalent sinusoidal signal voltage source.

Equation (4.5) and (4.6) are defined at port g by,

Vg = ~ (Znag +ZnbJ.
VZn

Ig = ~(ag -bJ.
VZn

Substituting (5.7) and (5.8) into equation (5.6) gives,

Zg -Zn JZ:Eg
b = a + =Sgag +C,

g Z +Z g Z +Z
g n g n

where,

S =_Z....;:.g_-_Z_n
g Z Z'

g + n

equals the reflection coefficient of the signal generator, and

JZ:Eg
C =---'---=--

Zg+Zn'

28

(5.7)

(5.8)

(5.9)

(5.10)

(5.11 )



is the independent wave impressed by the generator.

5.2.2 Overall connection scattering matrix
Now the total network of the line array is formed, by connecting the feed network and the radiating
elements network at the aperture. The signal generator is connected to the input of the feed network, as
iIIustrated in figure 5.3.

feed
netwerk

radiating
elements

: netvverkr'-'-'-'-'- _._._._._._._._._._._._._.~._._._._._._._._.-.-._._._._._',

. I
I I

I
I
I
I
I.---L __...._-+-. __ ~---~_~ ,

r-+ I 1 1 I I
I---L_~ I r-- _J._ I

__ ... I I I I

, r-j I---L__ I I I

L_t I '-T..! :
I r-- • , I I

.-_+-. --~-\-' i

tee splitter

k-th circuit
element

signal
generator

I
I

I I
~._._._._._._._._._._._._._._._._._._.~._._._._._._._. _._._._._._.-._.

I

tetal netwerk

connection plane

figure 5.3 The total network is formed by the feed network and the radiating elements network

For the k-th circuit element the set of linear equations (5.12),
b(k) = 5(k) a(k) , (5.12)

holds. Where 5(k) is the scattering matrix of the circuit element and alk) and b(k) are vectors of ingoing
and outgoing waves respectively. Considering the entire line array network with N elements, the linear
equations can be written in matrix form,

b=Sa+c,
where,

all) bil) C(I)

a(2) b(2) 0

a=
alk)

, b= bik)
, c=

alN) biN) 0
and

(5.13)

(5.14)
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s=

o
o 8(2)

o

o

o

o

o

o

8(N)

(5.15)

In (5.15) 8(1), 8(2), ... , 8 (N) are the scattering matrices of the ports. These matrices describe all m

elements in the network. The vectors a(I), a(2), ... , a(N) , b(l), b(2), "', b(N) represent the waves related

to these ports. The vector c(I), 0, ... , 0 represents the independent wave impressed by the signal

generator at the input to the feed network.
Taking into account the connection between the various ports, introduces constraints on the vectors a
and b. These constraints can be expressed in the following matrix equation,

b ::::: ra, (5.16)

where r is the connection matrix of the network. Substituting (5.16) into (5.13) gives,
W a =c , (5.17)

where
w =r -8. (5.18)

The matrix W is the connection scattering matrix of the network. The vectorc is the impressed
independent wave of the generator in the network. The solution of matrix equation (5.18) is the vector of
all ingoing waves at all ports in the network,

a=W-1c. (5.19)

Substituting (5.19) in (5.16) gives all outgoing waves at all ports in the network,

b = rw-I c. (5.20)

Now all ingoing and outgoing waves can be computed with aid of the connection scattering matrix W ,
once the excitation of the network c is known. The connection scattering matrix gives a full description of
the network, because values of the scattering parameters of all ports are given by the matrix 8 and the
network topology is given by the connection scattering matrix r .

5.2.3 Connection scattering matrix
Because there are different kind of connections between the ports in the network shown in figure 4.10 and
figure 4.12, the connection matrices for these cases will be formulated. First consider the simple
connection between two tee-splitters shown in figure 5.4.

~
----.

/ Vi t Vj \A

/ \
i-th port with the
reference impedance
Zj

figure 5.4 Cascade connection of two 2-ports

j-th port with the
reference impedance
Zj

Assuming different reference impedances at the connection plane, the voltage and current can be written
as,
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(5.21)V; = ~~., (Z, a, + Z., b,),

Vj =~~., (z.,a j +Z.,bJ (5.22)

Ij =~Zn,(ai-bJ, (5.23)

Ij =~Znj (a j - bJ. (5.24)

The conneetion between the i-th and j-th port imposes the following relations,

V'; =VJ and - Ij =I}" (5.25)

Now substituting equations (5.21) - (5.24) in (5.25) gives,

(biJ - 1 (Znj -Zn, 2~Zn,Znj ](aiJ (5.26)

bj - Zn, +Znj 2~Zn,Znj Zn, -Znj a j '

The matrix in equation (5.26) is the connection matrix r for one pair of the connected ports. From
equation (5.26) can be seen that if

Zn = Zn ' (5.27)
, J

the connection of the two 2-ports is a non-reflecting conneetion, which means that the ingoing and
outgoing waves at ports i and j connected together satisfy the relations,

ai =bj and a j =bj • (5.28)

It follows from (5.28) that the connection matrix for a plane where the reference impedances are equal to
each other and real simplifies to the form,

r ~ (~ ~) (5.29)

As can be seen in figure 4.10, the number of connections in one plane of the radiating elements network
is equal to N -1 , when there are N antennas in the line array. The conneetion matrix for such a plane
can also be formulated. However, it is more appropriate to treat such a plane as a scattering matrix, as
iIIustrated in figure 5.5. In this figure the plane is considered to be a network element.

I

: zn,,,,
I,
I
I,,,,
I,,
.-- I

, +,
: Zn
L. ,,

Î - - - - --.
I ~. J
I ,
I +,,,,
I
I,,
I,,,,

n
- I

",-_1-,---j+

-"1--' Zn

+ -

figure 5.5 N-1 order plane
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with scattering matrix S.



If all reference impedances are real and equal to each other, the scattering matrix of the element in figure
5.5 is given by,

2-n 2

S=~
2 2-n

n 2

2

2

2
(5.30)

2-n
Equation (5.30) can be derived using equation (4.15).
From scattering matrix (5.30) one can observe, that it does not connect the mutual coupling matrices
correct, this is iIIustrated in figure 5.6.

i

antenna termin

, ,
! i ~ I
I i i
i i!

+ +1i s" ,

11

~---r s,,~ 1 11 I ~ Sn ~ I

- I1 - -
+ + +

Sn Sn Sn
+ - + +

wanted signal

als path, S21

antenna 1 antenna 2 antenna 3

- +

SII.'N

- +

antenna N

unwanted signal path

figure 5.6 Different signal paths: Path SZl describes the mutual coupling between antenna 1 and

antenna 2, the unwanted signal path does not represent a physical effect.

As a consequence, the plane depicted in figure 5.5 can not be used to describe the mutual coupling
between antennas. In order to circumvent this problem, an additional network element has to be inserted,
to describe the mutual coupling in a correct way. This network element is specified by,

o 1

1 0
S =p

1

o
(5.31)

100

The mutual coupling can now be depicted as follows,
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1----- __ 0_- .---------------;

1----1----- ---8--

antenna terminals

2

figure 5.7 Network representation of the mutual coupling of a line array.

One boundary condition to this problem is that all used network elements are maximally 4-ports. This

condition is not met in figure 5_7. Therefore the scattering matrix Sp is described with 3-ports only, as

iIIustrated in figure 5.8.

N

port 1 port31---~ port 1 port3f---------------------------- port 1 port 3 N

ort 2

2

ort 2

3

ort 2

N-1

figure 5.8 Network representation of Sp, using three-ports

The overall scattering matrix of the element in figure 5.8 is Sp. Now the overall connection scattering

matrix can be formed and solved, using only small ports.
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5.2.4 Example
An example is given for a smal! line array of two radiating elements. For this array the connection
scattering matrix is formulated. In figure 5.9 the circul is shown, with port numbers.

signal generator

2

split tee
9

10

~ ~

feed radiating
network elements

figure 5.9 Line array with two radiating elements

The scattering matrices describing the radiating elements are defined by (4.20)-(4.22).
The scattering matrix S and the connection matrix r of the network are,

1 2 3 4 5 6 7 8 9 10

1 Sn 0 0 0 0 0 0 0 0 0

2 0 S22 S23 S24 0 0 0 0 0 0

3 0 S32 S33 S34 0 0 0 0 0 0

4 0 S42 S43 S44 0 0 0 0 0 0

5 0 0 0 0 S55 1 0 0 0 0
S= (5.32)

6 0 0 0 0 1 0 0 0 0 0

7 0 0 0 0 0 0 S77 1 0 0

8 0 0 0 0 0 0 1 0 0 0

9 0 0 0 0 0 0 0 0 0 S9,IO

10 0 0 0 0 0 0 0 0 SlO,9 0
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1 2 3 4 5 6 7 8 9 10

1 0 1 0 0 0 0 0 0 0 0

2 1 0 0 0 0 0 0 0 0 0

3 0 0 0 0 1 0 0 0 0 0

4 0 0 0 0 0 0 1 0 0 0

5 0 0 1 0 0 0 0 0 0 0
r= (5.33)

6 0 0 0 0 0 0 0 0 1 0

7 0 0 0 1 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0 1

9 0 0 0 0 0 1 0 0 0 0

10 0 0 0 0 0 0 0 1 0 0

The connection scattering matrix Wand the vector of excitations c have the following forms. Note that
the excitation vector c has only one nonzero element at the input port 1.

1 2 3 4 5 6 7 8 9 10

1 -Sn 1 0 0 0 0 1 0 0 0

2 1 -Sn - S23 -S24 0 0 0 0 0 0

3 0 - S32 -S33 -S34 1 0 0 0 0 0

4 0 -S42 -S43 -S 0 0 0 0 0 044

5 0 0 1 0 -S55 -1 0 0 0 0
W=

6 0 0 0 0 -1 0 0 0 1 0

7 0 0 0 1 0 0 -S77 -1 0 0

8 0 0 0 0 0 0 -1 0 0 1

9 0 0 0 0 0 1 0 0 0 -S91Ü

10 0 0 0 0 0 0 0 1 - SIO,9 0

1

0

0

0

0
c= (5.34)

0

0

0

0

0
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5.3 Comparison between the two representations
In this chapter two different methods have been presented to solve the network models of a fine array
and its feed network including mutual coupling. The difference between the two methods lies in the used
representation, the Z-representation and S-representation respectively. The advantages of the S
representation are:

The mutual coupling data can be measured directly;
S-parameters are commonly used to characterize microwave networks;
Measured mutual coupling data (in S-parameters) can be inserted directly into the radiating elements
network, when it is described in the S-domain.

However it is always possible to transform from one domain to the other. In th is report the S-domain has
been chosen to describe the problem. As a consequence, the S-parameter network model of a fine array
including its feed network and mutual coupfing presented in section 5.2 has to be solved, to analyze the
line array.
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6. Solving the network model
In section 5.2 a method was presented to analyze a line array including a non-ideal feed network and
mutual coupling between the radiating elements. The equation to be solved using the conneetion
scattering matrix approach is,

Wa=c, (6.1)
where W is a n x n matrix of complex coefficients. To solve equation (6.1), there are different options:
1. writing a computer program in C++, Fortran etc..
2. using a commercial microwave network solver.

In this report there has been chosen for a commercial microwave network solver, Microwave Design
System (MOS). The advantage of MOS is its easy drawing options and graphical interface with the user.

6.1 About MOS
The microwave design system is an integrated software tooiset developed especially for microwave
design engineers. It allows for accurately simulating and optimizing microwave circuit performance. The
tooiset used to solve the network model of the line array is the Iinear circuit simulator. The Iinear
frequency domain circuit simulation offers the possibility to analyze circuits operating under linear
conditions, such as passive circuits.
At each frequency of interest, scattering matrices are formed for each of the network elements. The
circuit topology than dietates how the system of equations is formed and eventually solved. Figure 6.1
shows a MOS screen.

figure 6.1 MOS screen layout
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6.2 Network probe
The goal of the simulations is to determine the array factor of the non-ideal feed network including mutual
coupling. The array factor for a Iinear array is defined byequation (2.6) and repeated here,

AF =:~:/nej(lI-l)kodcos8 (6.2)
n

From equation (6.2) it becomes clear that the current distribution In at the connection plane has to be

determined. The current at the antenna terminals is represented by ingoing and outgoing complex current
waves as indicated in figure 6.2.

signal
generator

feed
netwerk

antenna terminals

2

3

4

I
I
I
I
I •
I
I
I

~I'IN+ -----;7'" I

IN-~:
I
I
I
I
I
I
I

connection plane

radiating
elements
netwerk

figure 6.2 Representation of a line array, including the ingoing and outgoing complex current waves at
the conneetion plane

In the remainder of this report the term aperture is also used to indicate the connection plane.
The current at the k-th port is defined by,

l k=I/+1k-= ~(ak-bk)= ~ak(l-rk)' (6.3)

"~nk "~nk
In order to determine the ingoing and outgoing complex current waves at the aperture, an extra network
element has to be inserted. This network element should measure the incident and reflected waves at the
aperture and may not present a load to the network displayed in figure 6.2. A network element, which
satisfies these demands, is iIIustrated in figure 6.3.
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figure 6.3 Network probe with scattering matrix

Port 1 is connected to the feed network, port 2 is connected to the radiating elements network, port 3 and
4 are both terminated with an S-parameter impedance port. The S-parameter impedance port enables the
user of MOS to determine the scattering parameters of the network under test. The configuration of the
network probe inserted between the feed network and the radiating elements network is shown in figure
6.4.

S-param port impedance
R=50f.!
X=Of.!

terminal k
+

feed network

+

3

4

2

+

S-param port impedance
R=50f.!
X=Of.!

figure 6.4 Network probe inserted between the feed network and radiating elements network, the probe
measures the ingoing and outgoing complex current waves at terminal k

As can be seen from the scattering matrix of the measuring probe, the incident and scattered waves are
related in the following manner

bI =az ' (6.4a)

bz =al ' (6.4b)

b3 =al ' (6.4c)

b4 =a z . (6.4d)

As can be seen from equation (6.4), the network probe does not present a load to the network under test,
because of equations (6.4a) and (6.4b). Also, the port decouples the ingoing and outgoing waves from
port 1 and 2 to port 3 and 4, which can be observed from equations (6.4c) and (6.4d).
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7. Measurement of mutual coupling
In this chapter the coupling measurements are presented and discussed.

7.1 Measurement setup
Two equivalent network representations for the mutual coupling between antennas were presented in
chapter 4. Now the 8-parameter network representation is used to measure the mutual coupling. These
parameters can be measured directly, in contrast to the Z-parameters. The S-parameters are measured
as follows. In figure 7.1 a part of the line array is depicted. All antennas are terminated with their

characteristic load impedances, Z n =50 n .Antenna kis excited with a voltage source v: .Using this

configuration the coupling between the antennas is measured.

antenna k

v,

~K \.~Yantenna k+1 yantenna k+2 yantenna k+3

Q~ Q~ Q~

~/yantenna k-3 yantenna k-2 yantenna k-1

QZn QZn QZn

-
figure 7.1 Measurement in the near field region

In practice it is not necessary to measure all the couplings between the antennas. The line array can be
divided into three different regions. In each of these regions the antennas have a unique coupling with
neighboring elements. The three different regions are the left edge, the right edge and the middJe of the
line array. The left and right edges of the line array differ because of the geometry of the radiating
element, as iIIustrated in figure 3.1. The middle of the line array can be seen as an infinite array, because
all elements experience the same environment. The three different regions are depicted in figure 7.2. The
S-parameters have been measured with a vector analyzer. The mutual coupling has been measured up
to five neighboring elements.

1 2 3 4 5 6 • 20 21 22 23 24 25 • 35 36 37 38 39 40

• • • • • • • • • • • • • • • • • •
~antenne

figure 7.2 Measured mutual coupling for the three different regions

The S-parameters are measured from I1 to Ih ' and Ic is the center frequency.

The performed measurements are:

1. Sl1-S16ii, Su -S27' S33 -S38' S44 -S49' S~~ -S~,10iii

2. S20,20 - S20,2~

3. S40,40 - S40,3~' S39,39 - S39,34 I S38,38 - S38,33 ' S37,37 - S37,32 , S36,36 - S36,31

ij This means the reflection of the first antenna, the mutual coupling of the 1st antenna with the 2nd
~ntenna. till the coupling of the 1st antenna with the 6th antenna.
111 A comma is inserted between both integers, when a port number is larger than 9.
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Where, Sij = the coupling between port i and j;

Si; = the reflection of port i.

The mutual coupling could only be measured up to five neighboring elements, because the background
noise becomes dominant for more remote coupled elements.

7.2 Measurement results
The measurements described in section 7.1 are presented in th is section. In figure 7.3 the mutual
coupling and reflection coefficient of the antennas is depicted. Figure 7.3a shows the scattering
coefficients of three different antennas with their neighboring elements and figure 7.3b shows the

reflection of the antennas at fl' In figure 7.3a three different curves are plotted. Curve 1 i1Justrates the

coupling of the first radiating element with its neighboring elements. Curve 2 iIIustrates the coupling of the
20-th radiating element and curve 3 the coupling of the 40-th radiating element with its neighboring
elements.

0

-10
iD ISI} I'l:l
't;; -20
.l:
i5..
~ -30
u (1 ) (3)
~ -40
'S
E

-50

-60
5 10 15 20 25 30 35 40

element number (j) ~
(a)

0

-5

al -10
'l:l

c,g -15
u
cu
~ -20

-25

-30
5 10 15 20 25 30 35 40

element number
(b)

figure 7.3 (a) Scattering coefficients (b) reflection IS;; I of the antennas, at fl.

A5 can be seen in figure 7.3a the mutual coupling does not fall off constantly with distance, but it rises
again after some elements to eventually drop down to almost zero coupling. From figure 7.3b it can be
seen that the reflections of the elements at the edges do not alter significantly due to the edge effect.
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In figure 7.4 the measurement results at ie are depicted.
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figure 7.4 (a) Scattering coefficients (b) reflection ISj;I of the antennas, at ie'

As in figure 7.3a, the coupling initially falls off to start rising again after some elements, as can be seen in
figure 7.4a.

As in figure 7.3a, the coupling initially falls off to start rising again after some elements, as can be

observed from figure 7.4a. Also the reflection at ie is considerably lower than the reflection at i l .
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In figure 7.5 the measurement results atfh are depicted.
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figure 7.5 (a) Scattering coefticients (b) reflection ISii I of the antennas, at fh .

From fjgure 7.5a can be seen that again the mutual coupling first falls oft and then starts rising again. The

reflection of the antennas in figure 7.5b is somewhat higher than at fe in figure 7.4b.

The general conclusions that can be drawn from the measured data are:
• The mutual coupling has a standing wave character. The envelope of the coupling curve decreases

with distance, while the curve itself has local maxima and minima.
• The edge eftects have more infJuence on the coupling between the elements than on the reflection at

the elements.
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8. Analysis of a line array
In this chapter the line array is analyzed. The measurement results of the line array were presented in
chapter 7. This data is used to perform the complete simulation of a line array including its feed network
and mutual coupling between the radiating elements. The simulation is performed in MOS, the output
data from MOS is then used in MATLAB to plot the far field of the fine array and other plots.
First the simulation setup of the line array is presented, then the simulation results are discussed.

8.1 Simulation setup

8.1.1 Feed network
As stated in chapter 3, the feed network gives rise to a 50 dB Oolph-Chebyshev amplitude taper over the
aperture. For the simulations, two different feed networks are used:
1. Ideal feed network, without any multiple reflections inside the feed network.
2. Non-ideal feed network, with multiple reflections inside the feed network.
The ideal feed network is used to get better insight in mutual coupling. The advantage of the ideal feed
network over the non-ideal feed network is that the first network does not influence the radiation pattern
through multiple reflections inside the feed network. Hence, only the influence of mutual coupling and
reflection of the radiating elements on the radiation pattern is studied.

8.1.2 Radiating elements
For the radiating elements four different situations are simulated.
1. No mutual coupling, and no reflections at the radiating elements. In this case the radiating elements

are matched to the feed network, in absence of mutual coupling.
2. No mutual coupling, with reflections at the radiating elements. Here, the radiating elements are not

matched to the feed network, in absence of mutual coupling.
3. Mutual coupling, and no reflections at the radiating elements. The radiating elements are matched to

the feed network, and there is mutual coupling between the radiating elements.
4. Mutual coupling, with reflections at the radiating elements. Now, the radiating elements are not

matched to the feed network, and there is mutual coupling.
The four cases above are defined in this report as situation 1, situation 2, situation 3, and situation 4.

From the presented feed networks and situations can be concluded that when a non-ideal feed network
under situation 4 is simulated, the results should agree with measured results from a complete line array.
The non-ideal feed network is modelled in MOS, and is the blueprint for the manufactured feed network.
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8.2 Ideal feed network
In this section the simulation results performed with the ideal feed network are discussed. Especially the
effects of the reflection and mutual coupling of the radiating elements on the array factor are studied. The

depicted frequency is ie ' unless stated otherwise.

8.2.1 Array factor
In figure 8.1 the array factor for situation 1 is depicted.
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figure 8.1 Array factor of a 50 dB Dolph-Chebyshev taper with ideal feed network, situation 1

Because an ideal feed network under situation 1 is simulated, figure 8.1 represents the ideal 50 dB
Dolph-Chebyshev taper, In figure 8.1 the entire array factor is depicted. From this point on only the part
of the array factor from -35 dB to -60 dB is depicted. The reason for this is, that this part of the array
factor is the most interesting for this research.
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In figure 8.2 the array factor is depicted for situation 1, 2, 3 and 4.
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figure 8.2 Array factor of a 50 dB Dolph-Chebyshev taper with ideal feed network (a) situation 1, (b)
situation 2, (c) situation 3 (d) situation 4

Figure 8.2a is the same as figure 8.1. From figure 8.2b, it can be seen that the mismatch at the aperture
causes a sinusoidal wave on the sidelobes of the ideal feed. In figure 8.2c the mutual coupling introduces
shoulders on the main beam. Also all sidelobe levels become higher due to the mutual coupling,
especially the first sidelobe levels. From figures 8.2c and 8.2d it can be seen that there is no significant
change between these situations. Furthermore, the period of the sinusoidal wave on the sidelobes seems
to be the same for situation 2, 3 and 4. Only the magnitude of the sinusoidal wave on the sidelobes is
changed.
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In figure 8.3 the relative error in the amplitude distribution and the phase distribution over the aperture is
depicted. The number between the parenthesis indicates which situation is depicted.
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figure 8.3 Aperture distribution of the line array, (n) means situation n (a) relative error in the amplitude
distribution (b) phase distribution over the aperture

From figure 8.3a and b it can be seen that situation 1 introduces no errors on the ideal Dolph-Chebyshev
distribution, which can also be seen in figure 8.2a. As shown in figure 8.3 the error introduced in situation
3 is significantly larger than the error introduced in situation 2. The same was observed in figure 8.2b and
8.2c. Furthermore, situation 3 and 4 both introduce the same errors on the aperture distribution. This was
also observed in figure 8.2c and 8.2d.
Caution has to be tak.en when interpreting figure 8.3. For example, when all elements experience the
same relative amplitude error this would result in the ideal 50 dB Dolph-Chebyshev distribution. Hence,
errors are introduced when elements experience different relative amplitude errors. The same holds for
phase errors.

Conclusion:
From figure 8.2 and 8.3 it can be concluded that the mutual coupling introduces the largest error in the
aperture distribution. Also, mutual coupling deteriorates the array factor significantly more than the
reflection of the antennas.
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8.2.2 Phase and amplitude errors
In section 8.2.1 the aperture distribution for all four situations was plotted. The mismatch at the aperture
and the mutual coupling between the radiating elements introduced two types of errors in the ideal
aperture distribution, namely: phase errors and amplitude errors. Now we will have a closer look at how
both errors affect the array factor of the line array. Consider again the array factor,

AF = I:0n ej(n-l)q> . (8.1)
n

The amplitude coefficient can be written as,
_I I jarg(an )

on - On e .

Equation (8.1) becomes,

AF ="'I I jarg(an ) j(n-l)q>L. On e e .
n

Equation (8.3) can be separated into,

AF ~ "'I I jarg(anl j(n-l) q>
phase - L. 0n_ideal e e .

n

AF
amp

=I:I On Iej(n-l) q> ,

n

(8.2)

(8.3)

(8.4a)

(8.4b)

Equation (8.4a) only shows the influence of the phase errors on the array factor, while equation (8.4b)
only shows the inffuence of the amplitude errors on the array factor. In figure 8.4a equation (8.4a) is
depicted and in figure 8.4b equation (8.4b) is depicted, both for situation 2.
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figure 8.4 Array factor of a 50 dB Dolph-Chebyshev taper with ideal feed network, situation 2 (a) only
phase errors, equation (8.4a) (b) only amplitude errors, equation (8.4b).
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As can be seen from figure 8.4a the phase errors in the aperture distribution in situation 2 cause no
degradation in the sidelobe level. From figure 8.4b it becomes clear that the amplitude errors in the
aperture distribution, produce a sinusoidal behavior of the sidelobes. Also the amplitude errors influence
the sidelobe level significantly more than the phase errors.

In figure 8.5a equation (8.4a) is depicted, and in figure 8.5b equation (8.4b) is depicted. both for situation
3.
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figure 8.5 Array factor of a 50 dB Dolph-Chebyshev taper with ideal feed network, situation 3 (a) only
phase errors, equation (8.4a) (b) only amplitude errors, equation (8.4b).

Figure 8.5a iIIustrates that the phase error produced in situation 3, degrades the sidelobe level more than
the phase ripple produced in situation 2, shown in figure 8.4a. From this can be concluded that the ripple
in the phase distribution over the aperture is larger in situation 3 than in situation 2, which is validated in
figure 8.3b.
From figure 8.5b it becomes clear that the shoulders previously mentioned in figure 8.2c are due to the
amplitude errors introduced by the mutual coupling. Also it can be seen from the rise in sidelobe levels in
figure 8.5b and figure 8.4b that the error in the amplitude distribution over the aperture increases due to
the mutual coupling. This was also validated in figure 8.3a.
From figure 8.5b and figure 8.5a can be concluded that the amplitude ripple produced by the mutual
coupling deteriorates the array factor significantly more than the phase ripple produced by the mutual
coupling.
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In figure 8.6a equation (8.4a) is depicted and in figure 8.6b equation (8.4b) is depicted, both for situation
4.
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figure 8.6 Array factor of a 50 dB Dolph-Chebyshev taper with ideal feed network, situation 4 (a) only
phase errors, equation (8.4a) (b) only amplitude errors, equation (8.4b).

As can be seen from figure 8.6 and figure 8.5, situation 3 and 4 produce almost the same plots. The
comments made for figure 8.5 therefore also hord for figure 8.6.
The conclusion, which can be drawn from figure 8.4 to 8.6 is that the amplitude errors introduce a
significant increase of sidelobe level and introduce shoulders on the main beam. The phase errors
can be neglected compared to the amplitude errors.
Another effect that can be seen in figure 8.4b, 8.5b and 8.6b is that the amplitude errors produce a
symmetrical plot of the array factor around the ij = 0 direction, while phase errors produce an
asymmetrical array factor. A closer look at equation (8.4b), confirms that this equation is an even
function.

Conclusion:
Amplitude errors generated by mutual coupling cause the worst degradation of the array factor.
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8.2.3 Reflection of the antennas
In this section extra attention is devoted to the previously defined situation 2. The influence of the
reflection of the antennas on the array factor is studied. To study the influence two different situations are
simulated. The first situation is the already simulated situation 2, figure 8.2b. The second simulation is
identical to the first simulation except that now the reflection of every antenna is twice as large. Figure
8.7 shows the results of both simulations.
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figure 8.7 Array factor of a 50 dB Dolph-Chebyshev taper with ideal feed network and different reflection

(r)at the aperture, situation 2 (a) normal r (b) two times the normal r

The conclusion which can be drawn from figure 8.7 is that an increase in the r causes an increase in the
sidelobe-Ievel. In figure 8.7a the sidelobe level rises to -49 dB, while in figure 8.7b the sidelobe level rises
to -47 dB. Another effect that can be observed from figure 8.7, is that the average sidelobe level seems
to be the same for figure 8.7a and 8.7b. This indicates that the 3 dB beamwidth does not broaden when
the reflection increases.
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In fjgure 8.8 the aperture distribution of figure 8.7 is depicted.
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figure 8.8 Aperture distribution of figure 8.7 (8) relative error in the amplitude distribution (b) phase
distribution over the aperture

As can be seen in figure 8.8 an increase in the reflection of the antennas at the aperture causes an
increase in the amplitude and phase errors at the aperture. Especially the amplitude errors seem to be
more sensitive for an increase of the reflection r .

Conclusion:
An increase in the reflection r of the antennas, affects the relative amplitude errors more than the phase
errors. As shown in the previous section amplitude errors deteriorate the array factor more than phase
errors. Therefore it is important for an antenna designer to keep the reflection of the antenna as low as
possible.
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8.2.4 Mutual coupling between the antennas
In th is section extra attention is paid to situation 3. The influence of the mutual coupling between the
antennas on the array factor is studied. To study the influence two different situations are simulated. The
first situation is the already simulated situation 3, figure 8.2c. The second simulation is identical to the
first simulation except that now the mutual coupling between the antennas is twice as large. Figure 8.9
shows the results of both simulations.
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figure 8.9 Array factor of a 50 dB Dolph-Chebyshev taper with ideal feed network and different mutual
coupling between the antennas, situation 3 (a) normal coupling (b) two times the normal coupling

The conclusion, which can be drawn from figure 8.9, is that an increase in the mutual coupling between
the antennas causes an increase in the sidelobe-Ievel. Especially the shoulders on the main beam of the
array factor increase significantly, from -38 dB in figure 8.9a to -33 dB in figure 8.9b.
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In figure 8.10 is the aperture distribution of figure 8.9 depicted.
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figure 8.10 Aperture distribution of figure 8.9 (a) relative error in the amplitude distribution (b) phase
distribution over the aperture

As can be seen in figure 8.10 an increase in the mutual coupling between the antennas causes an
increase in the amplitude and phase errors at the aperture. Furthermore, the phase over the aperture
seems more sensitive to an increase in mutual coupling than to an increase in the reflection of the
antennas.

Conclusion:
An increase in the mutual coupling between the antennas, affects the relative amplitude errors and
phase errors. Both errors deteriorate the array factor significantly more than the errors produced due to
the reflection of the antennas. Therefore, it is important to keep the mutual coupling between radiating
elements as smal! as possible.
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8.2.5 Finite array versus infinite array
In the previous sections a finite line array was simulated. In this section the finite line array is simulated
as if it is an infinite line array. That means, the line array of radiating elements is simulated in an infinite
environment without edge effects, while the feed network is finite. Again situation 2, 3 and 4 are
simulated.
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figure 8.11 Array factor of a 50 dB Dolph-Chebyshev taper with ideal feed network treated as an infinite
array (a) situation 2 (b) situation 3 (c) situation 4

In figure 8.11 a it can be seen that there is not a sinusoidal wave on the sidelobes as in figure 8.2b. From
this can it be concluded that the errors produced by the edge effects, cause a sinusoidal wave on the
sidelobes. This can also be interpreted as follows. The edge elements produce a ripple in the aperture
distribution at the edges, all these ripples produce a sinc function on the sidelobes. As a consequence
there are ten sinc functions on the sidelobes, originating from the ten edge elements, as shown in figure
8.2b.
Now there is not any significant change between situation 2 (figure 8.8a) and 3 (figure 8.8b), as between
situation 2 and 3 with edge effects (figure 8.2b and 8.2c).
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The aperture distribution of the finite line array treated as an infinite line array is depicted in figure 8.11.
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figure 8.11 Aperture distribution of a finite line array treated as an infinite line array, situation (n) (8)
relative error in the amplitude distribution (b) phase distribution over the aperture

As can be seen from figure 8.11 all elements in situation 2 experience the same amplitude error and
have the same phase distribution over the aperture. Therefore is figure 8.11 a identical to the ideal 50 dB
Dolph-Chebyshev taper, as iltustrated in figure 8.2a. In situation 3 only the edge elements experience a
small error in both the amplitude and phase distribution. The same holds for situation 4.

Conclusion:
When the antennas of a finite line array experience no edge effects, the deterioration of the array factor
wilt be minima!. Therefore, it is important for an array designer to keep the edge effects minima!. This can
be done by extending the array with dummy elements.

8.2.6 Conclusions ideal feed network
The conclusions, which can be drawn from the simulation of a line array with an ideal feed network, are:
• The mutual coupling (situation 3) deteriorates the array factor more than the reflection of the antennas
(situation 2);
• The amplitude errors deteriorate the array factor more than the phase errors;
• The amplitude and phase errors in the aperture distribution are introduced by the edge effects.
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8.3 Non·ideal feed network
In this chapter the results from the simulations with a non-ideal feed network, which is modelled in MOS,
are presented and compared to measured data. In section 8.3.1 the array factor of the non-ideal feed
network is simulated. In section 8.3.2 the simulated and measured far field pattem plots of a line array
are presented. Finally, in section 8.3.3 both results are compared.

8.3.1 Array factor
In figure 8.12 the array factor for situation 1, 2, 3 and 4 is depicted, where the frequency is Ic.
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figure 8.12 Array factor of a 50 dB Oolph-Chebyshev taper with a non-ideal feed network (a) situation 1,
(b) situation 2, (c) situation 3, (d) situation 4

From figure 8.12a can be seen that the non-ideal feed network almost matches the 50 dB Oolph
Chebyshev taper as depicted in figure 8.2a. As can be seen in figure 8.12b, situation 2 again produces a
sinusoidal wave on the sidelobes. Again, the differences between situation 3 and 4 are minimal in figure
8.12. In figure 8.12d the first sidelobe level rises to -42 dB. This is a IÏse of 8 dB compared to the ideal 50
dB Oolph-Chebyshev taper.
Comparing the ideal feed network to the non-ideal feed network shows that the non-ideal feed network is
almost as good as the ideal feed network.

57



8.3.2 Measured and simulated far field pattern of the line array
In order to determine the far field pattern the array factor is multiplied with the element pattern. The

element pattern is assumed to be a cos(B) shaped one. The true element pattern has a higher gain.

Both patterns are illustrated in figure 8.13.

e

cos(8) pattern

figure 8.13 Element pattern of the radiating element, true pattem and a cos(B) shaped pattern.

In figure 8.13 it can be seen that for smalt () the difference between both patterns is smal!. However,
when () is large the difference between both patterns can not be neglected. In practice, the difference
between both patterns can be neglected for () < 70°.

The far field is calculated at three different frequency points, fz' Ic and Ih and is also presented in this

order. The dashed line represents the measured data, and the solid line the simulated data.
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figure 8.14a Measured (dashed line) and simulated (solid line) far field pattern at /1

From figure 8.14a it becomes clear that the measured far field pattern has higher sidelobes than the
simulated far field pattern. Also the location of the sidelobes do not agree between the simulated and
measured far field pattem.
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At Ic the agreement between the measured and simulated far field pattern is reasonable.
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The simulated and measured far field pattern in figure 8.14c do not agree. Again the measured far field
pattem has higher sidelobes than the simulated far field pattern. Also the locations of the sidelobes do not
agree.

8.3.3 Conclusions
Figure 8.14 shows that the results obtained with the simulations do not match the measured far field
pattem. This could he explained through the used feed network. The non-ideal feed network is still almost
as good as the ideal feed network. The influence of the simulated feed network is probably larger than
modelled. Therefore, to increase the accuracy of the used model, further investigations have to be
performed to study the influence of the feed network on the far field pattem. One way to study the
influence of the feed network is through measurements. In this report only the mutual coupling is
measured, in further studies it is required to measure also the feed network and to compare it with the
modelled feed network in MOS.
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8.4 VSWR at different points in the non-ideal feed network
The VSWR, equation (4.9), at different points in the feed network is presented in this section. The VSWR
gives an indication to the array designer about how much power is reflected by the feed network. First the
VSWR at the input to the feed network is simulated. Next, the VSWR at the input to the tee-splitters
within the feed network is simulated, to get an idea about the performance of the tee-splitters at different
points in the feed network. Finally the VSWR at the antenna terminals is determined.

8.4.1 VSWR at the input of the feed network
Now the influence of the different situations on the VSWR at the input of the feed network is presented.
The VSWR of the non-ideal feed network under situation 1 is depicted in figure 8.15a.
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figure 8.15a VSWR for situation 1

In figure 8.15a it can be seen that the VSWR to the feed network in situation 1 is very smalI, there are
virtually no reflections from the feed network at all frequencies.
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In figure 8.15b the VSWR for situation 2 is plotted.
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figure 8.15b VSWR for situation 2

As can be seen in figure 8.15b the VSWR increases dramatically due to the reflection of the antennas,
especially at the lower frequencies.
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In figure 8.15c the VSWR for situation 3 is plotted.
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figure 8.15c VSWR for situation 3

The mutual coupling introduces a rapidfy changing VSWR at the input to the feed network.
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In figure 8.15d the VSWR for situation 4 is plotted.
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figure 8.15d VSWR for situation 4

Situation 4 seems to be a superposition of situation 2 and 3.

Conclusion:
From figure 8.15 it can be concluded that the VSWR increases because of the reflection of the antennas,
the mutual coupling produces a rapidly changing VSWR.
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8.4.2 VSWR of the splitters in the non-ideal feed network
In section 8.3.4 the VSWR of the tee splitter at the input to the feed network was analyzed in MOS. In this
section the VSWR of all splitters in the feed network, see figure 8.16, at different frequency points is
simulated. With this analysis, the high standing wave "hot spots· within the feed network are determined.

1

input
splitter

figure 8.16 Feed network

Only situation 4 is simulated at three different frequency points, 11' Ic and Ih ,. In figure 8.16 the feed

network is illustrated with all splitter numbers.
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The simulation results for /1 are plotted in figure 8.17a.
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As can be seen in figure 8.17a splitter 7 is the worst splitter. The splitters in the midd/e of the line array all
have the same VSWR. This can be explained through the fact that these tee splitters do not experience
any edge effects, as stated in section 7.1.
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The simutation results for ie are plotted in figure 8.17b.
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In contrast to figure 8.17a, the VSWR in figure 8.17b is considerably lower. Again the splitters in the
middle of the array all have the same VSWR.
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The simulation results for fh are plotted in figure 8.17c.
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In figure 8.17c, the VSWR is lower than in figure 8.17a and 8.17b.

Conclusion:
From figure 8.17a-c it can be concluded that the VSWR at the input to the various tee splitters depend on
the terminal conditions and the frequency. Also it is not possible to pinpoint one "hot spot- within the feed
network, which has a high standing wave at all frequencies and under all terminal conditions. However, in
general it can be said that the tee splitters connected to the antenna terminals are the most sensitive for
variations in the terminal conditions.
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8.4.3 VSWR on the antenna terminals
The VSWR on the antenna terminals is also simulated at Ic for situation 4. The resurt is depicted in

figure 8.18.
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figure 8.18 VSWR on the antenna terminals

Figure 8.18 iIIustrates the effect of the edge elements. However, the VSWR on the antenna terminals
is lower and more constant than the VSWR at the input to the various tee splitters, as depicted in figure
8.17.
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9. Conclusions and recommendations

9.1 Conclusions
In this report an analysis of a finite phased array including a non-ideal feed network and mutual coupling
between the antennas is presented. Two different network representations, Z- and S-parameter
respectively, have been used to describe the mutual coupling between the antennas and the feed
network. For both representations methods have been presented to solve the network model. The
scattering matrix formulation is chosen as the means to analyze a finite phased array, because these
parameters can be directly measured. The network model is solved with a microwave circuit solver. The
procedure is iIIustrated by using a finite line array with a corporate feed. However, this procedure can also
be used for a series or space feed. The coupling between the antennas has been measured, including the
edge effects, due to the finite dimension of the line array. Also, the multiple reflections in the feed
network and the interaction between the feed network and antennas have been incorporated in the
analysis. Numerical results have been presented to show the effect of the reflection of the antennas and
the mutual coupling between the antennas on the array factor.

9.1.1 Conclusions concerning the used network formulations and MOS
The conclusions concerning the used network representations and MDS are:
• The scattering matrix- and impedance matrix formulation are suitable for modelling a finite phased array
including a feed network and mutual coupling between the antennas;
• The scattering matrix formulation is chosen over the impedance matrix formulation, because the
scattering coefficients can be directly measured and used to simulate the network;
• MDS is a suitable tooi for analyzing large line or planar arrays;
• Two different network elements have been introduced in this report. The first network element makes it
possible to build large scattering matrices with only 2- and 3-ports. The second network element deter
mines the current distribution at the aperture in terms of ingoing and outgoing complex power waves.

9.1.2 Conclusions concerning the performed simulations
The conclusions conceming the pertormed simulations are:
• The reflections of the antennas and mutual coupling between the antennas cause amplitude and phase
errors in the ideal amplitude distribution over the aperture. Both effects degrade the array factor;
• The effect of the amplitude errors on the ideal array factor is significantly larger than the effect of the
phase errors on the ideal amplitude distribution;
• Amplitude errors are mainly introduced by mutual coupling between the antennas;
• Amplitude- and phase errors originate primarily from the edge effects;
• Edge effects can be avoided through extending the line array with dummy elements;
• When there are no edge effects the introduced error in the ideal amplitude distribution due to the
reflection of the antennas and the mutual coupling between the antennas is significantly smaller, because
all elements experience the same error;
• The VSWR at the input to the feed network rises due to the reflection of the antennas, and the mutual
coupling between the antennas introduces a sinusoidal effect in the VSWR.
• The formulated model can also be used to pinpoint "hotspots· within the feed network under various
terminal conditions;
• There are no high standing wave "hotspots· within the feed network for all terminal conditions;
• The simulation results do not match with the measured data. Further investigations have to be
pertormed to explain the differences between the simulated and measured patterns and to determine the
accuracy of the simulated results.
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9.2 Recommendations
Recommendations for further studies conceming this subject are:
• The calculation time of MOS can be made shorter by determining the current distribution at the aperture
directly with a current probe, instead of determining the current distribution indirect via ingoing and
outgoing comp/ex power waves;
• Further investigations have to be performed to determine the influence of the real feed network
compared to the modelled feed network. When the influence of the actual feed network is investigated,
the accuracy of the simu/ations can be determined.
• Further studies have to be performed to determine the influence of dummyelements on edge effects,
and to study the influence of dummy e/ements on the array factor.
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AppendixA

Scattering matrix of the near- and far field

The far field can be brought into the network model as follows:

Assume that there is an antenna in the far field, depicted as '00', as iIIustrated in figure 4.14.

r·-·-·-·_·-·-·-·-·-·-·-·~

port 00
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port N;
,
I

I,

figure A.1 Network model of the coupling between the antennas and the radiated energy

In figure A.1 represents Stot the scattering matrix of the total configuration. which means the already

modelled near field and the far field. Every antenna has a terminal voltage Vnand a terminal current In'
The network depicted in figure A.1 satisfies the conservation of energy condition [13],

Re{v,J; +V,J; + ... +VNJ; +V.J:} =Re{~:VJ;}~ O. (A.1)

The terminal voltage, current and reference impedance are defined respectively as [14],

Vn =Vn+ +Vn- ,

In=I:-I~.

Z =Vn+ =Vn-

n I+ I-
n n

(A.2a)

(A.2b)

(A.2c)
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Substituting equation (A.2a-c) in equation (A.1) gives,

When all reference impedance are real and equal,

Now the reflected waves are written in terms of incident waves,

Re{~+ +SIIV/ +S\2vt +",+SINV; +SlooV; )(v;+ -SIIV/ -SI2V2+ -",-SINV; -Sloo V; r+

(v2+ + S2IV/ + S22V2+ + ... + S2NV; + S200V; )(v2+ - S21~+ - SnV2+ - ... - S2NV; - S200V; r+
... +

(v; +SNIV/ +SN2V2+ +",+SNNV; +SNOOV;)(v; -SNI~+ -SN2V2+ -",-SNNV; -SNOOV;r +

(v; + Sool~+ + S002V2+ + ... + SooNV; + SooooV; ) (v; - Sool~+ - S002V2+ - ... - SocNV; - SooooV;r}= O.

Equation (A.3) can also be written in matrix notation as,

Re{rV+] (I + Stot)(1 - StotY[V+r }= 0 .
Where,

[V+] == ~+, vt, ... ,V;, V; j,

SII S\2 SIN SI00

S21 Sn S2N S200

Stot =

SNI SN2 SNN SNoo

Sool S002 SooN Soooo

(A.3)

(AA)

Equation (A.4) can only hold if,

(A.S)

For a reciprocal junction, as in figure A.1, the scattering matrix is symmetrieal, that is Snm =Smn •

Hence equation (A.S) has only a solution when,

StotS;ot == I. (A.6)

From equation (A.6) it can be seen that the scattering matrix of a line array above a finite ground plane
with an antenna in infinity is a unitary matrix. The network port can be regarded as a lossless junction.
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Appendix B

Literature research

1 Introduction
Conceming my MSc. Thesis, a final project is performed from 1-11·'98 till1-6-'98, at the Hollandse
Signaal Apparaten B.V. in Hengelo. Within the framework of the master thesis a literature research has
been performed. The goal of the literature research is to obtain insight in methodically searching
Iiterature, and to get an idea about the current state of art in science about the topic of the master thesis.
In this section a basic introduction to the problem of the assignment is presented.

2 Assignment of the graduation project
Today many modem radarsystems are equipped with a phased arrayantenna. The advantage of phased
array antennas over reflector antennas is a larger functionality. Examples of the larger functionality are:
multiple beams in the space and electronic scanning. Phased array antennas can be divided into two
groups:

all elements of the array have its own transmitter/receiver (T/R) module;
a group of radiating elements is connected through a feed network to one T/R module.

The assignment is related to the latter, in particular a line array. The feed network is used to split the
power over the aperture. In the assignment a constrained feed is used, with an amplitude taper and an
equal phase distribution over the aperture. However, in practice degradations of the ideal amplitude taper
will take place due to:
1. multiple reflections inside the feed network;
2. mutual coupling between the radiating elements;
3. mismatches at the aperture, between the feed network and the radiating elements.

The goal of the assignment is to build a tooi which can analyze a line array, including the three above
mentioned degradations. With the analysis of the line array insight will be obtained in the influence of the
multiple reflections in the feed network, the influence of the mismatches and the influence of the mutual
coupling on the amplitude and phase distribution over the antenna aperture.
The goal of the literature assignment is obtain information about the current analysis methods for line
arrays including a non-ideal feed network and mutual coupling.

List of keywords
The keywords used for the literature search were: finite, phased array, feed(ing) network, mutual
coupling, network model and beamformers, antennestelsel, antennetheorie.
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3 List of consulted sources
The following sources have been consulted:
• Vubis: M.Sc.theses, Ph.D. theses.
• INSPEC: only on CD-ROM.
• Science Citation Index: looking for more recent science papers.
• Pascal
• US Patent searches
• Snowball method: reference lists in books, Ph.D. theses and science papers

4 List of nurn ber of hits
With a first selection the next numbers of references are obtained.
Vubis : 18
Inspec : 46
SCI :11
Pascal : 8
US PatentSearch : 15
Snowball method : 17

5 Selection criteria
The selection criteria were:
• Content: title and abstract have to agree with the graduation project assignment, not the full text.
• Reliability: journal papers are preferred over conference papers.
• Language: only English literature is considered.
• Delive!)' time: immediately.

6 List of literature used in the snowball- and citation-rnethod
The following list of literature was found with Vubis, Inspec and SC!. This list of literature is used in the
snowball- and citation method. The list is arranged in year order and for each year in alphabetical order.
A selection of the list will be used in the final literature list.

[1] Miller, C.J.
Minimizing the effects of phase quantization errors in an electronically scanned array
In: Proc. 1964 Symp. Electronically Scanned Array Techniques and Applications,
1964, Vol 1, P 17-38.

[2] Hansen, R.C.
Microwave Scanning antennas
Vol 11: Array theo!)' and practice
New Vork: Acadamic Press, 1966

[3] Schwartzman, L. and L.Topper
Analysis of phased array lenses
IEEE Trans. Antennas and propagation, Vol AP-16 (1968), P628-632

[4] Stark, L.
Microwave Theo!)' of Phased-Array Antennas - A Review
IEEE proc., Vol 62 (1974), p 1661-1701

[5] Mailloux, R.J.
Array grating lobes due to periodic phase amplitude and time deray quantization
IEEE Trans. Antennas and propagation, Vol AP-32 (1984), P 1364-1368
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[6] Chu, R-S, and K.M. Lee, N.S. Wong
A network model of a feedthrough phased array lens of printed dipole elements
IEEE Trans. Antennas and propagation, Vol AP-34 (1986), P 1410-1417

[7] KinzeI, J. and B.J. Edward, D.E. Rees
V-band space-based phased arrays
Microwave J., Vol 30 (1987), No 1, P 89-102

[8] Christman, A.
A voltage-matching method for feeding two-tower arrays
IEEE Trans. on Broadcasting, Vol BC-33 (1987), P 33-42

[9] Lee, K.M. and RS. Chu
Analysis of mutual coupling between a finite phased array of dipoles and its feed network
IEEE Trans. Antennas and propagation, Vol 36 (1988), Iss 12, P 1681-1699

[10] Petri, U. and G. Grupp, K. Solbach, J. Tanner
Pattem synthesis for small linear arrays with known element pattern and scattering matrix
Annales des Telecommunications, Vol 44 (1989), Iss 9-10, P 562-566

[11] Pozar, O.M.
Microwave Engineering
Addison-Wesley publishing Company, Inc. 1990

[12] Gottwald, G. and W. Wiesbeek
Anomalous effects of phased array antennas due to mutual coupling and feeding network
IEEE Antennas and propagation Society Int. Symposium, Vol 1 (1992), P 99-102

[13] Kummer, W.H.
Basic Array Theory
IEEE proc., Vol 80 (1992), No 1, P 127-139

[14] Mailloux, RJ.
Antenna Array Architecture
IEEE proc., Vol 80 (1992), No 1, P 163-172

[15] Tang, R
Array Technology
IEEE proc., Vol 80 (1992), No 1, P 173-182

[16] Botha, E. and D.A. Mcnamara
Conformal Array synthesis using alternating projections, with maximal Iikelihood estimation used in one
of the projection operators
Electronie Letters, Vol 29 (1993), Iss 20, P 1733-1734

[17] Goldsmith, P.F. and C.T. Hsieh, G.R Huguenin, J. Kapitzky, E.L. Moore
Focal-planning imaging-systems for millimeter wavelengths
IEEE Trans. on Microwave Theory and Techniques, Vol 41 (1993), Iss 10, P 1664-1675

[18] Mertzianidis, C. and M.T. Chryssomallis, G. Kyriakou, J.N. Sahalos
Pattern synthesis with a feed network consisting of lossy transmission line sections
IEEE Trans. on Broadcasting, Vol 39 (1993), P 273-281

[19] Luryi, S.
How to make an ideal HBT and sell it too!
IEEE Transactions on electron devices, Vol 41 (1994), Iss 12, P 2241-2247

79



[20] Mailloux, RJ.
Phased array antenna handbook
London: Artech House, 1994

[21] Cleef, P.G.M.M. van
Analysis of a finite phased array including its feeding network
Hengelo: Hollandse Signaalapparaten B.V., 1-08-'95

[22] Nagesh, S.R and T.S. Vedavathy
A procedure for synthesizing a specified sidelobe topography using an arbitrary array
IEEE Trans. on antennas and propagation, Vol 43 (1995), Iss 7, P742-745

[23] Stabolidis, N.E. and E.E. Vafiadas, J.N. SahaJos
A study of two different feed networks for antenna arrays
IEEE Trans. on Broadcasting, Vol 41 (1995), p 83-88

[24] Sanzgiri, S. and D. Bostrom, W. Pottenger, RQ. Lee
A hybrid Tile approach for K-band subarray modules
IEEE Trans. on antennas and propagation, Vol 43 (1995), Iss 9, P 953-959

[25] Ares, F. and S.R Rengarajan, JAF. Lance, A. Trastroy, E. Moreno
Synthesis of Antenna pattems of circular Are arrays
Electronic letters, Vol 32 (1996), Iss 20, P 1845-1846

[26] Balanis, CA
Antenna Theory, second edition
John Wiley & Sons, Inc. 1997

[27] Buijnsters, J.L.M.
Mutual Coupling, part 1
Hengelo: Hollandse Signaalapparaten B.V., 14-08-'97

[28] Fereira, JA and F. Ares
Pattem synthesis of conformal arrays by the simulated annealing technique
Electronic letters, Vol 33 (1997), Iss 14, P 1187-1189

[29] Fourikis, N.
Phased Array-Based Systems and Applications
John Wiley & Sons, Inc. 1997

[30] Herscovici, N.
Low-sidelobe Arrays fed by an uniform-distribution feeding network
IEEE Antennas and propagation, Vol 39 (1997), Iss 3, P 72-74

[31] Medouri, A. and A. Gallego, D.P. Ruiz, M.C. Carrion
Estimating one-dimensional and 2-dimensional direction of arrival in an incoherent/coherent source
environment
IErCE Trans. on communications, Vol E80b (1997), Iss 11, P 1728-1740

[32] Rammal, M. and D. EcJercy, A. Reineix, B. Jecko
Study of mutual coupling effect on radiated patterns of antenna arrays
lEE Prod.-Microwaves antennas and propagation, Vol 144 (1997), Iss 5, P 389-391

[33] Bucci, O.M. and G. Delia
Power synthesis of reconfigurable conformal arrays with phase only control
lEE Prod.-Microwaves antennas and propagation, Vol 145 (1998), Iss 1, P 131-136

80



For the snowball method article [14] and [15] are used as initiation articles, because both articles provide
a good background to the current state of art in arrayarchitecture.

Diagram 8.1 The snowball method
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The starting articles for the science citation index were [9] and [14]. In article [9] the same problem is
solved as in my report, however a different approach is used. Article [14] gives a good background
information of arrayarchitecture.

Diagram 8.2 The Science Citation method
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7 Relation between the references and the table of contents
Table 1 shows the relation between the references of section 8 and the concept table of contents of
section 3. The references that are not mentioned in table 1 do not relate to the
Graduate task with respect to the contents. In this table "x" means an affirmation of arelation between
the contents and "-" means no relation.

Table 1
Chap.\lit. [2] [3] [6] [9] [13] r141 [151 [201 [211 r231 r261 [271 r291 r321

2 x - - - x x x x - - x - x -
3 x x x x - - - x x x x x - -
4 - - - x - - - - x - - - - -
5 - - - x - - - - x - - - - -
6 - - - x - - - - x - - - - x

8 Conclusions
In a phased-array antenna with constrained feed, the three types of errors described previously can
seriously degrade the antenna gain and sidelobe levels. In order to get an idea about what is already
known in literature, research has been done.
An analysis of phased array lenses has been discussed by Schwartzmann and Topper [3]. There, a
network representation for phased array lenses that takes into account mutual coupling was given. In
paper [6], a simplified network representation for the intemal reflection model of a feedthrough phased
array lens antenna was presented. This model makes use of the active radiation impedance of an infinite
array to analyze a large printed dipole lens. These two papers both describe a network representation for
space-fed phased arrays. In paper [9] from Lee and Chu, a phased array of dipoles and its feed network
is described. The feed network is a constrained feed. Here an analysis of the mutual coupling between a
finite phased array of dipole elements and its feed network was presented. An iterative procedure is
iIIustrated by using a corporate feed consisting of split-tee power dividers.
In a more recent paper [23], the isolation of two different feed networks for antennas was presented. In
this paper, the isolation is quantified by the reappearing voltage at the antenna element due to the
reflection at the network junction. A comparison is made between two different feed networks regarding
the isolation of the feed networks.
A good survey article about antenna arrayarchitecture has been given by Mailloux [14]. This paper gives
a broad view on the current state of art in arrayarchitecture.
The books from Pozar [7], Balanis [20], and Fourikis [23] are good background references. The two
reports from Signaal [21], [27] also provide a good introduction to the problem.
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