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SUMMARY

This report describes a computer-aided procedure developed
for design of linear series-fed arrays of rectangular microstrip
patches. The radiat'ing elements in the array are two-port rectan-
gular microstrip patches with the input and output ports located
along the non-radiating edges. A fraction of the power radiated
from each element (and that transmitted to the next element) is
controlled by the locations of the two ports and the width of the
patch.

Analysis and design of the individual pathces is carried out by
using a multi-port network model consisting of planar segments for
the patch and the input-output transmission lines, an edge admit-
tance network, and a mutual coupling network. A multiport network
approach is also used for evaluating the voltage distribution at the
radiating edges of the various elements of the array. This voltage
distribution is expressed as an equivalent magnetic current distri-
bution and is used for the evaluation of the radiation characteristics

of the array.
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I. Phase and Amplitude Distributions in a Linear Array

This chapter is a brief review of linear antenna array concepts.
Synthesis of a linear array using approximate expressions is de-
scribed. The array elements are assumed to be identical. The
effects of the element pattern on array performance can thus be
accounted for by multiplying the array factor with the element
pattern. In this chapter, the array factor is calculated for two types

of linear arrays.

1.1 Length of Array from Gain/Beamwidth Specification:
The array length is determined either from the antenna
directive gain or from the half power beamwidth BW spe-
cifications. For linear arrays, a very good working relation

between directivity and beamwidth BW is [1, p.157]

D = 101.50/ BW (1-1)

The directivity D is given by 10 log1g D = g, where g is the

directive gain in dBs. The array length L is related to the
directivity D by [1, p.155] :

L/%g=D/2 (1-2)

where 1 is the free space wavelength.

For a given directivity, expression (1-2) gives the minimum

array length for any distribution with uniform progressive
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1.2

1.3

phase.
Interelement Spacing and Number of Elements:
The only constraint on the uniform interelement spacing is to

avoid the appearance of a second main beam (grating lobe).

For this purpose, we require then that [1, p.125],

d/dy <1/(1+/cos(6p)]) (1-3)

where 89 is the main beam direction measured from the

direction of the array axis as shown in Fig.1-1.
The number of elements N is given by :
N=INT[L/d] (1-4)
where INT [x] is the integer part of x.
Phase Distribution:

The linear array is assumed to have a uniform progressive

phase. The phase is related to the main beam pointing

direction 6g by:
a = - kg dcos( 63 ) (1-5)

where kg is the free space wavenumber and d is the inter-

element center to center spacing.

I-2



Fig.1.1 Far field geometry of N-element array of isotropic soutces

positioned along the z-axis
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For a beam pointing at 30° from broadside ( 8p =60°), a0 =

-kpd/2, which (for d = A /2) is equal to -90°.

1.4 Amplitude Distribution:
To achieve a low side lobe level SLL, the amplitude distri-
bubution (power radiated from each element) needs to be
adjusted properly. The two types of amplitude distributions
which are commonly used for the design of linear array with

low side lobe level are discussed next.

1.4.1  Chebyshev Distribution:
This type of amplitude distribution yields patterns with uni-
form side lobes. In this case, the relative amplitude distri-

bution is given as follows:

a) For an array with N = 2M+1 elements, the amplitude of

exitation to the n-th element (1)) is given by [1, p.147]

(1-6)
M Mp m M 2 2p
=2 (D) s (o) (o )Uo
p=n
where
Ny NI _
(n) = ey N =OM

b) For an array with 2M elements [1, p.147]



(1-7)

M M-p oM-1 M+p-1y/2p-1y, ,2P-1
'n=£n('1) m(zp-1 ) (oon JUo

In both of the above expressions, Uy is the solution of :

cosh{ (N-1) cosh"1(Ug)} =b (1-8)
where b is related to the side lobe level SLL by :

20 logyg b = SLL (side lobe level in dBs) (1-9)

Subroutine TCHEBYS in program ARSYNT listed in report
SDR1 [7] uses relations (1-6) through (1-9) to compute the
amplitude distribution for an array of N elements for any

specified side lobe level.

The directivity D of a linear Chebyshev array [1, p.155] is :

(1-10)
D- ob?

1+(b>1). (AgL)"f

where f is called the beam broadening factor (relative to
the uniform distribution case), and is related to SLL by [2,
p.254]
(1-11)

f = 1.+.636{2 coshV (cosh )" - =}

All other parameters have been defined previously. The half
I-5



power beamwidth BW of a Chebyshev array is related to the

half power beamwidth BWy of a uniform array as:
BW =BW - f (1-12)

1.4.2 Taylor distribution:
In this type of amplitude distribution for arrays, the
close-in side lobes are required to be below a given level.
The side lobes which are further out are at increasingly
lower levels. For usual practical parameter values, the
beam broadening associated with the choice of close-in side

lobes to be below a prescribed level is negligible.

The determination of element excitations is carried out

using the null matching technique [1]. The pattern of an

array with 2M + 1 elements, fo(w) in the w-space, is given

by [1,177]:
(1-13)
2M |\ n 2M
fo(w) =23, (,")W =] T(W- wy)
n=0 n=1

where Wy, denotes zeros for fo(w) and is related to U, by [1,

p.173]
(1-14)

where Uy is a null in the pattern [1, p.160]



(1-15)

2 2

A+(n-l
Un={ A+(NA";')
*+n NASnSM

where cosh (A) =b, and 20 log4g b = SLL (dB).

In denotes the amplitude of excitation to the n-th element.
N4 is the number of close-in side lobes whose levels are

below SLL. In practice, Np is chosen to be between 2 and 6.

The half power beam width BW for Taylor array [2] is :
(1-16)

A

-1
BW =2 sin { ©
e

T_’ '\/(cosh'1b)2- (cosh b /«/5)2 }

where

2
a1=NA/'\/A +(N-1/2)

where the directivity of the array is related to the BW by
(1-1).

Subroutine TAYLOR in program ARSYNT [7], uses relations
(1-13) through (1-15) to compute the amplitude

distribution for (2N + 1) element array with specified Na

and SLL.



Remark: For the array design example discussed later in
Section 4.1, Taylor distribution is used for amplitude

distribution of the various elements.



Il. Series-Fed Linear Array

In this chapter, various types of feed arrangements are briefly

reviewed.

2.1

Feed Structures:

This section describes different practical forms of feed
arrangements for distributing input power to various elements
of alinear array. The methods of feeding presented are appli-
cable to all types of linear arrays. Only feed networks located
on the upper surface of the substrate (which contains the

radiating array elements) are discussed.

1. Series Feed

This arrangement is by far the simplest form of feed system.
The radiating elements are connected together by intervening
section of transmission lines as shown in Figure 2-1. The
lengths of these transmission line sections are chosen so as to

achieve the required phase distribution.

The power is fed to the array either at its center or at one of: |
its ends. A fraction of the input power to each element is
radiated, and the rest (minus losses) is transmitted to the

next element. Thus, each element in the array (except possibly
the last one) has two transmission lines connected to it.
Additional design flexibility is obtained when the array is
terminated by a matched load. The transmission coefficient of
each element is adjusted suitably in order to achieve a speci-

fied amplitude distribution.
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Fig 2-1-a Series fed array of microstrip patches with the
polarization plane perpendicular to the array axis.

Input

Radiating Edges
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Ve g ges—w

Fig 2-1-b Series fed array of microstrip patches with the
polarization plane parallel to the array axis .
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The orientation of the elements in the array (Fig. 2.1a and Fig.

2.1b) determines the polarization of the radiated wave.

When the frequency changes, the progressive phase. shift along
a series-fed array changes, which causes the main beam to
change direction (or to split for a center-fed case). For a
center-fed array structure, the input power is inserted into

the array at a location near the elements which radiate
maximum power. This reduces the line losses and results in

higher efficiency .

2. Series Compensated Feed

Ih using this type of feed arrangement (shown in Fig. 2-2), the
line lengths are adjusted such that the array is frequency
insensitive and the beam pointing direction does not shift
when the frequency is changed. This is because the path
lengths from the input to various elements in the array are
equal. Unlike the series-fed array, all array elements are

single-port patches in this case.

3. Corporate (or parallel) Feed

In this case, the input power is distributed to each element in
the array by use of power splitters as shown in Fig. 2-3. For a
broadside array, the path lengths between the feed and various
elements are maintained equal. The space required to imple-
ment this type of feed increases for an increasing number of
array elements. A specified amplitude distribution is achieved
by changing the impedance of transmission lines in the power

dividers. All radiating elements are single-port patches in

I1-3
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this case also.

4. Comparison of Feed Systems [3]

The efficiency of an array (using any type of feed) is de-
creased by increasing the transmission line length between
the input and the array elements. A summary of advantages
and disadvantages of the three types of feed arrangements

discussed above is given in Table 2-1.

For the design discussed in the report, a series-fed linear
array is selected due to the following considerations:

(i) lower feed line losses, and

(i) restriction on the space available in a direction

transverse to the array axis.

S-Parameters For Cells of a Series-Fed Array

(lossless case):

In the design of a linear series fed array, it is necessary to
know the transmission characteristics of each unit cell in the
array. A typical cell in the array consists of a radiating
element characterized by its impedance matrix plus halves of
the line lengths connecting it to its neighboring elements (as

shown in Fig. 2-4). The two lines are characterized by their

lengths L4 and L and their characteristic impedances Zp(1)

and Zp(2). When the mutual coupling among the array elements

is negligible, the array design reduces to the design of the
individual cells. The requirement on the S-parameters of each
radiating element in order to achieve a specified aperture

distribution are discussed in this section.
11-5



Table 2-1 Comparison of Feed Networks

main beam L
feed type bandwidth limiting efficiency space
direction parameters usage
. 1) Series feed
A. Travelling wave
a) End fed frequency wide pattern* moderate to efficient
insensitive high
b) center // narrow !/ better than !/
fed end fed
B. Resonant array
a) end fed !/ very narrow  VSWR moderate to /1
high
better than
b) cf:eegter !/ !/ !/ end fed !/
2 ) series broadside wide pattern moderate moderate
compensated frequency to high
independent
3) corporate
feed /1 /1 /1 /1 poor

(// indicates same as above)

* beam direction and SLL

I1-6
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Fig.2.4 Typical unit cell in the array
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2.2.1 Input Reflection Coefficient:
To obtain an impedance match at the input of the array, we
require that every cell element in the array be matched at
its input port. This input match at the individual elements
ensures that the phase and amplitude of the radiation from
each element are controlled by the input signal only and not

by the signal reflected back from the next element.

2.2.2 Transmission Coefficient:
To achieve a specified amplitude distribution along the
array aperture, the radiated power from each array element

needs to be controlled. The corresponding requirements on

the transmission coefficients So4 of array elements are

discussed for two cases separately. The lossless case is

considered first. The lossy case is discussed in Section 2.3.

In the lossless case, the input power to each element is
divided into radiated power and power transmitted to the

next element of the array. The fractional power trans-

mitted to the next elements is given by [Soq ]2-

A method of computing |S»1]| for each radiating element for

a specified amplitude distribution is given below.

The input power to the array may be written as :
(2-1a)

M >
Pin= C(i)+P,

i=1

-8



where M is the total number of elements in the case of an
end-fed linear series array or half the number of elements
in a center-fed array. (Each half is fed in series.) C(i) is

the relative amplitude of the radiation of the ith array

element, Ci2 being the power radiated.

P| is the amount of power dissipated in the matched load

connected at the far end of the array. This arrangement can

be used to increase the array bandwidth and, to some

extent, to make the array elements more similar. If P| is
chosen to be equal to a fraction of the input power Pin (PL =

Pin), then the input power to the array may be written

(2-1b)
Y o
in =T
v (3
The power radiated from each element, normalized to the
input power ( Pi, (i) ) to that element, may be written
(2-2
Prn(@) = C()2/ Pin (i), 1<i<sM
(2-3)
-1
in{ Pm'ZC(j 2<i <M
where { =
Pil1) = Pin

where Py is the total input power fed to the array.
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The magnitude of the transmission coefficient |So1] for the

ith radiating element is obtained as

(2-4)
ISo4(i)| =1 - P, (1)  1<i<M

Subroutine POWER in programs STANDAR and ANTV4 in [7]is
used to compute the required transmission coefficients for

each of the unit cells in the series-fed linear array.

In the case of a series-fed array without any load at the far

end, the last element is a single port and the only require-

ment for this element is that S11 =0 .

The lengths of the interelement transmission line sections
are dependent on the S-parameters of the radiating ele-

ments and are determined from the uniform progressive
phase a (needed for the beam to point in a specified

direction) by :
Bl=-o +Ang (Spq) + Ang(Vg(i+1))4 - Ang(Vg(i))g (2-5)

where

B=ow- -+veff)c

and grg (f) is the effective dielectric constant of the micro-

strip line taking dispersion into account. The angle a is the

uniform progressive phase (-2nn < a < 0), needed to point

10
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Fig. 2-5 Phase relationship between edge voltages
in two adjacent unit cells of the array.
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2.3

the radiated beam in a specified direction.

Ang (So4) is the phase delay of the transmission through

the ith element referred to its input and output ports as
shown in Fig. 2-5. Ang(V(i))4 is the average phase of the
value of the voltages at the radiating edge of the ith ele-

ment (nearer to the input port) with respect to its input
port (Fig. 2-5).

It may be noted that the value of output reflection coef-

ficient Soo is not involved in this calculation.

S-Parameters of Array Cells in Lossy Case:
The losses in microstrip antenna arrays can be divided into
three types: dielectric, conductor, and surface wave losses.

These losses are dependent on the dimensions of the ele-

ments. The requirements on the reflection coefficients S 1

(to be zero) remain the same as in the lossless case. These
array losses must be taken into account in determining the

amplitudes of the transmission coefficients. A procedure "

for finding |So1] in the case of a lossy array is discussed

next.

The input power P, given in (2-1) is now equal to:

M 2
Pin=2 (C(i) + Ploss(i)) + P
i=1

I-12



where P|5¢4(i) is the total power loss in the it cell (radi-

ating element plus half lengths of the interconnecting
transmission lines). Other parameters have been defined

earlier.

The input power P (i) used in (2-3) is now equal to

(2-7)
. &2 .
Pin(') = Pin z (C(J) + Ploss(J))
j=1
The transmission coefficient of the ith cell in the array is
(2-8)
[S24()] = V1 - (i) - (1 +0)P, (i)
where (i) is defined as the sum of the dielectric and con-
ductor power losses as a fraction of the power input to the
ith element.
e(i) = (Pgigl()) + Pcong(i) / Pin(i) (2-9)
o' is the ratio of surface wave power to the power radiated
from the same element. To the first approximation, o' is
independent of the element dimensions [ ] and is given in
Section 3-3 :
o' = Psyrf/ Prag (2-10)

Expression (2-6) for the input power to the array is
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2.4

expressed in terms of C(i), (i), v, and o' as

(2-11)

M
Pin= (2, d()C(i))/ (1- y- S)

where

M
d(i)=(1+a')- Zb(j,i)
j=i
-1
b(j,i)=e (HI(1+a')- , blk.i)]

lterative Computation of |So4| in the Lossy Case

As mentioned in Section 2-3, the losses depend on the
design of element cells, but the computation of power to be

radiated from each cell and the cell design to achieve the

corresponding |So4] require the knowledge of the losses in

the various cells of the array. Thus, the design of the array
has to be done using an iterative procedure. The first step
in this procedure is to design the array cell elements
assuming no losses. Then the losses associated with each
of the elements are computed, and the array elements are
redesigned using those computed losses. The losses in the
redesigned array elements are computed and used as the

I1-14
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Fig 2-6 Flow chart for iterative computation of |S 51

in the lossy case.

-15



new starting values for redesigning the array elements.
The flow chart shown in Fig. 2-6 summarizes the different
steps needed in the array design in the lossy case. In this
flow chart j is the number of iterations. The iteration pro-
cess is terminated when the difference between computed
losses in two successive steps is within a prescribed value
err. It may be noted that the losses are not very sensitive
to the element dimensions, so the number of iterations

needed is small (typically three or four).

Subroutine PLOSSES in program ARSYNT in [7] is used to

compute [Sp4 12 of each unit cell of the lossy series-fed

linear array.
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3.1

3.1.1

lll. Design of Two-Port Patches

Analysis By Segmentation Method:

Segmentation method is a network approach for analysis of
planar antenna (or circuit) configurations wherein the
con-figuration is divided into simpler segments, each
segment is characterized separately, and these individual
characterizations are combined together to obtain the
characteristics of the overall antenna (or circuit) config-
uration. This method can be used for microstrip patch

antennas on thin substrates.

Segments of a Two-Port Patch:

For microstrip patches on thin substrates, we can separate
description of internal fields underneath the patch and ex-
ternal fields associated with fringing from the edges, the
radiation and the surface waves. The internal fields are
characterized by treating the patch as a planar network with
multiple ports around the periphery. A Z-matrix characteri-
zation of such a multiport model of the patch can be obtained
from the Green's function for the patch geometry (rectangu-
lar, circular, triangular, etc.). Since these Green's functions
relate the E-field (or voltage) to the current, a Z-matrix
representation is convenient. For this reason, we use
Z-matrix representations for other segments (edge admit-

tance networks, etc.) also.

A multiport network model of a cell of the linear array being

discussed here is shown in Fig. 3-1. Segment A is a planar
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Fig. 3-1 A multiport network representation of a

two-port rectangular microstrip antenna.
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component representing the internal fields of the patch. The
Z-matrix of this segment may be obtained as discussed later

in Section 3.2.

Segment B represents the external fields associated with the
two radiating edges of the patch in terms of an edge admit-
tance network (EAN). Modelling of this network is discussed

in Section 3.3.

Segments A and B are interconnected at a discrete number of
points along the radiating edges. The number of these con-
necting ports is decided by the field distribution along the
radiating edges. If there is no variation of the field along the
radiating edges, only one interconnection would be needed.
However, because of the assymmetry caused by the input and
output ports and, because of the operation of the antenna
slightly away from the resonance of the dominant mode, a
larger number (typically five) of interconnections is needed

at each edge.

Mutual coupling between the two radiating edges can also be
modelled in terms of a network called mutual coupling net-
work (MCN). With this network incorporated, the multiport
network model of a cell of the array appears as shown in Fig.
3-2.

It may be noted that the edge admittance networks of Fig.
3-1 have been included in the MCN shown in Fig. 3-2. The

modelling of the mutual coupling network is discussed in
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3.1.2

Section 3.4

Combining Segments:

Having obtained the Z-matrices for various segments, the
overall Z-matrix with respect to ports 1 and 2 can be
obtained by segmentation formula [4]. The segmentation

technique may be illustrated by combining two segments A

and B (Fig. 3-3) with impedance matrices Zp and Zg to yield

the segment C (Fig. 3-4) with an impedance matrix ;.

A reduction in computational effort will be achieved if the
connected ports (denoted by q for segment A and by r for

segment B) are suitably regrouped [4]. This is done in such a

way that g4 and r4 ports are connected together, go andrp

are connected together, and so on. The external ports for

each segment (denoted by p4 for A and by po for B) are num-

bered first. Thus, the impedance matrices for the two
segments A and B can be written together as:
(3-1)
Vp| |%ppZpa‘pr]| |'p

Vq|=|%ap%aaZar|-|'q
Vr ZrpZrqZrr| |t

where the different submatrices can be written more

explicitly as

Zop = Zp1p1 Zp1p2
Zp2p1 Zp2p2
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and where p =pq + pp, g =r. V and | represent the voltage and

current at different ports.

Using the interconnection constraint that the voltages at any
two connected ports be equal and that the sum of the cur- -

rents there be zero, the Z-matrix of the segment C is given by

[4].

The voltages Vq at the connected ports q are related to the

currents Ip flowing at the external ports p by:
Vq =2, Ip ‘(3-3)

Zy = Zqp+(2qq-Zqr N 2gq +Zne )+ (Zrp - Zgp) ]

Equations (3-2) and (3-3) are the fundamental working

relations in the segmentation method.

Subroutine SEGMENT in programs STANDAR and ANTV4 [7]is
used for the implementation of the segmentation method

discussed above.
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3.2

3.2.1

Rectangular Segments:

Z-matrix of Rectangular Segments:
The elements of the Z-matrices of the rectangular segment A
and the transmission lines C and D are obtained from the

Green's function [5] .

Case a. The two ports g and p (Fig. 3-5) are oriented along
the same direction. The corresponding element of the

Z-matrix is obtained as

(3-4)
L
Zpq= -CF-:]—Z o,cos(k,up cos(kyg) cos(yz,) cos(yz,)
£0
sinc(k“w") sinc(ﬁu_wﬁ_) _
2_ 2 - JCFL ¥ cos(kyug) cos(kyup
vesine n E=L+1
sinc (‘) sinc(fWs) exp(-jvdv, - v,))
2 2 Y
where
(y ’y )’ [— m > 2
V ,V = > < -i k ] k
( ” <) { (X>’X<)’ [=n Y[ u
mn
] [= m )
ku={ a F={ b, ¢
'ann-; [= n a’ [= n
(2,2) = Vo) f=m (U,u.) = (Xp.Xg), [=m
(x,-a,x_), [=n p'Yq oy, f=n

o = 1, m=0
"‘—{ 2, mz0
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k2 = mzueoer(l - ), C = joud/(ab), and & equals the loss tan-

gent of the dielectric.

Case b: When the two ports p and q are oriented in different

directions x and y, the expression for qu becomes
| (3-5)

L
Zy = -CF %Z o,c0s(kyu,) cos(k,ug) cos(y,z,) cos(y,z.)
&0

sinc('-(ﬁzv—vi) sinc(Z‘—w—’-) ;&
- - CF — cos(kyu,) cos(k, u_)
’Y[SIH‘Y[F n [5'1 u F) u-q
oy, XPEITA Vo v 2
H uvvy
sinc( 5 ) 5

Y Wj

The choice of dummy variable ¢( either m or n ) is made by
noting that, for fast convergence of the above summation, it

is required that (v,- v - W, /2) > 0.

The choice of L is a compromise between fast convergence

and accuracy. In practice, L is chosen such that vF <500 (for

Cyber 720/170 computer systems. For VAX 780 systems, yF
<350.) The sign in front of the square root is chosen such that

the imaginary part of y,is negative.

Function ZZ2 in [7] uses the above expressions to compute the

elements of the Z-matrix of a rectangular planar component.
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3.2.2 Rectangular Patch Segment:

This segment is a multiport rectangular planar component
with dimensions a and bg and magnetic wall boundaries
around its periphery. The effective width be is introduced in

place of physical width b to account for the effects of fring-

ing fields along the non-radiating edges of length a. We also
use an effective dielectric constant gre(f) to account for the

fields being partially in the substrate and partially in the air

region and to account for effects of dispersion at the operat-
ing frequency f. The size of the matrix Zp, which character-
izes this segment, is (No + Ny + Np) - (Ng + Ng + Np). Ng

denotes the number of interconnected ports between the

rectangular and the edge admittance (or MCN) segments. The

typical value used for N is 8. Ny and Ny denote the number

of interconnected ports between the patch and the input and

output transmission line segments.

A typical value for Ny and Np is Ng=Np=5. The elements of

the matrix Zp are computed using the results of Section

3.2.1. In numerical computations, the infinite series of Sec-
tion 3.2.1 are truncated, and a value of L = 100 yields very

good accuracy.

Subbroutine RRES in programs STANDAR and ANTV4 [7] is

used to compute the Z-matrix of the rectangular patch.
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3.2.3

Transmission Line Segments:

Segments C and D in Fig. 3-l represent small sections of
microstrip lines connected to the input and output ports of

the patch. These line sections are considered as planar rec-
tangular components in order to account for the eff.ects of

any higher order evanescent modes that may be excited by the
discontinuity at the junctions between the patch and the

input/output lines. The equivalent rectangular components of

these segments have effective widths W4, Wgo and effec-

tive dielectric constants e,g1(f), g,g2(f) corresponding to the

two microstrip lines. The transmission line lengths L1, Lo

are assumed to be long enough that the higher order evanes-
cent modes decay out and only the TEM mode is present at the
external ports. L4, Lo should typically be at least 0.1 4.

Since the effective widths of the microstrip lines are not

very small and since the ports are located at the non-radi-
ating edges, the voltage along the interface between the

patch and the input or output line is not constant. Therefore,

we need more than one port at this interface. It has been

found [6] that a value of interconnected ports Np=Np equal to
5 yields good accuracy. The (Np + 1) - (Np +1) Z-matrices
characterizing these segments are also obtained from formu-

las given in Section 3.2.1 by letting bg = wgq or wgo and

re(f) = grg1(f) or grgo(f) respectively for segments C and D.

Subroutine EFFECT in [7] is used for the computation of the

Z-matrices of the transmission line segments.
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3.3

Edge Admittance Network:

The edge admittance matrix Ygg characterizing the EAN's,

represents the radiated power, power coupled to surface
waves, and fringing fields associated with the two radiating

edges of the rectangular microstrip patch antenna. When

each edge of effective width by is divided into N¢/2 sections,

the admittance matrix Ygq is an (Ng x Ng) matrix.  This

matrix has all non-diagonal elements equal to zero, and those

along the principal diagonal are given by:

Yeoli) = 2(GR + Gg +iB)/Ng (3-6)

GR, the radiation conductance for each radiating edge, is

computed by using an equivalent magnetic line source [3] and

is given by
(3-7)
b2/ 90 A, be<.35 4,
CGr="\ be/ 1201, —1/60n2 35Ay<bes2 -2
be/ 1201, 2 -Ag<bg
where Ag is the free space wavelength. Gg is the surface
wave conductance and is related to the radiation conduc-
tance by [3, p. 56]
(3-8a)

2 2
%= cos (kyth)e (ky1h)

Gs cosz(ky1h)e r(kyzh)2+(ky1h)2(ky2h)
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where

2 2 2
ky1 + ky2= ko(fir - 1)
tan(ky ¢h) =g ky o ky

or

(ky1h)2 = (kgh)2 &2 (g-1) 7/ { 2 + tan? ( ky1h )} (3-8b)

Expression (3.8b) is a transcendental equation for ky1h and

is solved using numerical methods. h denotes the height of

the substrate and k is the free space wave number

=WV HoEg

B is the edge susceptance which represents the effect of
fringing fields at the two open ends (radiating edges of the
patch). Using the equivalent parallel plate waveguide model,

B is given by [8]

B = wb/2 {g¢(f)/coZ (air) - €g € a/h} (3-9)

co=3x108 m/s

and Zg (air) is the characteristic impedance of a microstrip

line where width = a and €,=1. Formulas for design calcu-
lation of microstrip lines are included in the appendix.
€rg(f) is the effective dielectric constant of an equivalent

microstrip line of width a. An empirical expression using

half dispersion is found to give better agreement between

- 14



theoretical and measured resonant frequency. We use

B= {B(ere(O)) + B(gg(f)}/2 , (3-10)
Subroutine ZF in [7] is used for the evaluation of the self edge

admittanqe.

Mutual Coupling Network:

The mutual coupling network accounts for the external inter-
action between the two radiating edges of the microstrip
patch. Italso is convenient to absorb the two edge admit-

tance networks (EAN's) in the mutual coupling network.

The mutual coupling admittance between the two edges
describes the current induced at one edge due to a unit
magnetic current line source at the other edge. When the
antenna is operating in the dominant mode, the voltages at
the two radiating edges are 180° but of phase and the elec-
tric field distribution will be as shown in Fig. 3-6a. For
evaluation of the external field (which causes mutual
coupling), the equivalence principle is used to replace the
field at the aperture by a pair of equivalent magnetic line
sources (Fig. 3-6b). Since the height of substrates used is
small, the ground plane can be removed, and the magnitudes
of the magnetic current line sources are doubled to account

for the presence of image sources.

For the computation of the mutual coupling admittance

matrix, we make use of the basic expression for the fields
- 15
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produced by a magnetic dipole in free space. The magnetic

field components Hy and H, of a magnetic dipole of moment

Mdl in free space (as shown in Fig. 3-7) are given by

(8-11)

oo k,M dl sing ] 1 1) K

o =) T Zan v TR zfe
0 o (kyr)
(3-12)
—jkor
Hr=Mdlcose{1+.1 o
2 Jkor
Znnor

The magnetic field of a magnetic dipole oriented arbitrarily

in the X-Y plane as shown in Fig. 3-8 may be written as

Hy = Hy' sin( 8; ) + Hy cos( 6;) (3-13)

Hy = Hy cos(6;)-Hy sin(6;)
Hy = Hg cos(8)+H,sin(6)

Hy' =-Hg sin(6)+H cos(0)

The mutual admittance between two magnetic dipole sources
of moments Mdl;, Mdl; located at x;, y; and Xj» ¥

respectively (with arbitrary orientation in space) as shown

in Fig. 3-8 is given by
in = Jj dlj /M (3-14)

where Jj is related to the magnetic field H produced by M; at

(X}, y;) by
m-17
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Fig 3-8 Magnetic dipole arbitrarily
oriented in the X-Y plane.

'F iy

Fig.3-9 Mutual coupling between two arbitrarily
oriented linear magnetic currents in the x-y plane.
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(3-15)

Jj =2(n x H)j

= - Hy cos (§) - Hy sin (3))

where T is the normal to the plane of the patch. ]is a unit

vector normal to the direction of the magnetic dipole at Xj,
yjas shown in Fig. 3-9. r2 = (xj - Xi)2 + (yj - Yi)2 and (x;,
yi), (X, yj) are the coordinates of the locations of the two

dipoles.

To use the result derived in (3-14), each edge of the rectan-
gular patch is subdivided into a number (N) of sections
(typically N =16). The mutual coupling is computed among the

ports located at one edge and the ports located at the other

edge. For arectangular patch antenna, values of the angle 6;

and 8j are shown in Fig. 3.10. The mutual admittance matrix

Y can be expressed as
Y, O

The submatrix Y, represents the mutual admittance between

(3-16)

the two radiating edges. For N = 16, each Y m matrix is 16 x

16.

In the multiport network approach, the dimensions of the

matrix Y are reduced to a value equal to the number of ports

chosen at the edges of the rectangular patch segment (Ng).
- 20
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The reduction in the size of matrix Y is carried out by con-
necting several adjacent ports together as shown in Fig.
3-11. This implies that the voltages at the combined ports
are equal and that the current at the resulting port is the sum

of the current flowing at the combined ports. The reduced

matrix is an (Ng) x (Ng) matrix where N is the number of

interconnected ports between the rectangular segment and
the mutual admittance segment and is given by
(3-17)

The elements of the submatrix Ygo were given in Section 3.3.

The elements of the submatrix Yoy, are computed from those

of Yy by
(3-18)
2N/Nc 2N/N, oN
Yerm(i]) Z ZY( +1, N’-m+1)
k=1 m=1 ¢
where ij=1,... ,Ngand N is an integer multiple of N with. .

large enough so that the double summation converges.

Subroutines COUPLE and REDUCE [7] are used for the evalu-

ation of the elements of the mutual admittance matrix.

The above procedure may be used to evaluate mutual coupling
between any two edges of the patches in an array. The

effects of mutual coupling between non-radiating edges as
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well as among non-radiating and radiating edges of the same
patch are found to be small compared to the effect of mutual

coupling between radiating edges [10]. In the design example
considered in the next chapter, only mutual coupling between

the radiating edges of the same patch is considered.
The effect of mutual coupling between the adjacent elements

of the array is found to be small and is not included in the

array design procedure discussed in the next chapter.
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IV. Design of the Array

In this section, a step-by-step procedure for the design of a linear

array is described. This procedure makes use of the design equa-

tions from the previous sections and of the corresponding computer

programs listed in a separate report [7]. A flowchart outlining the

sequence of various steps involved is shown in Fig. 4-1.

4.1

4.2

Array Specifications:

As an example of the use of the array design procedure
described in this report, the design of a short series-fed
array of rectangular microstrip patches, is discussed. The
directive gain of the array is 13 dB. The side lobe levels are
to be below 30 dB. The direction of the main beam is to be
30° off broadside. The array antenna will operate around a
center frequency of f=7.5 GHz. The array is to be fabricated

on 5880 Duroid substrate with dielectric constant g, = 2.2.

The substrate thickness is h =1/64", and the dielectric loss

tangent tand is 9.1 04. The substrate is coated with 1/2 0z

copper. For this example, we will consider no resistive load -

connected at the far end of the linear array.
Array Length and Number of Elements:

Using equation (1-2) relating the directive gain to the array

length L, we have

L=D/2" A
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SERIES FED LINEAR
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l flow chart continued on
next page.

Fig 4-1 Flow chart for design of linear series fed
array for both lossy and lossless cases.
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SERIES FED LINEAR ARRAY DESIGN PROCEDURE ( CONTINUE)

AMPLITUDE ISo 1| FOR DESIGN OF VARIOUS
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IS2 1 | value in two
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FIELD PATTERN »f LAYOUT
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Fig 4.1 (continued) MEASUREMENT
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4.3

4.3.1

where 10 logyg D = 13 and D =20. This yields

L =102g (4-2)
The element spacing is chosen to be

d=2g/2 (4-3)

Ap/2 spacing ensures that there are no grating lobes over the

entire visible range. The spacing can be increased when we
are interested in the beam over a limited range of directions

only.
Using equation (1-4), the number of elements is
N=19 (4-4)

Array Aperture Distribution:
To achieve the 30 dB side lobe level and the 30° off broadside

beam direction, the uniform progressive phase and the rela-

tive distribution must be properly selected.

Uniform Progressive Phase o:

Using relation (1-5), there are two possible values of «

which result in a 300 off broadside beam pointing:
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4.3.2

4.4

(o] (o]
d=2y2 = a= -90o fore =60 )
-270 fore =120

The use of a = -80° results in interconnecting transmission

lines shorter than the spacing between elements (which is
Ap/2). So adifferential phase shift o = -270° is used. This

requires the interconnecting line lengths to be longer than
the spacing between patches. Curved interconnecting lines

are used for connecting adjacent patches.

Relative Amplitude Distribution:
The linear array of nineteen elements, with side lobe level
SLL = 30 dB, is designed using subroutine TAYLOR [7]. The

parameter Np is set equal to 6. The relative amplitude

distribution, normalized to the excitation of the center
element, has a symmetry around the center element and is

given in Table 4-1.

Design of Array Elements:
The nineteen element linear series-fed array of rectangular
microstrip patches is designed using the analysis technique

discussed in Chapter 3. The elements are designed separ-

ately. The computation of |So4| for each element, so as to

meet a required amplitude distribution of the array, depends
on the losses in the element. Also, these losses cannot be
computed until the element's dimensions are known. The

first step in the design is to ignore losses in the array and
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Table 4-1
RELATIVE AMPLITUDE DISTRIBUTION FOR TAYLOR ARRAY*

amplitude distribution

array elements normalized to the center element

1,19 .2664
2,18 .3048
3,17 .3900
4,16 5112
5,15 .6384
6,14 .7531
7,13 .8536
8,12 .9343
9,11 .9840

10 1.000

NA=6, S.LL =30dB

* obtained from Subroutine TAYLOR in [7].
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Table 4-2

|S21]2 DISTRIBUTION FOR LOSSLESS CASE AND NO LOAD*

array element| [S21]2 array element |S21]2

# #

1 .99232 11 .76505
2 .98987 12 .72323
3 .98325 13 .68052
4 .97073 14 .63454
5 .95298 15 .58621
6 .93132 16 .54736
7 .90526 17 .51858
8 .87465 18 43322
9 .84103 19 0
10 .80475

Taylor array with NA =6, S.L.L. = 30 dB

* obtained from subroutine POWER in program ARSYNT
in [7]
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compute the |So4 |2 of each element using sutroutime POWER
in program ARSYNT [7]. With the square of amgiiiude distri-
bution of Table 4-1 as input data for subroutine PCWER, the
computed [Sp4 [2 distribution for the array example consi-

dered is shown in Table 4-2.

To design the nineteen element array of mectamgulizr micro-
strip patches to meet the |Sp4|2 specification in Table 4-2,
we make use of design tables lisfing twe-port petich charac-
teristics for various patch dimensiomns as W&%‘ﬂ im Tables

4-3 and 4-4. The introduction of fhis kind off tzible helps in
speeding the design process. These tabkes yigid 2 wery good
approximation of the dimensions ©off @ paich io achiswe a given
1Sp41. Later in this section, we will present an mxrmple of a
step-by-step desigm of @ two-port paitch fior @ given [Spq).
Table 4-3 shows the variation in |So4 of & twa-port mectan-
gular patch with given width as a function of #he sutput port
location xo. As mentioned earlier, for the anay configura-
tion being considered both the inpuit and cuwiput ports are
located along the non-radiating eties. Table 4-4, on the
other hand, shows the variation im [[Soy| of = twe-port rec-

tangular patch for a given x5 as & fumciiom of the petch width
b. The other design parameters  and xy ane chosan such that

the input reflection coefficient S14 =8

In the array design example being discussed here, & set of

more detailed tables similar to Taible 4-3 for two-port
V-8



Table 4-3

VARIATION OF TWO-PORT CHARACTERISTICS

WITH OUTPUT PORT LOCATION
x2(cm) | x1(cm) a(cm) | |S21|2 [S210 Prad Ploss
.52 457 1.3261 | .5088 -18.6 2672 .2235
.50 442 1.3272 | .5702 -18.4 .2327 .1967
48 426 1.3285 | .6225 -18.5 .2033 .1739
46 409 1.3298 | .6659 -18.5 .1788 .1549
44 .391 1.83314 | .7027 -18.6 .1582 .1388
42 373 1.3330 | .7334 -18.8 .1409 .1254
40 .355 1.3346 | .7589 -18.9 .1265 .1143
.38 .336 1.3364 | .7806 -19.1 .1143 .1048
.36 316 1.3384 | .7991 -19.4 .1039 .0968

b=6mm, er=22 h=1/64"

Z0(1) = Z0(2) = 75 Q, f = 7.5 GHz
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le 4-4

VARIATION OF TWO-PORT CHARACTERISTICS
WITH PATCH WIDTH

b(cm) x1(cm) a(cm) | |S21)2 [S210 Prad Ploss
.55 .360 1.3388 | .7815 -17.2 1115 .1068
.50 .365 1.3437 | .8041 -15.6 .0968 .0989
45 371 1.3495 | .8422 -14.2 0742 .0835
40 375 1.3567 | .8484 -12.9 .0687 .0828
.35 379 1.3651 | .8695 -11.4 .0558 .0746
.30 .383 1.3760 | .8898 -10.2 .0437 .0663
.25 .386 1.3896 | .9089 - 8.9 .0328 10582

X2 =.4cm,er =22 h=1/64"
Z0(1)= 20(2) =75 Q, f = 7.5 GHz
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patches whose widths range from 0.1 mm to 8 mm (in incre-

ments of .5 mm) were created. Those tables are not shown
here due to space limitation. The value of [S»4| for other
values of widths and input and output port locations are

computed by using an extrapolation scheme. In all of these

computations, both the input and output transmission line
lengths are taken to be 1.0 cm long (0.25 Ag). Also, the ratio
of surface wave power loss to the power radiated (for the |
substrate parameters mentioned earlier) is found (from

equation 3-8) to be o'= 1.771073.

As an example of the use of these tables, let us say that it is

necessary to estimate the losses associated with the patch

with [S|2 0.7650. From Table 4-4, this value of |Sp1]2 lies

between [Sp4|2 = 0.7494 and |Sp4|2 = 0.7771, so the estima-

ted fractional loss may be taken as (0.0772 + 0.0702)/2 =
0.0737. To achieve the distribution shown in Table 4-2, the
widths of the array elements are reduced gradually as we
move along the array. In order to reduce the phase error
related to unequal widths of adjacent patches (phase delay |
between the input port and the radiating edges), it is desir-
able to have the widths of adjacent patches as close as
possible. In other words, the difference between two suc-

cessive elements' widths has to be small (<1 mm). The

elements having a smaller |So4| will have a larger width, and

the elements having a larger value of |So4| will have a small-

er width in the array.
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With the above constraints imposed on the choice of element

width, we select the values of [So4| from the design tables,

which closely approximate the values of |So4] distribution of

Table 4-2. For obtaining thé required phase difference be-
tween adjacent patches, we adjust the lengths of the input
and output transmission lines (each about half of the inter-

connecting lines between patches). By using the phase of

S, we can adjust the lengths of the input and output trans-

mission lines. This is done by using the following relation:

Bl=-ac + Ang (So1)

We find the corresponding dimensions and the fraction of
power loss in each chosen array element. These values are
shown in Table 4-5. For a series-fed array without any load
at the far end, the last element is a one-port patch and its

design will not require any iteration.

The fractional power loss distribution associated with the
nineteen element array is shown in Table 4-5. These value‘sl

are inserted into subroutine PLOSS in program ARSYNT [7],

which computes the new values of |So4 12 (which yield the

required array amplitude distribution). These are shown in
Table 4-6.

In the third step of the iteration procedure, the dimensions
given in Table 4-5 are used as starting values to achieve the

[So1 |2 distribution of Table 4-6. This is done by slightly
IV-12



le 4-

DESIGN DIMENSIONS AND ASSOCIATED POWER DISTRIBUTION
OF ARRAY ELEMENTS WHOSE |S21| APPROXIMATE

THE DISTRIBUTION OF TABLE 4-2

element| approx: | b(mm)| xz2(cm) [ x1(cm) | a(cm) Ploss
# |S21]2
1 .9671 1.00 .26 .255 | 1.485 .0278
2 .9662 1.00 .28 .276 | 1.483 .0284
3 .9651 1.00 .30 295 | 1.481 .0292
4 .9639 1.00 .32 315 | 1.479 .0299
5 .9523 1.50 .34 332 | 1.439 .0363
6 .9323 2.50 .32 307 | 1.3982 | .0452
7 .9074 3.00 .36 .343 | 1.3800 | .0570
8 .8798 3.25 .40 .381 1.3703 | .0704
9 .8435 3.75 42 .396 | 1.3588 | .0864
10 7976 4.25 44 410 | 1.3494 | .1061
11 7702 4.75 44 .405 | 1.343 .1160
12 .7254 5.00 46 421 1.3389 | .1351
13 .6869 5.00 .48 .438 | 1.3374 | .1528
14 .6373 5.50 486 438 [ 1.3321 | .1713
15 .5867 5.75 .50 445 | 1.3291 | 1917
16 .5497 6.00 .506 447 | 1.3268 | .2056
17 .5229 6.25 .51 445 | 1.3249 | .2149
18 4397 6.50 .53 457 | 1.3221 | .2481
19 0 6.5" 0 .5045 | 1.3144 | .4366
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| ab|Q 4-6

|S21|2 DISTRIBUTION FOR EACH UNIT CELL FOR THE SECOND ITERATION

element 1S21]2 element |S21]2

# #

1 .9687 11 7591
2 .9669 12 7166
3 .9628 13 6745
4 .9558 14 6293
5 .9405 15 .5807
6 .9204 16 .5430
7 .8951 17 5156
8 .8654 18 4328
9 8314 19 0|
10 7918

Taylor 19 element array

SLL =30dB,NA =6
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changing the output port location xo. It may be recalled that
for a fixed width the value of |S54| decreases with increasing
xp and vice versa. For a slight change in xo, there will be a
need for a small change in the values of a and x4 to achieve
S11 =0. Table 4-7 shows the new power loss distributions
as well as the elements’ dimensions (a, b, x4 and x») which

yield the |So4|2 distribution of Table 4-5,

For elements with large width, the values of |ISo1| become
very sensitive to the variation of the output port location Xo.

(In these cases, xo values are shown with four digits com-

pared to three digits for other elements.). At this stage of

the iteration, there is no need to achieve very precise values

for |So4 12, because the power loss (which is a critical para-

meter in the iteration process) depends very slightly on Xo.

Using the power loss distribution of Table 4-7 as input data

to subroutine PLOSS, the new |S»|2 distribution along the'

array is computed. This distribution is shown in Table 4-8.

At this point in the iteration process, we can make a compar-

ison between the |Sp4| distributions of Table 4-6 and Table

4-8. We see that |Sp4 12 remains the same for many elements.

This shows that the iteration process is almost convergent.

The last step of the iteration is to slightly change the value
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lab]e 4-7

DESIGN DIMENSIONS AND ASSOCIATED POWER DISTRIBUTION
OF ARRAY ELEMENTS WHOSE |S21| APPROXIMATE

THE DISTRIBUTION OF TABLE 4-6

element| [S21]2 b(cm) | x2(cm) | x1(cm) | a(cm) Ploss
#
1 .9686 .100 .22 215 1.491 .0268
2 .9669 .100 .26 .255 1.485 .0278
3 .9627 .125 .28 274 1.463 .0302
4 .9548 .150 .32 312 1.442 .0347
5 .9408 .200 .34 330 1.4145 | .0418
6 .9228 .250 .36 .346 1.394 .0505
7 .8946 .300 390 373 1.3770 | .0638
8 .8668 .325 420 401 1.3683 | .0772
9 .8340 375 430 406 1.35679 | .0912
10 .7955 .450 430 .3980 | 1.3468 | .1055
11 .7567 .500 44 .4030 | 1.3404 | .1207
12 .7183 .525 .455 4140 | 1.3366 | .1366
13 .6746 .55 470 4240 | 1.3332 | .1546
14 .6294 575 483 4317 | 1.3302 | .1728
15 .5807 .600 496 4392 | 1.3274 | .1921
16 .5395 .600 .51 .4500( 1.3266 | .2101
17 5127 .625 514 448 1.3250 | .2194
18 .4397 .650 530 4570 | 1.3221 | .2481
19 0 .650 0 .5045 | 1.3144 | .4366
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4.5

of x2 for the elements whose |S21|2 values in Table 4-8 are
different from those in Table 4-6. The length of intercon-
necting transmission lines is now adjusted using equation
(2-6). The final array dimensions are given in Tables 4-9

and 4-10.

Design of a Two-port Patch for a Given [S21]:

In this section, we discuss the procedure for the computa-
tions of array elements' dimensions to achieve specified
values of |S21| as well as to get S11 = 0. The specified value
of [S21| for a particular patch is given by either equation 2-5
or 2-9. The transmission lines' lengths, L1 and L2, are to be
computed using equation 2-6 where (s replaced by L1 + L2.
We have noticed that L1 and L2 should be at least 0.140 in
order to use just one external port at the end of the transmis
sion line segment in the planar analysis. The design specifi-
cations are the operating frequency f(Hz) and the substrate

specifications--the dielectric constant er, the substrate

height h, the dielectric loss tangent tang, and the strip thick-
ness t. The transmission lines are specified in terms either
of their characteristic impedances Zo(1), Zo(2) or their

widths W1, W2 as shown in Figure 4-2.

The first step in the design of the two-port patch is to
decide on an initial value of the patch width. As mentioned

earlier, for high |S21| a narrow patch is chosen, and for low
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Table 4-

|S21|2 DISTRIBUTION FOR EACH UNIT CELL IN THE THIRD ITERATION

element |S21]2 element |S21]2
# #
1 .9698 11 .7559
2 89677 12 .7164
3 .89622 13 .6740
4 9516 14 .6293
5 .9358 15 .5819
6 9162 16 .5409
7 .8896 17 5127
8 .8600 18 .4329
9 .8278 19 0
10 .7934
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T

le 4-

DESIGN OF 19 ELEMENT TAYLOR ARRAY SLL =30

element| a(cm) | b(cm) | x2(cm) | x1(cm) | Ptrans Prad Ploss
#
1 1.491 .100 .220 215 .9686 |.00457].0268
2 1.4870 | .100 .260 .255 .9671 |.00504|.0278
3 1.4615 | .125 .290 .284 .9609 .00736 .0317
4 1.4380 | .150 .347 .339 9514 01171 .0368
5 1.4043 | .225 .340 .329 .9345 [.02075] .0447
6 1.3865 | .275 .360 .345 .9152 1.03098|.0537
7 1.3723 | .325 .380 .361 .8905 |.0445 .0649
8 1.3641 .350 412 .391 .8613 |.0598 .0787
9 1.3544 | .400 424 .398 .8278 |[.0791 .0928
10 1.3466 | .450 434 402 .7915 [.1008 .1075
11 .}1.3403 | .500 440 403 .7566 |.1224 .1208
12 1.3366 | .525 .456 414 7173 |.1453 .1371
13 1.3331 .55 471 .4245| .6733 [.1712 | .1552
14 1.3301 575 .484 .432 .6283 |.1980 1733
15 1.3274 | .600 .496 439 .5812 |.2265 1919
16 1.3252 | .625 .503 441 .5452 [.2490 .2053
17 1.3233 | .650 .508 441 .5147 |.2686 .2162
18 1.322 .650 .532 .458 4337 | .3150 | .2507
19 1.3144 | .650 0 .5045| 0 5624 .4366
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Table 4-10

Design of a nineteen element Taylor array (continued)

element# | [S21 [Ve a1 [Ve a2 Bl I/ 2
1 -4.13 -1.86 177.97 265.57 1.1009
2 -3.96 -1.76 178.13 265.52 1.1007
3 -4.96 -2.27 177.67 264.64 1.0970
4 -5.81 -2.64 177.37 263.03 1.0904
5 -8.13 -3.88 176.18 261.09 1.0823
6 -9.55 -4.50 175.59 259.79 1.0769
7 -10.88 -5.11 175.04 258.69 1.0724
8 -11.51 -5.55 174.75 257.94 1.0693
9 -12.76 -6.08 174.27 256.74 1.0643
10 -14.10 -6.58 173.82 255.18 1.0578
11 -156.47 -7.30 173.18 254.36 1.0544
12 -16.18 -7.47 173.08 253.48 1.0508
13 -16.80 -7.70 172.95 253.09 1.0492
14 -17.58 -7.87 172.86 252.02 1.0447
15 -18.4 -8.27 172.57 251.30 1.Q,417
16 -19.31 -8.57 172.34 250.35 1.0378
17 -20.32 -8.91 172.05 250.04 1.0365
18 -20.46 -8.55 172.59 251.9 1.0442
19 0 -6.19 176.78 / /

Vet and Vez are average phase angles between the input port and various

points on the two radiating edges.
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Fig. 4-2 Two port array unit cell showing
effective dimensions
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|S21| a wide patch is used. Using the approximate result [91,
|S21] = cos (m x2 /a) / cos (n x1/a) (4-8)

we notice that x1 is always less than or equal to x2 (because
|S21| < 1), where x1 and x2 are the input and output port dis-
tances from the closest radiating edge. (Input and output
ports are assumed to be located on the side of the center line
of the patch.) The difference between the values x2 and x1 is
a function of the patch width, and it decreases with decreas-
ing patch width. From the geometry of the rectangular patch,
we note that x2 < a/2 and x1 > w/2, where w is the width of
the transmission line connected to port 1. Also, for a given
patch width there is a limited range of values of x2 and xi

for which S11 = 0.

For a given S21, initial values of x2 and x1 are estimated
from equation (4-8). The initial value of the patch length is
approximated by -

Ao (4-9)

EPWAT

where ere(f) is the effective dielectric constant of the micro-

n

strip line of width b. These are used as starting values for
the patch dimensions. An optimization procedure is then
used to compute the final accurate design dimensions. This

is done by fixing b and x2 and varying the lengths a and x1 to
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get S11 = 0. In order to accelerate the optimization proce-
dure, we start by using Nc = 2, Np = 2, and twenty terms in
the series summations (3.13) and (3.14). When the conver-
gence is nearer, we take NCc = 8 and Np = 5 and increase the

number of terms in the summation to fifty.

An alternative method of obtaining the design dimensions is
to use interactive iterations on the computer terminal.
These are carried out by realizing that the real part of the
input impedance (which should be equal to Zo(1) for input
match) increases by increasing a (or by increasing x1) and
vice versa. On the other hand, the imaginary part of the input
impedance (which should be equal to zero for input match)
increases with decreasing x1 (or increasing a). This proce-
dure can be very efficient depending upon the starting values
of a and x1 in the iteration. These working rules have been
arrived at by studying the variation of Zin with parameter a

and x1 for two-port patches.

It may be noted that the input impedance is computed with-
reference to the effective input port location 1' (Fig. 4-2)
because of the use of effective width be for the patch with a
physical width b. The effective width is related to the char-

acteristic impedance by

120 .x - h (4-10)

WerlD =T 20
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where h is the substrate thickness, Z(f) is the characteristic
impedance -of the microstrip line of width b, and ere(f) is the

effective dielectric constant taking dispersion into account.

In Fig. 4-2, the effective lengths Le1 and Le2 are related to
L1, L2 and to the effective width be of the patch of width b by

Let,e2 = L1,2 - (be - b)/2 ’ (4-11)

The design of a single-port patch also proceeds as above. In
this case, the only fixed patch dimension is b. a and x1 are

varied to achieve S11 = 0.

The computations of the voltage along the radiating edges of
the patches (when the second port is terminated in a matched
load) is carried out by using equation (3-3) with the condi-
tion that

V2 = -Zo(2) I2 (4-12)

This assumes that S11 = 0 for the next element also. There-
fore,

1
VE=I2V| 74y | M (4-13)
Zd2)+ 242,2)
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4.6

Elements of the matrix Zc are given by equation (3-2), and K
is the current flowing at the input port 1. For a unit power
delivered to the antenna input terminal by a source with Zs =

Zo(1), the input current is given by

2 87
L4 = >

Zo+ 2l (4-14)

where Zin is the input impedance of the patch. The value of
the voltages at the radiating edges given by (4-13) is used in
Section 5 of this report to compute the radiation character-

istics of the array.

Computation of Radiated Power:
The total power radiated by the patch is related to the vol-

tage at the radiating edges by

NC

Prag =3 oo IVe()’ (4-15)

i=1

where GR is the radiation conductance of an edge, N¢'is the

total number of segments at the radiating edges, and VE(1),

the value of the voltages at the ith segment, are the elements

of the vector VE given in (4-13).

For a 1 watt input power delivered to the antenna input ter-

minal, the net time average power fed to the array is
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Pin =1 Real(Z;) L, (4-16)

For a two-port patch, the net time average power transmit-

ted to the second port is

Prad = |S21|2 | (4-17)
The net time average power reflected at the antenna input is
Pref = |S11]2 (4-18)

For a 1 watt input power, the power loss in the array (dielec-

tric and conductor) is given by
€ (i) = Pin - Ptrans - Prad(1 + o) (4-19)

where o' is given by equation (3-8).
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5.1

5.2

v. Computation of Radiation Characteristics

Array Factor:

For an array of identical radiating elements, the far field can
be written as a product of the array factor and the radiation
pattern of the individual elements. The array factor depends
upon the elements' locations, phase distribution, and the ex-
citation amplitudes for various elements. The array factor
may be expressed as

(5-1)
F(8) = S C(n) exp{jn(ko d cos® - a)}

n=1

where d is the uniform interelement spacing, o is the uniform
progressive phase in the array (which is related to the beam
direction by (1-5)), C(n) is the relative amplitude excitation

of the nth element in the array, N is the number of elements

in the array, and the angle 6 is as shown in Fig. 5-1.

Radiation Pattern From Edge Voltages Distribution:

For the linear series-fed array of rectangular microstrip
patches, the radiating elements are not identical, and there-
fore the array radiation characteristics cannot be computed
by evaluating the array factor. In the present design proce-
dure, the radiation pattern is obtained by first calculating
the aperture field in the plane of the antenna and then eval-
uating the far-zone field by Kirchoff-Huygen's formula.
Making use of the equivalence principle, the electric field

distribution at the periphery of the patch is replaced by
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5.2.1

an equivalent magnetic current line source as shown in Fig.
5-2. The magnetic density (in volts) of the line source is
related to the voltage at the edges by
| (5-2)
2Vy forthe left edge
—2V§ fortheright edge

M=

where ¥ is a unit vector in the y-direction. The factor 2

accounts for image of the magnetic current into the ground
plane. The radiation is mainly from the the two edges of
width b which are spaced distance a apart. The effect of the
other two (non-radiating) edges can also be included if more
accurate results or evaluation of the cross-polarization level

iS needed.

Each of the magnetic current line sources is divided into
small sections over which the fields may be assumed to be
uniform. These sections correspond to various ports on the
radiating edges as considered in the segmentation method.
The radiation field of the array is obtained by using the
results of the radiation field of a linear magnetic current

element as the building block.

Far Field of a Linear Magnetic Current Element:
The far field of a magnetic current line source located in the
X-Y plane as shown in Fig. 5-3 is given by

-jkor

Ey=-j2VoWko =— Fi(6,0)
4rnr
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Fig 5-2 Equivalent magnetic line current at the radiating
edges when the antenna is operating in the
dominant mode.

(oa is the projection of or in the x-z plane)



Fig. 5-3 Magnetic line source of length w parallel
to the y-axis.
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Eg =0 (5-3)

where V is the magnitude of the magnetic current, which is

taken to be uniform over its length, and W is the length of the

magnetic current element.

The far field of a magnetic line source oriented arbitrarily in

the X-Y plane (as shown in Fig. 5-4) is expressed as

jko(Xo sind sing + y o cosB) —

—_ -Jkor
Ep,=-2jV Wko2—e F(6',0")ao’
4xnr

where

sin('f-"l”- cosb')
F(0',¢') = 2 sing’
%‘ioose'

and where

aq)' = <I>¢a¢ + (Deae (5-5)
<I>¢ = Sing' sing + cosd cos¢ cos¢'
g = -sin¢' cosb cosg + cosd cosh sing + sind cose' sind

cosB' = sind sing sind + cosd cosd (5-6)

cos¢' = sin6 cosd / V1 - cos’e’
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Fig. 5-4 Far field of an arbitrarily oriented linear
magnetic current in the x-y plane
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5.2.2

Far Field of a Rectangular Microstrip Patch:

When the rectangular patch is operating in the dominant
mode, the voltages at the two radiating edges are equal in
magnitude and are 180° out of phase. In this case, the far

field pattern of the rectangular patch shown in Fig. 5-2 is

given by
(5-7)
cos(!(—g—i sing), E-plane (6 =n/2)
F(e,q)) =
sin(ﬁﬁcose)
sin6, H-plane (¢ =0)
%COSG

When the antenna is operating slightly out of resonance, the

voltages at the radiating edges are not uniform. Each radi-

ating edge is divided into N/2 segments (as discussed in

Section 3.3). The voltage along the width of each segment is
taken to be uniform. The radiation characteristic of the

patch is then computed using the superposition of the far
field radiated by each segment. The far field pattern of the

rectangular patch is given by

(5-8)
Nc
Fo(0,0) = > V(i) W(i) exp{i(kor ofi) + a(i)}F(8,0)
i=1
where
(5-9)
sin (W cos0) |
Fi(0,9) = ko\;V(i) . singd



5.2.3

Vo (i), a(i) are the magnitude and relative phase (with refer-

ence to the input signal) of the voltage at the ith edge sec-

tion of width w(i). N is the number of segments at the two

radiating edges.
ro(i) = xg(i) sin(6) sin(¢) + yg(i) cos () (5-10)

(xo(i), yo(i)) is the coordinate location of the ith segment

relative to the coordinate system (x,y,z) as shown in Fig.
5-2.

Radiation Characteristic of a Series-fed Array:
In this section, we will discuss the computation of the far
field pattern of the series-fed array considered in this re-

port. The array is fed in series from one of the ends. The far

- field pattern of the array of Fig. 5-5 is given by

(5-11)
N .
Fr(6.0) = Y, F(6,0)
d=1
where
(5-12)
) N , . .
C o kool +a(i))
FE8,0) = 3 Vo(i,j) W (i) e’ R AICE)
i=1
where
(5-13)
sin('—(i’%(i_'j)_cose)
Fiin(,0) = sin®d
L(i,j)(8,0) kov\;(i’j) —



segment #i,

(x(i.j), y(i.j))

load

.......

#j #n

Fig. 5-5 Series fed linear array of rectangular
microstrip patches
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and
ro(i.j) = xg(i,j) sin® sing + yo(i,j) cosé (5-14)

V(i) and ofi,j) are the voltage's magnitude and relative

phase of ith segment in the jth radiating array element.
(x(i,j), y(i,j)) are the coordinate locations of the ith segment

(of width w(i,j)) of the jth array element.

Once the voltage distribution and the location of the seg-
ments are obtained, the computation of the radiation pattern

is carried out using relations (5-11) through (5-14).

5.24 Computation of Voltage Distribution:
The voltage distribution at the radiating edges of the array
elements is computed by use of the segmentation method.
Figure 5-6 shows a series-fed linear array consisting of N

unit cells. Each unit cell is characterized by an impedance

matrix Zs with respect to the external ports. For a one-port

cell or for the load (connected to the end of the array), the -
impedance matrix reduces to the input impedance of the one-

port cell and the value of the load respectively. Each unit

cell is also characterized by a voltage matrix Zy; which

relates the voltages at the radiating edges to the currents
flowing into the external ports of the unit cell. Once the

port currents are determined, the voltage distribution at the
édges can be found. Application of the segmentation method

[4, p. 3583] for computing edge voltages is discussed in this
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section.
For the implementation of the segmentation method, the vol-

tage and current variables for all of the unit cells may be

expressed as
vp]_ ZopZpo [|p]
Vc Zcpzcc Ic

where Vp and lp are the voltage and the current at the input

(5-15)

of the array (p=1). V. and I, are the voltages and currents at

the connected ports. The number of connected ports is equal
to (N-1) for an array without load and is equal to N (the num-

ber of elements) for an array terminated by a matched load.

The constraints imposed upon the voltage and current at the

connected ports are:

(i)  voltages at the two connected ports are equal

(i) currents at two connected ports are equal in magnitude,
and their sum is zero.

For all of the internal ports, the constraint matrices are

written as

I'1 and I'p are matrices with ¢/2 rows and ¢ columns. Each

matrix row describes a connection constraint, and the
elements of every row are zero except for the two elements

corresponding to the connected ports. The values of the
V-13



5.2.5

non-zero elements are1 or -1 for the matrix I'y and 1 for all

non-zero elements of the matrix I's. Using equations (5-15)

and (5-1 6),' the currents at the connected ports are ex-

pressed as

(5-17)
-1
'Zee T Zep |
| c=1 . | P
ir, 0

The analysis also yields the input impedance of the array,

which is given by
(5-18)

-1
rz -r.Z
Z -7 -7 1%~cc 1<cp

The currents I at the connected ports (given by equation

5-17) are evaluated by considering a unit input current at

the feed point. The voltages at the radiating edges are then

calculated by use of the matrix Zy;.

Subroutine SENSV4 in [7] is used for the computation of the
voltage distribution at the radiating edges and also the input

impedance of the array.

Computation of Segment Location:

The coordinates (x, y) of the center points of various seg-
ments, are computed from the array configuration. It may be
recalled that the elements are not identical (i.e, they have

different dimensions). As discussed later in Section 6, the
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5.3

array is laid out in such a way that the radiating edges near-

er to the input and output ports are made colinear. The other
edges will not be necessarily colinear. In this case, the
coordinates of the center points of the segments in the

(x,y,z) system of coordinates shown in Fig. 5-5 are x(i,j) = 0

for segments (i"h segment of the jth element) at the radiat-

ing edges nearer to the input transmission lines and x(i,j) =
a(j) otherwise. Also,
(5-19)
j-1

y(i,j) =b(i) (2i-1) / 2Ng+ Y (b(k) +do)

k=1

where b(i) and a(i) are the patch width and length respec-

tively of the ith patch, d, is the uniform edge to edge spac-
ing between elements, and N, is the number of segments at
the two radiating edges of a patch. (N is taken to be the

same for all patches.)

Program PATV4 listed in [7] is used to compute the far field
pattern of the series fed linear array by making use of rela-.
tions (5-11) through (5-19).

A Numerical Example:

As an example of the use of the procedure discussed in
Sections 5.1 and 5.2, consider the case of the nineteen
element linear series-fed array of Section 4.4. Figure 5-7

shows the array factor obtained from equation (5-1) with
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Fig 5-7 Array factor for a 19 element TAYLOR array
computed using equation (5-1).
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kod =7, o=-270°.

Figure 5-8 shows the far field pattern by using the analysis
of Section 5.2. We notice changes in the level of side lobes
due to the non-identical element patterns for various ele-
ments in the array. Aside from this, the agreement between
Fig. 5-7 and Fig. 5-8 is acceptable. These plots show that
the effect of the voltage non-uniformity may be ignored for
computing the SLL. However, the element pattern given by
equation (5-7) may cause the beam direction to shift con-

siderably if the array is scanned near the endfire.
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Fig. 5-8 Far field pattern of 19 element series fed array
computed using the voltage distribution along the
radiating edges.
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VI. Array Layout

In this section, we describe a method for layout of the linear series-
fed array analyzed and designed in the previous chapter. This sec-

tion constitutes the last step in array design before it is fabricated.

As discussed earlier, the array elements do not have equal lengths,
and the radiating edges which are nearer to the input and output
transmission lines are made colinear. The other edges will not
necessarily be colinear. For a fixed uniform spacing between adja-
cent array elements, the interelement transmission lines have to be
curved to fit in the spacing between the elements as shown in Fig.
6-1. To reduce the effect of curvature (reflection and radiation),

the bending should be very smooth. Also, for minimizing the junc-
tion reactances the transmission lines should be perpendicular to
the patch at the junction points. This reduces the effect of feed
discontinuity and allows the segmentation method to be used con-
veniently. The layout of the curved interconnecting lines used in the
present design is shown in Fig. 6-1. The different parameters in Fig.

6-1 are related to the array dimensions as follows:

LT=4r6 (6-1)
82- d'iz + Aiz (6-2)
S = 4rsing (6-3)

where r is the radius of the circular bending, 6 is the arc angle, and

VI- 1



‘sjuswsjd Aeise jusoelpe om} jo jnoke |-9 ‘Big

L+ # Jusws|j I # jusws|g

A Z, 3
X kX
v Al

e
e
y4

y A4

k— q—>| — q —

Vi-2



d’l- is the interelement spacing (edge to edge as shown in Fig. 6-1).

This spacing is related to the uniform element spacing d by
dj=d- (bj+ bj,1)2 (6-4)

where bj is the width of the ith array element. A; is the offset
between the output port location Xo(i) of the ith element and the

input port location x4 (i+1) of the (i+1)th element. We have

A = Xoli) - Xq(i + 1) (6-5)

L is the transmission line length connecting the ith element to the

(i+1)t element in the array.

Using (6-1) through (6-3), we get a transcendental equation to

determine 6. This is given by

(6-6)
0=—0nT sin(@)
1/ 2 2
di+ A
and r will be given by
r=Lt/46 (6-7)

The other geometrical parameters shown in Fig. 6-1 are related to 0,

r, Xp, X4 by

z4 =2rsin(6 - ¥) Xq =T+ Xp - 2r cos(6-¥)
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22=O Xo =TI+ Xp

(6-8)
23 = d X3 =T+ X{
D4=90°-6+Y¥ ®5=90°06-¥

where tan(\¥) = A/d'.

Equations (6-1) through (6-8) are used to lay out the linear series-

fed array.
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Formulas for Microstrip transmission Line Design:

In this appendix, different design formulas to compute the

transmission line characteristic parameters Zo, ere, and we as a

Appendix A

function of transmission line width are given [11].

a)

b)

Impedance and Effective Dielectric Constant for a

Given Width:

Zo1(U)=§n—£—|n[f—(—5l+ 1+(§—)2], U=W/h

0.7528

f(u) =6 + (2n - 6) exp[-(g&?ﬁ) ], Ny=120nr

--accuracy < 0.01% for u £ 1 and 0.03% for u < 1000.

e+1 e,-1 10, -a(u)b(e )
eg(Ue,) = '2 +—— (1 +‘GQ’)
1 ue (u/s2)0 1 b
_ e + (U u
au) =1+ In £ Tr In[1 +(———18'1)]

u + 0.432

.- 0.9,0:053

)

b(e,) = 0.564(

--accuracy < 0.2% for er < 128 and 0.01 < u < 100.

Strip Thickness Correction:
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d)

Aug=Tin(1+ 4800 ) T_y/h
T Teoth ¥6.517u

where t is the thickness of the conducting strip.

(1 +1/coshve, - 1 )Au,

1
AU, = —
r—2

= U + AU, Ur = U+ Aur

Zo(U,t,e r) =ZO1(Ur)/ \ ee(urve r)

€ o1fUst,€ () =€ (U, r)[zo1(u1)/201(ur)]

Dispersion Correction:

r- eff O
€op=€,- f__.ﬂ'(_.)z fo=Zy 2 uoh
1+ G(f/fy

where h is the substrate thickness
2
_n €1 [2rZ, _
G= 12 €eq{0) Mo ' fp—ZO/Q},LOh

_ €e1f(0) €en(f)- 1
Zol1) = 2o(0) €ort(f) €en(0)- 1

Computation of Width from Impedance [4]:
For A < 1.52:

A-2
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- _8exp(A)
Wi = A - 2 (12)

For A < 1.52;

_2 4 i €,- 1 0.61
wih=2{B- 1-In(2B- 1)+ =[In(B- 1)+0.39- %81} (14)

where
Zy €.+ 1,12 .- 1 0.11
A =20 _-r =
5o ) oo (0.234 21
60 i
B= T
ZoYe,
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