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Abstract — This paper presents the scattering
estimation and analysis of an arbitrary phased
array with parallel, centre-fed dipole elements, in
the presence of mutual coupling. The total Radar
Cross Section (RCS) of the uniform dipole array is
computed by considering the signal reflections
within the array system. The results are shown for
two types of feed networks, viz. series feed and
parallel feed. The scattering due to higher order
reflections and edge effects are neglected. The
analytical formulae presented for array RCS
emphasize the dependence of scattered field on the
design parameters, like dipole length, inter-
element spacing, geometrical and electrical
properties of phase shifters, couplers and terminal
impedances. The results indicate that the mutual
coupling effect on the overall RCS pattern is
identical for both equal and unequal length dipole
arrays. This paper identifies the design parameters
that can be optimized towards the RCS control of
phased array. These parameters include dipole-
length, geometric configuration and terminal
impedance.

Index Terms — Dipole array, feed network,
impedance mismatch, Radar Cross Section (RCS),
reflection, transmission.

I. INTRODUCTION

Radar Cross Section (RCS) relates the
electromagnetic energy at the receiver due to the
reflection from the target to the electromagnetic
energy impinging on it. The total antenna radar
cross section consists of both structural RCS and
antenna mode RCS [1]. However, for an antenna
array operating within the frequency band similar
to that of radar, the scattering due to antenna mode
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becomes predominant [2]. An efficient antenna
system is required to meet the requirements of
both optimum radiation characteristics and low
detectability. In few cases, the antenna RCS
becomes even greater than the structural RCS of
the platform. Hence, it is essential that RCS of an
object is reduced without affecting its radiation
performance [3]. In order to achieve this objective,
a detailed and accurate analysis of antenna mode
scattering is required.

The estimation of antenna array scattering
should include the effect of feed network
architecture, terminating impedance, and mutual
coupling. The total scattered field of an antenna
array comprises of the fields reflected from
different impedance mismatches at each level of
feed network [4]. The corresponding scattered
field magnitudes can be expressed in terms of
reflection coefficients and terminal impedances of
the array elements. Further, the values of the
terminal impedances are influenced by the mutual
coupling effect, which depends on the array
geometry. This makes it crucial to analyze the
signal path through each of the junction and
mismatches within the antenna system towards the
RCS estimation of phased array.

The scattering behavior of phased array has
been determined and analyzed using various
techniques. A finite dipole array has been studied
in view of its radiation and scattering
characteristics with the compensation of coupling
effect [5]. The moment method along with RWG
basis functions is used to calculate scattered field
of equal half-wavelength dipoles, in the presence
of mutual coupling. Although, the parametric
analysis of scattering behavior of dipole array is
presented, the feed network is not considered. The
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numerical technique like FDTD method is also
employed to calculate the scattering from
impedance loaded dipole array without feed
network [6].

The scattering behavior of antenna array with
feed network has been reported but for
infinitesimal dipole array [2], [7]. Moreover, the
results presented ignore the mutual coupling effect
in between the dipole elements. However, in a
practical phased array, one cannot ignore the finite
dimensions of antenna elements, coupling effect
and the role of feed network while estimating the
antenna RCS. The RCS of finite dipole array with
series and parallel feed network including mutual
coupling effect has been determined in terms of
network parameters [8]. The dipoles were
considered to be of equal length in different
geometric configurations. In this paper, the RCS
estimation of arbitrary dipole array for both series
and parallel feed network is presented. In
particular, the array design for unequal-length
dipoles differs from earlier work [8] in two
aspects. At first, it uses an extra component, which
can be either the waveguide bend or the
transmission line, in order to connect the dipole
terminals to the corresponding phase-shifter. This
extra component is taken as perfectly matched line
towards the phase-shifters so as to have zero
contribution towards total array RCS, for the sake
of convenience. Otherwise, the impedance
mismatch within this extra line is to be included in
the calculations. Secondly, the dipole lengths are
taken to be unequal as an attempt towards the RCS
reduction within the arbitrary array system.

In this paper, an arbitrary compact dipole
array is considered, in which the dipole can be
either equal-length or unequal-length. Unlike [9],
the results include both linear and planar dipole
array.

The scattered field is determined in terms of
reflections and transmissions of the signal
propagating through the levels of the array system.
It is the impedance mismatch at each level of the
feed that results in the total scattering cross section
of the array system. In the subsequent sections, the
detailed analytical description of the RCS
estimation of dipole array is presented. The
equations derived can be used for both equal and
unequal-length dipole array, with either series or
parallel feed network.

SNEHA, SINGH, JHA: ANALYTICAL ESTIMATION OF RADAR CROSS SECTION OF ARBITRARY COMPACT DIPOLE ARRAY

I1. RCS OF DIPOLE ARRAY

A uniform linear array of centre-fed dipoles
each with length of 2l,, n=1,2,...N is considered.
The inter-element spacing is taken as d and the
staggered height of the dipoles from the reference
plane is assumed to be hn. The geometry of dipole
array considered is generalized and it can be
converted to any standard array configuration, like
side-by-side, collinear or parallel-in-echelon by
appropriate changes in the design parameters.

The dipoles in the array are excited by a feed
network comprising of extra component, phase-
shifters and couplers, in order from radiators
towards the receive port. Assuming the dipoles in
the array to be lossless and x-polarized, the
scattered field at n™ dipole is given as [2], [8]:
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where 4 is the wavelength, 7 is the impedance of

free space, K is the propagation vector, R is the
distance between the target and the receiver, I, is

the length of n dipole element, E!(6,¢) is the
total reflected field towards the aperture, and Z, is

the impedance of n' dipole element. It is pointed
out that for the simpler case of isotropic source,
related expression has been earlier derived by Jenn
[2]. In order to determine the total RCS of N-
element dipole array, scattered fields at each of its
elements are summed-up. Thus, the scattered field
is expressed as [8]:
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The total scattered field, and hence the RCS of
the dipole array can be decomposed in terms of
individual reflections at each level including
antenna aperture and the feed network. These
reflected fields are determined by the magnitude
of reflection coefficients as per the path through
which the signal propagates within the array. As a
result, the RCS of the dipole array is specific to
the structure of the feed network used to excite the
antenna elements. In this paper, the scattering
from arbitrary dipole array for two different feed
networks, (i) series feed and (ii) parallel feed is
derived. Since the network architecture remains
the same for either type of feeds till one reaches
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the coupler level, the contribution to the total RCS
remains identical for all the levels preceding the
level of coupler(s) in antenna system.

A. Reflection at the dipole terminals

The first source of scattering for a signal
impinging on the array (Fig. 1) is the junction of
radiators and connectors. The corresponding RCS
equation is given as:
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where « is the inter-element space delay of
incident wave along array axis and r. is the

reflection coefficient of n dipole, the magnitude
of which is determined by the mismatch between
the impedances of dipoles and the impedance of
the additional line (Fig. 1) connecting the dipole
terminals to the inputs of phase-shifters,

Zan__zf; ()
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Here, Z, is the impedance of the extra component
(assumed to be the same as the impedance of
phase-shifter Zo) and Z, is the impedance at the

n" dipole terminal, computed in the presence of
coupling between the dipole elements in the array.
The calculation for self and mutual impedances of
a dipole array with infinitesimally thin, parallel,
centre-fed, unequal length dipoles is detailed in
[10] and [11], respectively.
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Fig. 1. The reflection and transmission

coefficients till the phase-shifters.

ACES JOURNAL, Vol. 29, No. 9, SEPTEMBER 2014

B. Reflection at the terminals of extra
component

Next, the signal would travel towards the input
port of phase-shifters via the extra line. As this
section of feed is assumed to be perfectly matched,
its reflection coefficient will be zero. Thus, the
contribution of reflections occurring at the

terminals of extra line to the array RCS is:
0,(0.9)=0. (%)

C. Reflection at the phase-shifters

The signal reaching the phase-shifters will get
reflected at its input ports due to the impedance
mismatch.  The  corresponding  reflection

coefficient M is given as:
zZ, - Z,
Z, +Z;
where an is the impedance at the end terminals of

the delay-lines. This yields the RCS due to the

reflections at the terminals of phase-shifters as:
2
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r,, is the reflection coefficient of n" phase-shifter

(Z, =2, for matched extra line), (6)
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andt,, is the transmission coefficient of n™ extra line.
For the matched extra line, it is always one; i.e.:
t = 1-r o1, =0. (8)

D. Reflection at the coupler ports
Next level in the feed network that contributes
to the RCS is the junction of phase-shifters and the

input ports of couplers.

Signal reflection at the input port(s) of the
couplers connected to phase-shifters:

The contribution of reflections at the input
terminal of couplers connected to phase-shifters
for the RCS of dipole array is given as:

2
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where t, is the transmission coefficient of n®
phase-shifter, r. is the reflection coefficient of

coupler port connected to the end of phase-shifter



[8] and (=atas; as is the inter-element phase to
scan beam along the array axis. However, the
calculations of the coefficients at this level depend
on the type of feed. This is because, the couplers
in parallel feed interact with multiple antenna
elements, unlike in series feed [11].

Signal reflection at other coupler ports
The signal that enters through the input port of
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coupler, gets reflected within the coupler. Since
the geometrical arrangement and the nature of
couplers differ for the series and parallel feed
network, the RCS formulation also varies.

For series feed network: Fig. 2 illustrates the
signal paths and the corresponding reflected fields
at n" dipole in a series-fed dipole array.

n-1 n+l
Receive EZ{" eo— | . ',}'/le?'tr(rz?ﬁgtion
Port E{n (9’ ¢) / E?f" (9, i/
E Coupler

Terminating Load

Fig. 2. Signal paths and the corresponding reflected fields at n™ dipole element.

The RCS due to the couplers in series feed
network is expressed as:
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WhereE{n (6,9)is the reflected field at n™ dipole

arising from the signal propagating towards the
next antenna element, given by:
t.t,t, f, jc,e’ "™ x
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m=n+1
E (6,¢) is the reflected field at n™ dipole arising

from the signal propagating towards previous
antenna element(s) in the array, given by:
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E;n (6,¢) s the reflected field at n™ dipole due to

signal propagating towards the terminating load,

(11)

. (12)

given by:
E; (6,0)=r £ 12 t2el20<, (13)
and E[n (6,¢) s the reflected field at n™ dipole due to

the signal propagating towards the receive port, given
by:

n-1 2
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i=1

It can be noted that the mutual impedance is
included in the calculation of coefficients (c, tc, ts)
of the coupler level in the feed network.

For parallel feed network: The RCS due to the
first level of coupler is expressed as:

2

2
in
MZ‘;[A{cos(kl”)dln] x

- Jﬂo
0)E, (0,
(COS ) nl( ¢)+ LM'ZSLM) ’

4r
O, (01 ¢): ?

>
1

FIN

w

2
[ j cos(kl(m))dl(m)] (cos0)Ef,.y, (6.0)

Ay

(15)
where

729



cet 1, t, el
+ tFm t”m P € ln:tcli
ta ';Nn tpn eJ’("-i)ﬁtcll
+tot, t, e

Sllcllew/
B (0.0) =t 4,5, e"""

+hy, t

J'nécliejw
tt,t, e e

+t°u t{m thl t Praa €

in-1¢
L te L,

l"r iv
t\?lthl pnle e

and the RCS due to the first level coupler is:

"o [fcos(kln)dlnjz(cosg)x

42Z, | 5

2
=T J77
B (0.0)+ " [Mj cos(kl(m))dl(m}

S(n1) (ne1)

Si G ing
= r _ in¢
En, (0.0)= G t.8

iv
+ I’dli C;e

X

+I

day

ACES JOURNAL, Vol. 29, No. 9, SEPTEMBER 2014

tt,t,e"

t.
) t5+2 th+2 tnwz e

+ tl;HS t"’ms t Pn+3 €

-1)¢ v
et t,

ing
+tH’1 1th+1 Pn+1e Lt

Gi S Cai

n+1)§cl(i+l)

j(n+2)§t

c]{i+1) Sl( i+1)

et

+

S,

("*2)2 (9 (P) - thz th+2 Pn+2 eJ(nJrl);Cl('*l)eth:uiu) x

Sai

t.t,t, e " et cet +t t,
Xt e jn{tqi tsli C2i'e o + t'Fuz t""mztpmz

Phia
Coir

X
tcj(i +1) ts](i 11) tczr

tt,t, e "ot +t t,

ing
><tpn e tq

1%
xe Cl(”l)tsum) tczi' + tfwa th+3 t Pnss e

tt

slc+t

n+1

e i(n+1)¢

j(n+2)¢

tW ( n+1)¢
n+2 Pn+2

j770

X

N-3 (COSQ) (n+1), (9 ¢) 427
S(nv2)

y4
O—sdz (9! {p) = ?

2
[ j Cos(kl(wz))dl(wz)] (Cosg)émz (9 (p)
I

2
[ ) cos(kl(m))dl(m)] x
Al

iy
417

S(n+3)

+

(c0s0)Ef,., (00)

(16)

where, the reflected fields are expressed as
E;Z (9'(0) = tF thtp,. ej(nfl)évclieju’t%i %

v
+I‘d2i, C,; €

c, e+t t

v
<€ Cl(i+1)t51(i b3 Pris

xt el

Cy(is1) t51(i+1) Cai

(”+3)2 (0 (D) tl’wg th+3 Pni3 (n+2)§tcl(l+1 t‘mﬂ X

rSZi,

tczi'

xt

i(n
'[l{1 thtp"e

Pra

< j(n+1)¢

ing v
e tcli t51i C2i'e + thz tW

ne2 t Phs2

et

Cl( Sy(i+1) Coir + tFH»S t""n+3tpn+3 x

i+1)

gli(n+2)&

(17¢)

tI;Nte'

tSJ(Hl Coir

1)¢ i v
c;e tcz,e +'[ '[WMl B

j ing’ j
I, Ce" et tslcz,e"+thl;%

(n+1) C

+2 Pn+2

j(n+2)¢
F+3 t"’ma Pn+3 tc1(|+1 ts1(|+1 tC2i'

1(i+1)

eJl//

j(n+2)¢
€ tfq(m) t51(i+1) tcz i

i(n-1)¢ v
t RN t eJ( ) C 'ew tslitczr + t‘wl tw”"l

j(n+1)§
+ thz th+ztpn+z e

,C L+t

ing
xt, ettt

et

v
+I’d2i, C, e

tF\ twn tpn e j(n_l)gcliejy/tsll tCZl' + t'f|~1 twn~1tpn+1 e

WCt
Gy

+rd2i' Coir

t

Lt

Coir + tFHZ tWrHZ tpmz €

j(n+1)¢

i v
Gyl Ca

1(|+1

b3 th+3 t Pns3

i(n+2)¢ v
xe’ t%+1) ts](i+1) Cair€

(17d)

j(n+2)§t

+ tfws t""ma t Phss €

Cum)t

v
31(i+1)C2i'e

(17a)

The total RCS of unequal length dipole array with
mutual coupling effect for series feed is given by:

o(0.9)=0,(6,9)+0,(0.¢0)+0,(0.0)+0,(0.0), (18)
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and for parallel feed network till q level of couplers, the
RCS of dipole array is expressed as:

a0,

p)=

o, (6.0)+0,(0.0)+0,(0.0)+ .jzl%' (6,9). (19)

I11. RESULTS AND DISCUSSION
The RCS estimation of uniform linear dipole
array includes mutual coupling effect. Multiple



reflections and edge effects are ignored. It is
assumed that the extra component, connecting
antenna element with the phase shifter in the feed
network is perfectly matched.

A. RCS estimation of series-fed dipole array

First, the RCS patterns of equal and unequal
length dipole arrays are compared. Two 30-
element arrays of equal length 4/3 and A/4 dipoles
are considered. The A/4 and A/3 length dipoles are
arranged alternately, so as to form an unequal
length dipole array.

In all cases, the staggered height of the dipoles
is taken as A/3 below and above the reference
plane for odd and even-positioned dipoles,
respectively. Other design parameters are taken as
d=0.251, Zo=100Q), Z,=200Q2. The elements are
excited as per Taylor amplitude distribution (-45
dB SLL; n=4). Figure 3 shows that the level of
RCS is minimum for /4 equal-length dipole array
and maximum for A/3 equal-length dipole array.
On the other hand, the RCS level of unequal
length dipole array lies in between the levels of
two equal-length dipole array, for major portion of
the pattern. However, the RCS level of unequal
length dipole array is observed to increase
drastically for the aspect angles beyond +50°. It
can be inferred that the optimization of dipole
lengths could facilitate the reduction and control
of the array RCS.

o . . . N A4 M

A0 foe

RCS (dB)

H H
0 20 40 60 80
Angle (deg)

Fig. 3. Broadside RCS of equal and unequal length
series-fed dipole array.

Next, the effect of mutual coupling on the
scanned array RCS is demonstrated. An array of
20 thin-wire (radius=10° 1) dipoles with
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alternative length of A/2 and /3 is considered. The
staggered height of dipoles w.r.t. reference plane is
taken as -A/4 for odd-positioned elements and 1/6
for even-positioned elements. Other parameters
are d=0.24, Z¢=100Q2, Z=40Q; with cosine
squared on pedestal element excitation. Figure 4
compares the scanned (6:=50°) RCS pattern of this
array with and without mutual coupling effect. It
can be observed that the scanned RCS of dipole
array differ significantly for with and without
mutual coupling cases. The variation in the
scanned RCS pattern further increases for larger
values of scan angle. This may be due to the inter-
element interactions that vary the terminal
impedances of the dipole elements, and hence the
reflections within the array system and the RCS.

20

—— without Mutual Coupling
: | === with Mutual Coupling

0s=50°

10 -

OF i

A0 fie

RCS (dB)

20 fiee VAN
\ uo : : R :
B0 fp A

-50

: ; ; ; ; : ; ; ;
-80 -60 -40 -20 0 20 40 60 80
Angle (deg)

Fig. 4. Scanned (6:=50°) RCS patterns of 20-
element unequal length linear dipole array, with
and without mutual coupling effect.

Next, the effect of varying the terminal
impedances of the coupler ports on the RCS
pattern of 25-element unequal length uniform
(d=0.2%) dipole array is analyzed. The dipoles in
the array are taken to be of lengths /3 and 1/2 at
odd- and even-positions of the array, respectively.
The staggered heights of the elements w.r.t.
reference plane are taken to be A/4 and -A/3
alternatively. The amplitude distribution is Dolph-
Chebyshev with -40 dB Sidelobe Level (SLL).
The characteristic impedance is 75 Q. Figure 5
shows the broadside RCS pattern for the array
when the terminating impedance is varied from 0
Qo 200 Q.
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RCS (dB)

Angle (deg)

Fig. 5. Dependence of RCS pattern of a 25-
element unequal-length dipole array on the
terminal impedance.

It is seen that the RCS levels decrease as the
terminal impedance value increases from 0 Q to
35 Q and further to 80 Q. However, for terminal
impedance of 200 Q, the RCS level shows rise.
This indicates that the decrease in RCS with
variation of impedance terminating the coupler
ports possess a limit. On reaching the limiting
value of terminating impedance, the RCS level
starts increasing with the load impedance Z,. This
effect is similar to the case of equal length array.
This feature of terminating load dependence can
be exploited for array RCS control.

B. RCS estimation of parallel-fed dipole array

The RCS of two parallel-fed linear dipole
arrays, each with 32-element equal and unequal-
length dipoles is computed. The dipole lengths are
taken as A/2, for equal-length array, whereas,
random for unequal-length dipole array. The
dipoles at odd and even positions in the array are
arranged at heights of 1/4 below and above the
reference line, respectively. The RCS patterns of
these dipole arrays including mutual coupling
effect are compared in Fig. 6. The dipoles are
spaced 0.44 apart and are excited by uniform unit
amplitude distribution.

The characteristic impedance and load
impedance are taken as 75 Q and 20 Q,
respectively. Scattering is considered till second
level of couplers. It is apparent that the RCS
pattern of //2 dipole array has definite lobes viz.
specular lobe (6=0°), lobes due to first level
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coupler mismatches (9=%38°) and lobes due to the
mismatches at second level of couplers (6=£17°).
However, for the random length dipole array
considered, it is difficult to identify any other
lobe, except for the specular lobe. Moreover, the
RCS level in case of random dipoles is observed
to be less than that for A/2 array. Although, at
other aspect angles, the level of scattering in the
random-length array exceeds that of equal-length
array, the level is well below 0 dB, and hence less
significant.

20

— A2
—— Random Lengths

L e R

O |

S10 Fo A S

RCS (dB)

220 b
-30 H

40 e : F N ST RN .

-50

H H H H H H H H H
-80 -60 -40 -20 0 20 40 60 80
Angle (deg)

Fig. 6. Comparison of broadside RCS pattern of
equal and random length dipole arrays.

Next, the mutual coupling effect in unequal-
length parallel-fed dipole array is discussed. The
dipole array consists of 16-elements with odd-
positioned dipole lengths (=4/3+(n-1)x0.014/3).
The dipole lengths at the even-positions decrement
in the steps of 0.014/2, starting from A/2. All the
dipoles are at the height of A/4 above the reference
plane. The inter-element spacing is taken as 0.4/.
The characteristic and load impedances are 75 Q
and 200 Q, respectively. Figure 7 shows the
broadside RCS pattern obtained, for with and
without mutual coupling cases. The scattering till
first level of couplers is considered. In order to
analyze the effect of terminating impedance on the
array RCS, a 64-element array is considered, in
which the dipoles of lengths /3 and A/2 are
arranged alternately with staggered heights of A/4
below and above the reference plane, respectively.
The spacing between elements is 0.44. The
influence of impedance terminating the coupler
ports on the RCS pattern of such an unequal length
parallel-in-echelon dipole array is shown in Fig. 8.



Dipoles are excited by uniform distribution and
the characteristic impedance is taken as 75 Q.

20

—— without Mutual Coupling
—— with Mutual Coupling

20 b

0 b

A0 b e

RCS (dB)

20 b
30k A\

A0 H

-50

H H H H H H H H i
-80 -60 -40 -20 0 20 40 60 80
Angle (deg)

Fig. 7. Broadside RCS pattern of 16-element
unequal length parallel-fed dipole array.

20 ‘

10 poion sl | L 7,2050

0OF

A0 foet

RCS (dB)

20F

-30 /
7 |

40 Fof

5o UL

-éO -(;0 -4;0 -éo (; 21) A;O 61) 8‘0
Angle (deg)
Fig. 8. Effect of varying the terminating

impedances on the RCS pattern of 64-element
unequal length parallel-in-echelon dipole array.

The scattering effect is considered till second
level of couplers. It is observed that the RCS level
is maximum for 0 Q termination and decreases as
the impedance is increased to 25 Q and 50 Q.
However, for 160 Q termination, the level of RCS
lobes increases. This emphasizes that the concept
of limiting impedance holds good, irrespective of
the design parameters including length of dipoles,
scan angle, amplitude distribution and the feed.

V. CONCLUSION
This paper presents an analytical estimation of
the RCS of arbitrary linear dipole array with
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uniform spacing. The formulation holds good for
both unequal and equal length dipole arrays
arranged in any random configuration. The
reflections within the antenna system and the
effects of mutual coupling between array elements
are taken into account. The scattering due to
higher order reflections is neglected and the
computations are restricted till second level of
couplers. The variation in the dipole lengths is
shown to affect the RCS pattern of the array
significantly. The dipole length could be a
potential parameter for the reduction of array RCS.
Moreover, the mutual coupling affects the RCS
pattern for both types of feeds. The variation in
RCS pattern becomes further noticeable as the
scan angle of array increases, irrespective of any
other design criteria. The terminating impedance is
another important parameter that can be exploited
for RCS control. There is a limiting value of
terminating impedance beyond which RCS value
of phased array increases. In broad sense, the
effect of varying the design parameters on overall
RCS pattern is similar in both equal- and unequal-
length dipole arrays.
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