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Abstract — This paper proposes a novel low scattering tightly coupled dipole array (TCDA), aiming to reduce the
radar cross section (RCS) of phased antenna arrays under a certain oblique incident wave. First, we build three types
of antenna elements that exhibit similar radiation characteristics but diverse reflection phase differences based on the
proposed theoretical analysis. The required reflection phase difference is achieved by using different dielectric super-
strates for each antenna element. Then, by arranging the three types of subarrays next to each other, a low scatter-
ing TCDA (8 × 9) is designed. Meanwhile, a reference antenna array with a single type of antenna element is also
constructed.  To  demonstrate  the  effectiveness  of  the  proposed  RCS  reduction  technique,  simulated  and  measured
results of the reference and proposed antenna array are compared. Both antenna arrays operate over the 6–18 GHz
frequency band and can scan up to ±45° in the E-/H-planes. However, the proposed antenna array achieves a significant
monostatic RCS reduction over 8–12 GHz, with a maximum reduction value of 7.55 dB. It indicates that this diverse
element reflection phase technique is a good candidate for wideband RCS reduction.
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 I. Introduction
Recently,  the  tightly  coupled  dipole  array  (TCDA)

designed  according  to  Wheeler’s  current  sheet  antenna
(CSA) array [1],  has become an attractive candidate for
phased antenna arrays due to its wideband and low-profile
characteristics.  To  date,  researchers  have  investigated
various approaches to enhance TCDA’s radiation perfor-
mance, but  rarely  focused  on  its  scattering  characteris-
tics. In reality, phased antenna arrays will always contrib-
ute significantly to the total radar cross section (RCS) of
a  stealth  platform.  Thus,  it  is  critical  to  suppress  the
scattering of phased antenna arrays.

Over the past few decades, radar absorbing materials
[2], [3] and metasurfaces like artificial magnetic conductor
(AMC) [4]  and frequency selective  surface  (FSS)  [5]  are
employed  in  RCS  reduction  of  antennas.  Some  digital
and  coding  metasurfaces  are  also  exploited  to  achieve
diffuse scattering beams [6],  [7].  However,  most of  these
techniques are designed definitely for narrow band anten-
nas like slot antenna and microstrip patch antenna, and

leave out the consideration of antenna’s scanning ability.
Their practical  applicability  in  radar  systems  is  con-
strained by their restricted frequency band and static ra-
diation  beams.  Moreover,  the  compact  configuration  of
TCDA  also  makes  it  difficult  to  apply  these  loading
methods. Recently, out-of-band RCS reduction for a TCDA
is realized by loading the array with polarization conver-
sion metamaterial (PCM) [8]. Another effective technique
is to  introduce  polarization  selective  metamaterial  ab-
sorber  (PSMA)  on  the  surface  of  a  TCDA [9].  But  the
introduction  of  resistive  coatings  reduced  the  peak  gain
of TCDA.  Unfortunately,  these  methods  inevitably  in-
crease the cost and the loading of resistive materials will
impact the radiation performance more or less. More im-
portantly, most of the mentioned works tend to focus on
the case that the incident wave is coming from the nor-
mal  direction.  In  actuality,  most  threats  to  targets  are
detected not just from the normal direction but also from
oblique incidence angles. Therefore, it is of practical sig-
nificance  to  reduce  the  RCS of  a  phased  antenna  array 
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when incident waves are at an oblique angle.
To  address  the  aforementioned  issues,  a  novel  low

scattering TCDA with heterogeneous antenna elements is
designed in this  paper,  aiming to reduce the monostatic
RCS  specifically  when  the  incident  waves  illuminating
from a certain oblique angle. Firstly, an element-level re-
flection  phase  diversity  concept  is  proposed  to  calculate
the  required  reflection  phase  difference  among  different
antenna  elements.  Then,  three  types  of  TCDA antenna
elements that  exhibit  almost  the  same  radiation  perfor-
mance but diverse reflection phase is developed. Finally,
a compound phased array consisting of these three kinds
of antenna elements is developed for in-band RCS reduc-
tion under oblique incidence. Experiment validations for
a uniform reference antenna array and the proposed low
scattering array are presented to illustrate the effectiveness
of the proposed RCS reduction technique. The measured
results  demonstrates  that  the  proposed  antenna  array
realizes  significant  RCS  reduction  while  preserving  the
good radiation performance.

Following is a summary of the advantages and con-
tribution of the proposed technique.

1) Propose a method to reduce the monostatic RCS
specifically for a certain oblique incident angle, which is
rarely researched in existing literatures.

2) Propose  a  method to  create  different  TCDA an-
tenna elements that perform diverse reflection phases but
the same radiation performance.

3) The  different  types  of  antenna  elements  are  de-
signed modular, and are easy for modular antenna array
fabrication.

4) The element-level reflection phase diversity tech-
nique does  not  introduce  additional  structures.  As  a  re-
sult,  it  does  not  increase  the  complexity  of  the  design,
the profile  height,  the  weight,  or  the  radiation  perfor-
mance.

 II. Design of the Proposed Antenna

 1. Concept of element-level reflection phase
diversity

AF
E1 E2

θ

As shown in Figure 1, the proposed low RCS anten-
na array is made up of two subarrays with various type
of  antenna  elements.  The  two  subarrays  are  uniformly
ordered, thus they excite the same array factor . As-
sume  that  and  are  the  scattering  pattern  of  the
antenna element in subarray 1 and 2, respectively. When
illuminated by a plane wave with an oblique incident an-
gle of , the scattering field of such an array can be ex-
pressed as
 

Esca = E1 ·AF · ej(2kDsinθ+β) +E2 ·AF (1)

k

D
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where  defines  the  wavenumber  of  the  wave  in  media,
 represents  the distance between contiguous subarrays

along -axis, and  represents the progressive phase shift
between the antenna elements, respectively.
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Figure 1  Generic structure of a proposed low scattering array.
 

E1 = E2

β β = π − 2kDsinθ Esca

Suppose  the  two  different  antenna  elements  in  two
subarrays reflect  equivalent energy under incident plane
waves, then . Thus, the total scattering field only
depends on . When ,  will create a
null  in the direction of incidence.  The scattering field is
fully suppressed by this element-level reflection phase di-
versity method.

E1 E2

E1 = E2

Considering radiation case,  and  are the radia-
tion patterns.  If  the  two  kinds  of  antenna  element  in-
duce similar radiation pattern, then . Suppose a
reference array is  made up of  the same type of  antenna
elements, and the proposed array will have the same ar-
ray  distribution,  then  the  two  arrays  will  generate  the
same radiation fields.

Therefore, using the proposed method, a low scatter-
ing antenna array can be obtained without any deterioration
of radiation performance. Evidently, the proposed concept
could  be  extended  to  antenna  arrays  with  much  richer
element-level reflection phase diversity. In this work, we
will  demonstrate  the  application  of  the  element-level
reflection phase diversity technique by a low RCS anten-
na array with three types of antenna elements.
 2. Antenna element designs

εr = 3.66

In order to create a low RCS antenna array, multi-
ple types of antenna elements must be built according to
the element-level reflection phase diversity idea. Geome-
try  of  three  types  of  antenna  elements  with  reflection
phase  diversity  are  presented  in Figure  2.  The  three
types  of  antenna  elements  are  composed  of  a  dielectric
superstrate,  a  dipole  with  overlapped  arms,  a  folded
Marchand  balun,  a  ground  plane  for  electromagnetic
wave  reflection,  and  a  ground  plane  for  subminiature
push-on  (SMP)  connector  soldering.  The  Marchand
balun is printed on the outside surface of two 0.254 mm
thick Rogers  RO4350 dielectric  sheets  ( ),  while
the dipole is placed between the two sheets. The copper
layers of the three antenna elements have identical con-
struction, as shown in Figure 3.

All of the three types of antenna elements have the
same compact size of 6 mm × 6 mm × 15 mm. The only
difference lies in the dielectric superstrates that cover the
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εr =
1.05

εr = 2.2
εr = 4.4

top surface of the antenna elements. Specifically, the di-
electric superstrate of antenna element 1 is a foam (

), which is equivalent to the air. The dielectric super-
strate of antenna element 2 is a F4BM-2 dielectric sheet
( ), and the dielectric superstrate over antenna el-
ement 3 is a FR4 dielectric sheet ( ). This design
makes  the  antennas  easy  for  modular  array  fabrication.
Detailed dimensions  of  the  three  types  of  antenna  ele-
ments are presented in Table 1.
 

Table 1  Dimensions of the antenna elements (Unit: mm)

a1 a2 b1 b2 b3 c1 c2 c3

1.35 2.1 2.75 0.2 1.5 0.2 0.13 0.2

c4 d h1 h2 h3 l1 l2 l3

2.5 0.5 2 5 13 1.4 3.6 10

l4 p w1 w2 w3 w4 w5 w6

10.2 6 1 0.9 1.5 1.4 0.7 3.7

 
 

In  order  to  illustrate  the  scattering  and  radiation
performance of  these  three  antenna  elements,  simula-
tions are performed with an infinite periodic boundary in
Ansys HFSS.

The simulated  VSWRs  (voltage  standing  wave  ra-
tios) of antenna elements 1, 2, and 3 are plotted in Fig-
ure  4. As  shown,  all  of  the  three  types  of  antenna  ele-
ments operate in 6–18 GHz and scan up to ±45° in E-/H-
planes.  Additionally, Figure  5 shows  that  the  radiation
patterns of the three antenna elements are comparable in
E-plane and H-plane at 12 GHz. Thanks to the constant
radiation performance, it is possible to develop an array
with diverse antenna elements.

In this work, we attempt to reduce the RCS of the
phased  antenna  array  in  X-band.  Specifically,  the  plane
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Figure 2  Geometry of the three types of antenna elements. (a) An-
tenna element 1; (b) Antenna element 2; (c) Antenna element 3.
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Figure 3  Copper layers in the three types of antenna elements. (a)
Layer 1; (b) Layer 2; (c) Layer 3.
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Figure 5  Simulated radiation patterns of the three types of antenna elements at 12 GHz. (a) E-plane, (b) H-plane.
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θ = 30°
D = 18 mm

β =
π − 2kDsinθ = 36°

wave  illuminates  from  an  oblique  angle  of ,  and
the  distance  between  adjacent  subarrays  is .
According to the aforementioned theoretical  analysis,  to
obtain the reflection phase diversity, the reflection phase
difference  among  the  antenna  elements  should  be 

.

x
θ = 30°

Thus, except for the similar radiation characteristics,
the reflection phase of each antenna element has to satis-
fy the critical phase differences. In this paper, the reflec-
tion phase under oblique incidence is calculated through
the method reported in [10].  50 Ω-matched loadings are
used  to  connect  the  three  antenna  elements. Figure  6
shows the  simulated  reflection  phase  of  the  three  pro-
posed  antenna  elements  when  the -polarized  incident
waves  coming  from . It  can  be  seen  that  the  re-
flection phases of the three antenna elements conform to
the required  reflection  phase  difference.  The  three  sub-
strates have different characteristic impedance, so the re-
flection  phase  will  be  different  when  electromagnetic
waves are incident from free space. More complex param-
eter  optimization  approaches  can  be  used  to  obtain  a
more stable  phase  difference.  Low scattering  is  thus  ex-
pected  to  be  realized  when  an  antenna  array  effectively
combines the three different types of antenna elements.
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Figure 6  The reflection phase of  the three antenna elements under
-polarized incident wave with 30° incidence angle.

 

 3. Antenna array developments
Once the three antenna elements are fixed, it is pos-

sible to create a heterogeneous antenna array to achieve
element-level reflection phase diversity, as shown in Fig-
ure  7(b). Each  subarray  consists  of  3  ×  8  antenna  ele-
ments.  To  demonstrate  the  efficiency  of  the  proposed
method for reducing RCS, a 9 × 8 reference antenna ar-
ray made up by antenna element 1 is also established, as
shown in Figure 7(a). The proposed low scattering anten-
na array’s antenna element spacing is the same as that of
the reference array.

x
θ

Investigations  on  the  scattering  performance  of  the
reference and proposed arrays are conducted by full wave
simulations. Figure  8 shows  the  monostatic  RCS versus
frequency  under -polarized  incident  waves  come  from
the angle of  = 30°. The proposed array realized signifi-

cant in-band RCS reduction over 8.5–12.5 GHz with an
average value of 6.2 dB and a maximum value of 10.2 dB
in 12.5 GHz.
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Figure 8  Simulated monostatic  RCS of  the  proposed and reference
antenna arrays under x-polarized incident plane waves with an inci-
dent angle of  = 30°.
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To  further  explore  the  principle  of  the  proposed
reflection phase diversity method, the 3-D scattering pat-
terns  of  the  referenceand proposed  antenna  array  under
-polarized incident plane waves with 30° incident angle

are presented in Figure 9. Due to the scattering cancella-
tion,  scattering energy has been dispersed from  = 30°
to  other  non-threatening  ranges  of  angles, leading  to  a
scattering null.  In  this  way,  RCS in  potential  threaten-
ing  angular  ranges  is  suppressed  in  the  proposed  low
scattering antenna array. Therefore, it can be seen from
these  simulation  findings  that  the  monostatic  RCS  can
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Figure 7  Geometry of  the  reference  antenna  array  and  the  pro-
posed  antenna  array.  (a)  Reference  antenna  array,  (b)  Proposed
antenna array.
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be effectively controlled within a certain range of angles
by element level reflection phase variety.

 III. Experimental Validation
The  fabricated  prototypes  of  the  reference  and  the

proposed antenna array are shown in Figure 10. The two
antenna arrays share the same aperture size of 66 mm ×
60 mm. Figure 11 shows the measured active VSWRs of
the proposed array in E-/H-plane scanning cases. For the
broadside  radiation,  the  active  VSWR  is  below 2.5.
When scanning to 45° in the E-/H-planes,  the proposed
antenna  array  excites  an  active  VSWR of  below  3.0.  It
can  be  concluded  that  the  proposed  array  provesan
impedance bandwidth of 6–18 GHz.

The simulated and measured broadside realized gain

< −25

for the reference array and the proposed array are shown
in Figure 12. As it can be seen, the proposed array per-
forms the same well as the reference array with no gain
deterioration.The  measured  cross-polarization  levels  are
higher  than  the  simulated  results  due  to  measurement
precision,  whereas  the  measured  co-polarization  agrees
well with the simulations. However, both of the simulat-
ed  and  measured  results  illustrate  the  attractive  low
cross-polarization  (  dB)  property  of  the  antenna
arrays.
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Figure 12  Measured  and  simulated  realized  gains  of  the  reference
and the proposed antenna array.
 

Figure  13 and Figure  14 present  the  simulated and
measured  scanning  radiation  patterns  of  the  reference
and the proposed arrays at 12 GHz. Both arrays achieve
±45° scanning ranges in the E-/H-plane.Again, the mea-
sured  and  simulated  results  are  reasonably  agreed.  At
large scanning angles, the surface wave is the main cause
of some inaccuracies.

θ
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Figure 15(a) displays the measured monostatic RCS
versus frequency  for  the  reference  and  the  proposed  ar-
rays over X-band under x-polarized plane waves with an
incident angle of  = 30°. It illustrates that the monos-
tatic RCS of the proposed antenna array is significantly
reduced in the X-band,  with a maximum reduction val-
ue of 7.55 dB. Figure 15(b) plots the simulated and mea-
sured monostatic RCS versus incidence angles along the
azimuth  plane  and  0°  elevation  angle  under -polarized
oblique incident waves. It can be observed that an aver-
age of 5 dB RCS reduction is achieved within the angu-
lar range from −30° to 30°. The simulated RCS agrees
well  with  the  measured  one  except  for  some  conflicts,
which  may  result  from  the  fabrication  tolerance  and
measurement errors.  In summary,  the proposed antenna
array  realizes  wideband  low  RCS  performance  with  no
deterioration of radiation characteristics.

 IV. Conclusion
This paper presents an element-level reflection phase

diversity method to reduce the RCS of a tightly coupled
phased array  specifically  under  a  certain  oblique  inci-
dent  wave.  With  the  theoretical  analysis  in  this  paper,
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Figure 10  Fabricated  prototypes  of  the  antenna  arrays.  (a)  The
reference array; (b) The proposed low scattering array.
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three different kinds of TCDA antenna elements are pro-
posed to obtain the identical  radiation performance and
diverse reflection phase difference. The low scattering an-
tenna  array  is  then  proposed  by  combining  the  three
types of subarrays together, with a uniform reference ar-
ray as a contrast. For validation, protypes of the 8 × 9
reference and proposed TCDA arrays are fabricated and
measured. The  simulated  and  measured  results  demon-
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Figure 13  Measured and  simulated  radiation  patterns  of  the  refer-
ence antenna array. (a) E-plane scanning, (b) H-plane scanning.
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strate  that  the  proposed  array  radiates  over  6–18  GHz
within the scanning range of ±45° in E-/H-plane. More-
over,  the  proposed array achieves  significant  monostatic
RCS reduction with a maximum value of 7.55 dB in X-
band.  It  is  suitable  for  the  modern stealthy platform in
military applications.
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