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Abstract. A low-scattering tightly coupled phased array
antenna based on a triangular lattice with resistive metal-
lic strips is presented in this paper. Resistive metallic strips
are loaded orthogonal to the dipole at the wide-angle im-
pedance matching (WAIM) layer to achieve an in-band
low-scattering array design. Compared to a rectangular
grid, a triangular grid phased array reduces the total
number of elements by approximately 13.4%. The pro-
posed array achieves +45° beam scanning in the E- and H-
planes over the frequency band of 5.6-16 GHz, while ex-
hibiting outstanding low-scattering characteristics for
cross-polarized waves throughout the operational band-
width. The monostatic RCS reduction exceeds 10 dB within
the range of 6.6-16 GHz, and it also demonstrates excel-
lent bistatic RCS reduction under oblique incidences.
A 10x10 array prototype is fabricated and measured. Both
simulated and measured results are in good agreement,
validating the feasibility of the design.
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1. Introduction

With the continuous development of electromagnetic
stealth technology, the electromagnetic scattering levels of
stealth combat platforms have been significantly reduced
through shape design and the application of absorptive
materials. The phased array antenna mounted on the plat-
form emerges has emerged as the primary scattering source
under the backdrop. Compared with conventional phased
arrays, tightly coupled phased arrays exhibit superior
broadband and wide-angle scanning characteristics due to
the strong coupling between elements, offering significant
advantages in practical applications [1-3]. However, the
inherently dense element configuration of the tightly cou-
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pled array presents considerable challenges for achieving
effective low-scattering designs. In recent years, various
works for RCS reduction of tightly coupled dipole arrays
have been proposed, such as low-scattering arrays based on
polarization-selective metamaterial absorbers [4], phased
arrays employing phase-cancellation mechanisms [5], scat-
tering control of conformal tightly coupled arrays [6], [7],
and low-scattering phased arrays incorporating multifunc-
tional metasurface [5]. Despite positive progress in these
works, achieving efficient and universal RCS reduction
while maintaining broadband and wide-angle scanning
performance remains a significant challenge.

By employing a triangular lattice configuration, the
number of elements can be reduced without changing the
aperture size, thereby lowering the overall cost of phased
array antennas [8]. The configuration has been widely
employed in various types of array antenna designs, such
as planar printed ultrawideband phased arrays [9], [10],
microstrip phased arrays with substrate integrated cavities
[11], Vivaldi arrays [12], and metallic arrays [13], [14].
However, research on low-scattering designs for phased
arrays with a triangular lattice remains relatively limited. In
[15], a Vivaldi array with a triangular grid is proposed. By
introducing slits along the profile of nonradiating edges in
each unit, the structural modal and antenna modal scatter-
ing currents can be separated, which achieves wide-angle
in-band scattering suppression and maintains radiation
performance. Although relevant studies have demonstrated
the feasibility of triangular grid arrays in low-scattering
designs, the applicability remains constrained to specific
structures and frequency bands. Therefore, achieving effi-
cient and broadband scattering suppression while maintain-
ing the radiation performance of a triangular grid array
remains an area that requires further investigation.

In this work, a low-scattering coupled phased array
antenna based on a triangular lattice with resistive metallic
strips is presented. The design is proposed by loading resis-
tive metallic strips at the WAIM layer to achieve the in-
band low-scattering property. A 10x10 array prototype is
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fabricated and measured to validate the proposed array,
with a significant monostatic RCS reduction. Meanwhile,
the proposed array presents the band of 5.6-16 GHz with
+45° scanning in the E-/H-planes.

2. Low Scattering Tightly Coupled
Antenna Design

2.1 Triangular Lattice Phased Array Antenna
Principle
Figure 1 shows a triangular grid array with large
spacing [16]. The elements are arranged in the xoy plane
with spacing dx and dy, and the base angle of the triangle is
y. This array can be regarded as the superposition of two
rectangular arrays with element spacing 2dx x dy. The con-
dition for eliminating lobe formation in this array is:
A
S .—l
1+]sin 6y, | (1)
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" siny 1+[sing, |
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y

For square and equilateral triangular arrays, when two
phased array antennas achieve identical angle scanning in
both dimensions, with dy = dy=do and y = 60°, it can obtain
Oox= Boy= 6p. The area occupied by each array element
corresponds to the blue shaded region in Fig. 1, which can
be represented as

A%quare-grid = d 2’
2d?
A(riangular-grid = ﬁ '

Equation (2) indicates that for arrays of identical
aperture dimensions, the equilateral triangular array con-
figuration requires 13.4% fewer elements than a square
grid. This reduction in the number of T/R modules yields
significant cost savings. Therefore, the triangular lattice is
adopted for the reference antenna array and the proposed
low-scattering array.
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2.2 Design of Basic Antenna Units

The designed broadband tightly coupled antenna is
shown in Fig. 2. It serves as the reference antenna for per-
formance comparison. The antenna consists of four dielec-
tric layers with a relative permittivity of &= 2.2 and a pro-
file height of 0.294 A, The first layer provides structural
support. The dipole arms are printed on the upper surface
of Layer2, with coupled patch C; and patch C, enhancing
electromagnetic coupling between antenna units. Coupled
patch C; is printed on the upper surface of Layer2, while
coupled patch C; is printed on the upper surface of Layerl.
Both layers are connected to the metal ground plane via
metal shorting columns. The WAIM layers consist of
a dielectric substrate Layer3 and a metasurface overlay
Layer4 [17], which together cover the dipole to enhance
the antenna’s broadband and wide-angle scanning perfor-
mance, as shown in Fig. 2(b). Moreover, Layerl to Layer3
incorporate dielectric vias to reduce the effective dielectric
constant and suppress surface wave effects. The antenna is
excited via unbalanced feeding, with the inner conductor of
the feed line connected to one end of the dipole arm and
the outer conductor bonded to the metal ground plane.
However, unbalanced feeding leads to common-mode
resonance, which is shifted out of the operating frequency
band by means of shorting pillars. Furthermore, the refer-
ence antenna has a maximum operating frequency of
16 GHz. Considering the condition for eliminating lobe
formation under an equilateral triangular grid arrangement
as specified in (1), the final unit dimensions are determined
to be 9.2 mm x 10.6 mm, equivalent to 0.49 x 0.57 A2
The main parameters of the reference antenna are shown in
Tab. 1.

Figure 3 shows the boundary condition settings and
triangular lattice array simulation model of the reference
antenna in HFSS. Three pairs of periodic boundary condi-
tions are used to realize the triangular lattice array, and
Floquet port excitation is used to simulate the infinite array.

Figure 4 presents the active VSWR for the E-plane
and H-plane at different scanning angles of the reference
antenna. Simulation results show that this antenna unit
exhibits excellent broadband performance in 5.6-16 GHz
band for £45° scanning in both the E-plane and H-plane.
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Fig. 1. Schematic diagram: (a) rectangular lattice and (b) triangular lattice.
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Fig. 2. Structure of the reference tightly coupled antenna: (a) 3-D view; (b) WAIM layer; (c) Dipole layer; (d) Side view.
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Fig. 3. Simulation model: (a) Triangular grid array under periodic boundary conditions and (b) infinite array model.

Parameters dx dy h; h, hs hs r
Value/mm 9.2 10.6 3.0 0.254 1.25 1.0 1.0
Parameters dr Wr I L1 W, L, W»
Value/mm 0.25 0.2 0.5 3.7 2.5 3.75 1.8
Parameters Ls W3 ds ds L¢ Ls Lc
Value/mm 1.2 5.2 0.6 0.4 3.6 3.1 1.8

Tab. 1. Design parameters of the proposed antenna.
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Fig. 4. Simulated VSWRs of the reference tightly coupled antenna under periodic boundary conditions: (a) E-plane; (b) H-plane.
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Fig. 5. Local structural model of a low-scattering antenna with different resistors and parameters: (a) Unit-A with Res1; (b) Unit-B with Res2.

2.3 Design of Basic Antenna Units

To achieve low-scattering characteristics of the cross-
polarized wave, resistive strips are integrated at the base of
the overlying Layer4. The local structural model is shown
in Fig. 5(a), with this low-scattering antenna designated as
Unit-A. Each antenna unit comprises two metal strips
orthogonal to the dipole, each strip loaded with a resistor of
value Resl. The parameters are as follows: Ly = 7.95 mm,

Wp1= 0.4 mm, Ly2=2.4 mm, Wy, = 0.45 mm, Resl = 160 Q.

Figure 6 shows the variation curves of the reflection
coefficient and absorption rate of Unit-A with frequency
under vertically incident cross-polarized waves. It can be
observed that reflection coefficient remains below —10 dB
within 5.6-16 GHz band, while the absorption rate exceeds
80% range from 5 to 16 GHz. However, the unit exhibits a
relatively high reflection coefficient within the 9-12 GHz
band. To enhance RCS reduction performance in the fre-
guency band, a low-scattering antenna Unit-B is proposed,
as illustrated in Fig. 5(b).

Figure 7 shows the variation of the reflection coeffi-
cient with frequency for Unit-B when loaded with resistors
of different values under cross-polarized wave incidence. It
can be seen that as the resistance of Res2 increases from
200 Q to 300 Q, the resonant frequency shifts significantly
to lower frequencies. This phenomenon is attributed to the
fact that the resistance not only dissipates electromagnetic
energy but also alters the effective circuit parameters of the
unit, thereby changing the imaginary part of the input im-
pedance and causing a shift in the resonant point. Consid-
ering the antenna’s frequency band and the requirement to
maintain a reflection coefficient below —10 dB, Res2 is set
to 250 Q. With this configuration, the resistance not only
effectively dissipates energy but also optimizes the input
impedance of Unit-B, enabling good absorption perfor-
mance over a wide bandwidth. As expected, Unit-B main-
tains reflection coefficients below —15dB across the
10-14.6 GHz range, demonstrating excellent low-

scattering characteristics for cross-polarized waves. In this
setting, Unit-B is designed with Wy3=0.625 mm, while all
other structural parameters are kept identical to Unit-A.

2.4 Design of Basic Antenna Units

To confirm the finite array exhibits excellent radiation
and scattering characteristics, an analysis of the perfor-
mance of Unit-A and Unit-B is conducted. Figure 8 shows
the active VSWRs of the two elements in the broadside and

~ W

m

Z -5 1-5

= L
g N %
g-10}" -10%
E . - - » pi U E
o I ) ] =
O N L B
E_b o x -15 §
= \ !

g --u--reflaction cefficient K <
& 20 . =20

K —s— absorption rate

56 7 8 9 10 112 B3 1415 16
Frequency (GHz)

Fig. 6. Reflection coefficient and absorption rate of Unit-A
under vertically incident cross-polarized waves.
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Fig. 7. Reflection coefficient of Unit-B loaded with different
resistors under cross-polarized wave incidence.
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Fig. 8. Active VSWR for different scanning angles of the low-scattering tightly coupled antenna: (a) E-plane; (b) H-plane.
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Fig. 9. Simulated normalized radiation patterns of the proposed low-scattering element at 11 GHz: (a) E-plane; (b) H-plane.

and E-/H-plane. It can be observed that the active VSWRs
of both antenna units are less than 2.0 from 5.6 to 16 GHz
for broadside and 45° scanning in the E-plane. Compared
to the simulation results of the reference antenna shown in
Fig. 4(a), it is evident that adding a resistive metal strip
improves the impedance matching characteristics at 45° E-
plane in the high-frequency range. When scanning at 45° in
the H-plane, the active VSWRs of both low-scattering
broadband tightly coupled units remain below 2.6 within
the operating frequency range, and the trend of the curves
is consistent with that of the reference antenna.

The simulated E-plane and H-plane normalized radia-
tion patterns at 11 GHz of both Unit-A and Unit-B are
shown in Fig. 9(a) and (b). In these figures, the main polar-
ization gain curves of Unit-A and Unit-B exhibit high
overlap in both the E-plane and H-plane, with cross-
polarization electrical gain consistently below -50 dB,
which demonstrates excellent cross-polarization character-
istics. Therefore, using a hybrid array configuration con-
sisting of Unit-A and Unit-B does not negatively impact
the array’s radiation performance.

The scattering characteristics of the two antenna units
under cross-polarized wave irradiation in an infinite-period
environment are shown in Fig. 10, along with a comparison
to the reference antenna element. As can be seen, the pro-
posed low-scattering antenna Unit-A and Unit-B show
a significant in-band (5-16 GHz) RCS reduction as com-
pared with the reference antenna. In detail, Unit-A exhibits
a monostatic RCS reduction of more than 10 dB over the
5.6-16 GHz range, while Unit-B shows a reduction greater

than 15 dB within the 10-14.6 GHz range. Consequently,
the hybrid array configuration of the two units can achieve
complementary scattering reduction values within the cor-
responding frequency bands, thereby achieving a low-
scattering design within a broad bandwidth.

3. Finite Array Simulation and
Prototype Measurement

3.1 Low-Scattering Phased Array Structure

To validate the radiation and scattering characteristics
of the designed triangular grid phased antenna array,
a 10 x 10 low-scattering broadband phased array antenna is
fabricated and assembled, as illustrated in Fig.11. To
achieve a maximally symmetrical distribution of the resistive

Monostatic RCS (dBsm)

—=— reference antenna —¢— Unit-4 —+—Unit-B

5 6 7 8 9% 10 11 12 13 14 15 16
Frequency (GHz)

Fig. 10. Comparison of the monostatic RCS between the low-
scattering units and the reference antenna element.
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Fig. 11. Simulation model and principle prototype of 10 x 10 broadband low-scattering antenna array: (a) Finite array simulation model;
(b) Resistive metallic strips; (c) Detailed diagram of the prototype; (d) Prototype.

metal strips within the triangular grid array while pre-
serving the low-scattering characteristics, the strips are
arranged as shown in Fig. 11(b). This configuration uses
a total of 240 resistors of 160 Q and 160 resistors of 250 Q,
all of which are surface-mount components with 0402
packaging (1 mm x 0.5 mm). Considering the truncation
effects of the finite array, the outermost elements of the
array are set as dummy elements, terminated with 50 Q
matched loads, with the actual excitation aperture being 8 x 8.

Furthermore, to evaluate the radiation scattering
characteristics of the designed array, a 10 x 10 phased
array antenna composed of reference antenna elements is
selected as the reference array for comparison.

The low-scattering prototype is illustrated in
Fig. 11(c) and (d). The dipole layer, coupled patch, and
WAIM layers are all printed onto F4ABM-2 substrate with
a relative permittivity of 2.2, integrated onto a 2 mm-thick
tin-plated brass reflector plate, which provides mechanical
support for the antenna. Layerl and Layer2 are laminated
together into a single unit via PP lamination. Resistors are
mounted on the bottom surface of Layer4, while the dielec-

tric vias on Layer3 reserve space for surface-mount resis-
tors. The inner conductor of the 50 Q semi-flexible RF
cable is connected to one end of the dipole arm, while the
outer conductor is attached to the metal ground plane.
Finally, the multi-layer dielectric substrate is fixed to the
metal ground plane using nylon screws.

3.2 Radiation Performance of the Finite
Array

The far-field radiation characteristic measuring envi-
ronment is shown in Fig. 12. The scanning radiation pat-

Fig. 12. Prototype far-field radiation characteristics measuring
environment.
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Fig. 13. Simulated and measured normalized radiation patterns of the low-scattering phased array antenna with triangular grid arrangement:
(a) E-plane at 11 GHz; (b) H-plane at 11 GHz; (c) E-plane at 16 GHz; (d) H-plane at 16 GHz.

tern of the phased array antenna is measured using the unit
excitation active element pattern (UEAEP) method [18].
The radiation pattern of the prototype is measured at the
representative frequency of 11 GHz. Figure 13 presents the
simulated and measured normalized radiation patterns of
the low-scattering tightly coupled phased array antenna
with a triangular lattice grid. The measured and simulated
results demonstrate excellent agreement in the overall
trends. The measurement error primarily arises from phase
distortions introduced by repeated insertion and removal of
the matched load and cables during the UEAEP measure-
ments.

Figure 14 illustrates the variation of the broadside
gain of the designed array with frequency, along with the
simulated results of the reference array for comparison. It
is evident that the co-polarization gain curves of the de-
signed and reference arrays are basically similar, confirm-
ing that the proposed design approach does not cause
a significant degradation in broadside gain. The measured
gain curve of the prototype closely matches the simulated
results, exhibiting a maximum gain deviation of 2 dB
across the operating frequency band. The designed array
achieves a simulated cross-polarization electrical average
of less than —30 dB, and the measured average remains
below —15dB, which verifies that the array maintains
excellent polarization purity.

3.3 Scattering Performance of the Finite
Array
The scattering characteristic measuring environment

is illustrated in Fig. 15. A pair of horn antennas operating
in 1-18 GHz with an extremely small bistatic angle are

connected to the vector network analyzer (R&S ZNB40) as
the transmitters and receivers. The antenna under test,
terminated with a matched load, is mounted on a foam
turntable and aligned with the transceiver system. The
experiment sequentially measures the scattering results of
the environment and the prototype under test, and saves the
measured data. Monostatic RCS results under normal inci-
dent waves are measured limited by the measurement envi-
ronment. Following post-processing by the measurement
system, the monostatic RCS of the prototype under test can
be obtained.

Figure 16 shows the measured and simulated mono-
static RCS patterns of both the design antenna array and
the reference array under vertical incidences of cross-
polarized waves. Besides, the monostatic RCS for a metal
plate (PEC) of equivalent dimension is provided, with an
aperture size of 92 x 111.3 mm2. As can be observed, the
monostatic RCS of the reference array shows a great
agreement with the PEC. Comparing with the reference array,
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Fig. 14. Comparison between simulated and measured

broadside radiation gain.
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it can be seen that the designed array exhibits effective
RCS reduction from 5 to 16 GHz, achieving a monostatic
RCS reduction exceeding 10 dB in the 6.6-16 GHz band.
Meanwhile, the RCS reduction band is consistent with the
scattering characteristics of the tightly coupled antenna unit
in Fig. 10, which verifies that the designed low-scattering
array suppresses monostatic RCS under cross-polarized
waves. Within the frequency band of 5 to 16 GHz, the
simulated average RCS reduction amounted to 13 dB.
Moreover, the measured results agree well with the simu-
lated results, validating the reliability of the simulation
method, while the observed discrepancies are primarily
attributed to the resistance tolerance of the chip resistors.

To validate the bistatic RCS reduction effect of the
designed low-scattering triangular grid phased array anten-
na, Figure 17 presents bistatic RCS of the designed array at
8 GHz and 14 GHz under cross-polarized wave vertical
irradiation as compared with the reference array. As
shown, the designed resistive strip does not cause an in-
crease in dual-station scattering within other angular do-
mains.

In practical applications, the low-scattering perfor-
mance of antenna arrays under oblique incidence is consid-
ered equally important as that under normal incidence.
Figures 18 and 19 show the simulated bistatic RCS reduc-
tion effect when cross-polarized waves are obliquely inci-
dent at different angles in the xoz-/yoz-planes, respectively.
It is evident that the resistive metallic strips exhibit good
absorption characteristics when illuminated by cross-
polarized waves at oblique angles of 30°, 45°, and 60°,
compared with the reference array. As the angle of inci-
dence increases, the amount of reduction decreases accord-
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ingly. The peak scattering field under oblique incidence
remains below —10 dBsm at the typical frequencies of
8 GHz and 14 GHz, which demonstrates excellent bistatic
scattering characteristics. Consequently, the proposed an-
tenna array effectively reduces RCS under oblique incident
plane waves.

b
Fig. 15. Measurement environment of the prototype.
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Fig. 17. Bistatic RCS simulated results for the proposed array and reference array under normal incidence for cross-polarized waves:
(a) xoz plane at 8 GHz; (b) yoz plane at 8 GHz; (c) xoz plane at 14 GHz; (d) yoz plane at 14 GHz.
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Fig. 19. Bistatic RCS of the proposed and reference array under oblique incidence in yoz plane: (a) 8 GHz; (b) 14 GHz.
Refs. Antenna Type Radiation Performance Scan Angle Monostatic R(?S Reduction Grid La)_/out
(cross-polarized wave) Array Pitch
T Triangular grid
. — z
-/H- o 0.55 x 0.64
[9] Dipole array Active VSWR < 3 E-/H- £45 N.A. ,
)I'ZIGHZ
14-21 GH Triangular grid
. . — z
M- +E0° 0.48 x 0.48
[11] Microstrip patch array Active VSWR < 2 E-/H- £50 N.A. §
ﬂlGGHz
A 9.8-11.1 GHz E- #51° Triangular grid
[19] Microstrip patch array Active VSWR < 2 H- +33° N.A. 1x1 42
812 GH 812 GH Triangular grid
N = z — z
-/H- +60° 0.48 x 0.52
[15] Vivaldi array Active VSWR < 2 E-/H- £60 RCSR > 0 dB ,
ﬂlZGHZ
ey L Rectangular grid
. — z — z
-/H- +45° 0.36 x 0.36
[20] Tightly coupled array Active VSWR < 3 E-/H- £45 RCSR > 5 dB ,
/’LALBGHZ
Thi 5.6-16 GH 6.6-16 GH Triangular grid
is ; .6 z .6 z
-/H- o 0.49 x 0.57
work Tightly coupled array Active VSWR < 2.6 E-/H- £45 RCSR > 10 dB 2
6GHz

Tab. 2. Performance comparison with reported designs.

To further indicate the excellent merits of this work,
the performances of the proposed low-scattering phased
antenna array under a triangular grid are compared to other
literature associated with phased arrays, as summarized in
Tab. 2. Among the reported and proposed works, the pro-
posed low-scattering phased array with a triangular lattice
arrangement exhibits a favorable performance in terms of

bandwidth, wide-angle scanning, and low-scattering. It
achieves excellent radiation performance from 5.6 to
16 GHz, while enabling scanning up to £45° in both E- and
H-planes. More importantly, the triangular lattice grid
allows compact element placement, which effectively sup-
presses array scattering and achieves a monostatic RCS
reduction exceeding 10 dB across the band.
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4. Conclusion

In this paper, a low-scattering phased array antenna

based on a triangular grid arrangement with resistive metal-
lic strips is proposed. A 10 x 10 triangular lattice phased
array prototype is fabricated and measured to validate the
design, and the simulated and measured results are in great
agreement. Specifically, the proposed low-scattering array
achieves an effective in-band RCS reduction under cross-
polarized incidence, while maintaining good radiation
performance. The proposed array provides an effective

solution for achieving wideband radiation and

low-

scattering characteristics, which are promising for modern
low-observable array antenna applications.
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