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Wideband RCS Reduction of Vivaldi Antenna Based on Substrate
Integrated Waveguide
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Abstract—A novel design for radar cross section (RCS) reduction of a bilateral Vivaldi antenna is
presented. The method for RCS reduction is based on the wave-guiding characteristic of the substrate
integrated waveguide (SIW) structure, which guides the incident energy to the lateral side of antenna
plane. The bistatic RCS is controlled under the premise of reducing the monostatic RCS. Compared
with the reference antenna, a significant monostatic RCS reduction is achieved over a wide frequency
band ranging from 5GHz to 12GHz, and a remarkable monostatic RCS reduction at 7GHz is as
much as 34.73 dB without obvious radiation performance degradation. To verify the proposed strategy,
prototypes of the reference and proposed antennas have been fabricated and measured. Good agreements
between the simulated and measured results demonstrate that the proposed method preserves the
radiation performances well and achieves an outstanding wideband RCS reduction.

1. INTRODUCTION

With the rapid development of the advanced detection and stealth technology, extensive attention on the
radar cross section (RCS) reduction of different platforms has been paid due to the urgent requirement
for defence application. As an indispensable device for communication systems, the antenna must
transmit and receive electromagnetic wave effectively. Therefore, reducing the RCS of antennas is so
difficult because the optimization of the scattering features would degrade the radiation performance
of antennas. In recent years, many methods have been proposed to reduce the RCS of antennas since
the antennas are the dominant scatterers for low-observable platforms [1]. In order to reduce the RCS
of antennas, the system complexity will usually be increased and the radiation property of the antenna
also may be affected. Various approaches have been raised to reduce the scattering signature of a
stealth object, such as shaping the target [2, 3], coating with radar absorbing material (RAM) [4–6] and
using the passive and active cancellation technology [7–9]. Recently, polarization conversion surfaces are
utilized to design low RCS surface and antennas [10, 11], achieving a remarkable result in a wideband
range.

Among the ultra-wide band (UWB) antennas, Vivaldi antennas [12, 13] are widely utilized in fire
control systems which are installed in front of the aircraft because of the high gain, broad bandwidth and
compact size. Hence, reducing the RCS of the UWB antenna is of great significance, especially covering
the operation band. However, it is difficult to find a balance between the scattering characteristics and
radiation performance by using conventional approaches. In [14], the RCS reduction of a dual-index
Vivaldi antenna is investigated over a wide frequency band with the radiation performance almost
unaffected. A phase-switched screen (PSS) is introduced in [15], but the RCS reduction of the antenna
is obtained only at some frequency band. In [16], the modified metal radiator and the photonic band gap
(PBG) structure are combined to reduce the RCS of Vivaldi antenna. For antipodal Vivaldi Antenna,
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the RCS in the end-fire direction can be reduced by using flat corrugated slot line to replace exponential
gradient curve on both sides of the antenna [17]. In Reference [18], a half-mode substrate integrated
waveguide (HMSIW) structure is first utilized to design the low RCS Vivaldi antenna. In view of
reference [18], a novel SIW structure is designed to obtain the RCS reduction in a wider frequency
band [19]. Nevertheless, there are few analyses on controlling the bistatic RCS in [19]. Based on the
previous work [19], a low RCS bilateral Vivaldi antenna utilizing the substrate integrated waveguide
(SIW) structure is proposed. Different from [19], the focus of this paper is paid on the flow direction
of electromagnetic energy and analyses the bistatic RCS reduction as well as reducing the monostatic
RCS. The RCS reduction of the antenna is achieved almost covering the whole operation frequency
band. And more importantly, the electromagnetic energy can be led to the low threating direction by
using the guiding effect of SIW on energy.

SIW and HWSIW have been the subjects of intense investigation for years [20–22], and many devices
have been proposed using SIWs: filters [23, 24], antennas [25, 26], and power divider [27]. As a type of
planar wave-guided structures, SIW has some unique advantages over rectangular waveguide, such as
low profile, cheap processing cost and low loss. Besides, it can be easily integrated with the printed
circuit board. Due to the SIWs with the oblique bending structure, the propagation of electromagnetic
wave flows to the lateral side of antenna plane, thus the forward and backward RCS can be reduced.

The antenna design is introduced in Section 2. For comparison, a traditional bilateral Vivaldi
antenna is chosen as the reference antenna, with the same dimension as the designed antenna. Section 3
presents the simulation and mechanism of RCS reduction, including three parts: radiation performance,
monostatic RCS and bistatic RCS. Conclusions are outlined in Section 4. Both the reference and
proposed antennas are fabricated and measured, and all the simulation works are made by using Ansoft’s
High Frequency Solution Solver (HFSS) software.

2. ANTENNA DESIGN

Figure 1 shows the geometry of the reference and proposed antennas. The antenna is designed on two
pieces of substrates, which is Rogers 5880 with relative dielectric constant of 2.2 and a thickness of
0.5mm. A stripline with an impedance of 50Ω is employed to excite the bilateral Vivaldi antenna.
Two SIWs with the width of W1 are formed by the four rows of the metallic via-holes and two pieces
of metallic patches on the two sides of the substrate. The first and last row of the metallic via-holes
and the two pieces of metallic patches form two HMSIWs with the width of W2. In order to guide the
scattering energy to the lateral side, four rows of oblique via-holes are introduced with an oblique angle
of 45◦, as shown in Fig. 1(b). The reference antenna has the same geometry with the proposed antenna
except the via-holes structure.

(a) (b)

Figure 1. Geometry of (a) the reference antenna and (b) the proposed antenna.

More in detail, the parameters of the proposed antenna are presented in Table 1. The positions
and widths of the SIWs in Fig. 1(b) are optimized to preserve the ideal radiation property and realize
the outstanding RCS reduction in a wider band. Besides, the radius (r) and space (d1) of the metal
via-holes satisfy the equation: d1/(2 ∗ r) < 3 [28].
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Table 1. Parameters of the reference and proposed antenna.

Parameters D R Wsl Wst r d1

Value (mm) 6 6 0.2 0.8 0.2 0.8

Parameters Ws W1 W2 L L1 h

Value (mm) 20 2.8 1.8 44 11.1 1

3. SIMULATED AND MEASURED RESULTS

3.1. Radiation Performance

To verify the proposed strategy, the prototypes of the reference and proposed antennas are fabricated
and measured, and the photographs are displayed in Fig. 2. In detail, Fig. 2(a) is the top side of the
design and Fig. 2(b) is the bottom side.

(a) (b)

Figure 2. (a) Top side and (b) bottom side of the fabricated antennas.

The reflection coefficient and gain curves versus frequency of the reference and proposed antennas
are depicted in Fig. 3. It can be obviously seen that this design has a very little impact on the reflection
coefficient and the gain almost remains unchanged compared with the reference one. From Fig. 3(a), the
measured results of the two antennas are slightly higher than the simulated results. This is mainly due
to the fabrication tolerance, material errors and measurement uncertainty. What’s more, the maximum
gain loss in the radiation direction (x-axis) is 0.29 dB, which is mainly due to the existence of holes on
the radiation patch.

(a) (b)

Figure 3. (a) Reflection coefficient and (b) gain of the reference and proposed antenna.
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(a)

(b)

Figure 4. Simulated and measured radiation patterns at (a) 7GHz and (b) 12GHz in E- and H-plane.

The simulated and measured radiation patterns at 7GHz and 12GHz are shown in Fig. 4. From the
radiation patterns at different frequencies, one can conclude that the radiation patterns of the proposed
antenna are almost the same as the reference antenna. In detail, the maximum gain loss between
the simulated and measured results is 0.83 dB, and it is also because of the fabrication tolerance and
measurement error. In a word, the utilization of the SIWs does not affect the radiation characteristics
and the impendence matching of the antenna.

3.2. Monostatic Radar Cross Section

Experiments and simulations have proved that dispersion characteristics of the SIW are the same as
those of its equivalent rectangular waveguide [28]. The equivalent width of the SIW with a very good
approximate equation is proposed in [28]. Because the SIW has similar performance as the conventional
rectangular waveguides, the SIW with different widths can be excited at different frequencies. As a
result, the proposed antenna with various widths of SIW and HMSIW realizes the wideband RCS
reduction.

The monostatic RCS comparisons between the reference and proposed antenna irradiated by θ-
polarized (vertical polarization) plane wave are exhibited in Fig. 5. As shown in Fig. 5(a) with the
incident angle of θ = 90◦, φ = 0◦, the RCS of the proposed antenna is reduced dramatically over a wide
frequency band ranging from 5GHz to 12GHz, and the maximum reduction is as much as 34.73 dB
compared with that of the reference antenna. When θ = 80◦ as Fig. 5(b) shows, the electromagnetic
energy guided by the SIWs is reduced with the decrease of the incidence angle, thus the RCS reduction is
not as noticeable as when θ = 90◦. This phenomenon testifies that the SIWs are the main contribution
to the reduction of the RCS. In addition, the approach is ineffective for the φ-polarized (horizontal
polarization) plane wave, because TM modes cannot be excited in the SIW [28].
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(a) (b)

Figure 5. Comparisons of monostatic RCS between the reference and proposed antenna with the
incident angles of (a) θ = 90◦, φ = 0◦ and (b) θ = 80◦, φ = 0◦.

(a) (b)

(c) (d)

Figure 6. Monostatic RCS curves for θ-polarized plane wave with the incident angles of (a) φ = 15◦,
θ = 90◦, (b) φ = −15◦, θ = 90◦, (c) φ = 30◦, θ = 90◦ and (d) φ = −30◦, θ = 90◦.

The monostatic RCS for θ-polarized (vertical polarization) plane wave, with the incident angles
of φ = ±15◦, ±30◦ and θ = 90◦, are also simulated. As shown in Fig. 6, the monostatic RCS of
proposed antenna is reduced dramatically. It indicates that the novel design has a stable property of
the monostatic RCS reduction over a certain angle range.
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Figure 7. Surface current distributions of 0◦, 60◦ and 120◦ at 12GHz.

3.3. Bistatic Radar Cross Section

The surface current distributions of the reference and proposed antenna, which are irradiated by the
θ-polarized plane wave at 12GHz and 6GHz are illustrated in Fig. 7 and Fig. 8 respectively. Moreover,
the incident angles are φ = 0◦ and θ = 90◦. The phases of surface current distribution are 0◦, 60◦

and 120◦, respectively. It is obvious that the incident plane wave will excite the SIWs in this case.
As is apparent from Fig. 7(b), the energy flows in the SIWs with the variation of the phase, and the
electromagnetic energy is led to the lateral side of antenna plane due to the wave-guiding characteristics
of SIWs. Nevertheless, the energy distribution near the edge of the reference antenna does not change
obviously, as shown in Fig. 7(a). Besides, the electric field intensity of the proposed antenna is smaller
than that of the reference antenna. Thus, the monostatic RCS of the proposed antenna is reduced, and
the bistatic RCS in the lateral side of the proposed antenna will increase compared with that of the
reference antenna.

At low frequency, the incident plane wave will excite the SIWs with wider width. As shown in
Fig. 1(b), two SIWs with the narrower width (W1) are formed by the four rows of the metallic via-holes
and two pieces of metallic patches. A wider quasi SIW is generated by the second and third row of
the metallic via-holes, and the metallic patches of quasi SIW are etched continuous gradual change
slot-line. Certainly, the transmission characteristic of the quasi SIW is damaged because of the slot on
the metallic patches, but the guided-wave property doesn’t completely disappear. From Fig. 8(b), the
quasi SIW transmits the energy with the variation of the phase.

The bistatic RCS in the xoy-plane varies with φ ranging from 0◦ to 360◦, emphatically analysed in
this paper. The regions of φ = 45◦ to 135◦ and φ = 225◦ to 315◦ are defined as region2, and φ = 135◦ to
225◦ are defined as region1, shown in Fig. 9. On account of the wave-guiding characteristic of the SIWs,
the oblique structures of the SIWs will lead the energy to the lateral side of the antenna (region2).
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Figure 8. Surface current distributions of (a) reference antenna and (b) proposed antenna with the
phase of 0◦, 60◦ and 120◦ at 6GHz.

Figure 9. Sketch map of antenna zoning.

To prove the validity of the above analysis, the bistatic RCS comparisons between the reference and
proposed antenna are presented in Fig. 10. It is emphasized that the incident plane wave is θ-polarized
with the incident angles of φ = 0◦ and θ = 90◦. Furthermore, the observed frequencies are 5.8GHz and
8.9GHz.

Compared with the reference antenna, the proposed antenna leads the scattering energy to the
lateral side. Thus the forward and backward RCS are reduced, while the lateral RCS (region2) is
increased. Consequently, it can be concluded that the wave-guiding characteristic of SIWs is able to be
widely utilized for leading the propagation orientation of scattering energy to the low threat angular
domain in the application of bistatic RCS control.
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(a) (b)

Figure 10. Bistatic RCS of reference and proposed antenna at (a) 5.8GHz and (b) 8.9GHz in xoy-
plane.

4. CONCLUSION

A novel design has been developed for RCS reduction of Vivaldi antennas. Due to the guiding role of
SIW with oblique bending structure, the bistatic RCS is controlled, and the scattering energy can be
guided away from the threat direction. Thus, an outstanding wideband RCS reduction from 5–12GHz
is achieved under the premise of preserving the radiation performance. Moreover, the analysis and
simulation have demonstrated that the SIW can be widely applied to design a bilateral Vivaldi antenna
with low RCS.
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