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Bistatic RCS Control on Slot-Sinuous Antenna by Adding 3 and 5
Parasitic Ellipses Openings
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Abstract—In this paper, an ultra-wide band modified slot-sinuous antenna has been designed to
enhance bistatic radar cross section (RCS) response. The design procedure consists of adding three
or five parasitic ellipses openings to each of the slot-sinuous arm cells. The parasitic ellipsis allows to
control bistatic RCS without impacting antenna radiation characteristics. Parasitic ellipses opening
dimensions are small compared to the relative wavelength of the signal on each active region of the
antenna. The ellipses distributed on sinuous antenna arm are scaled by the same expansion coefficient
used to design the antenna itself. In the proposed design, ellipses parameters such as ellipses axis, radial
position, and relative angle position on the sinuous cell are key parameters to be optimized for bistatic
RCS reduction. The total number of designing parameters is finite, but their combination is infinite,
which leads to the possibility of designing different antennas based on the required designing goals.
The proposed solution and the results presented in this work show the applicability of the designing
parameters to control bistatic RCS on active region antennas.

1. INTRODUCTION

The demand of military applications for object tracking and recognition has always been a very powerful
engine in research and development on radar and microwave imaging applications [1-4]. The demand
on high performance radar systems requirement goes parallel to the objective of the radar itself as
invisible as possible to hostile radars. This last requirement means radar systems with the lowest
possible equivalent radar cross section (RCS).

One of the key elements for designing high performance radar systems with the lowest radar cross
section is the antenna itself which is an exposed radar element to possible hostile radars.

In recent years, various techniques have been designed to reduce or control antenna radar cross
section in a monostatic or bistatic scenarios. First attempts reduc RCS are based on using antenna
shaping as to reflects incident waves on directions that differ from the incident one. This was one of the
first stealth techniques used to reduce object monostatic RCS [1,5]. This solution improves the stealth
response of the object on monostatic radars but is less effective on bistatic radar solutions [5, 6]. Another
technique used to reduce radar footprint of the object is using radio absorbing materials which have
drawback in increasing the overall antenna dimensions and can potentially reduce antenna performance
[7].

Many different approaches have been presented for RCS reductions such as frequency selective
surfaces (FSS) [8-10], metasurfaces [11-14], partially reflecting surfaces [15], electromagnetic bang gap
(EBG) structures [16], and artificial magnetic conductor [17,18]. Different authors have presented
parasitic stubs or slots openings in the antenna structure or in the antenna ground plane to control in
band RCS [19-23]. Slots openings vary from standard geometries such as rectangular or square slots,
circular, star, up to any fractal geometries or combinations of elementary ones [19, 24, 25].

Received 14 July 2022, Accepted 25 August 2022, Scheduled 9 September 2022
* Corresponding author: Elson Agastra (eagastra@fti.edu.al).
The authors are with Department of Electronic and Telecommunications, Polytechnic University of Tirana, Tirana, Albania.



74 Agastra et al.

Reducing radar cross section is not an easy task specially on ultra-wide band (UWB) radar systems
where most of the techniques mentioned above present narrow band response or are focused on out-of-
band RCS reduction.

In this work, a slot-sinuous antenna, designed to operate in 6-18 GHz frequency band, is modified
by adding parasitic ellipses slots. The proposed antenna is used in radar applications due to its intrinsic
wide-band characteristics [1,26-28]. The design is based on the slot-sinuous presented in [19, 29]. Ellipse
slot openings are rated suitable for RCS in-band reduction similar to what is presented by the authors
in [19] and by other authors on broadband antennas [22,24,30-32], antenna arrays [33], etc.

The paper is organized as follows. In Section 2, the antenna design parameters are drafted and
geometrically explained. Section 3 defines simulation parameters and metrics used to evaluate the
proposed solution such as radar cross section and the difference on bistatic radar cross section between
the two analyzed antenna models. Section 4 addresses bistatic radar cross section reduction using
the proposed solution. In this section, some important remarks are added to help the reader better
understand the physical meaning of the proposed solution and how this solution can be applied in
similar projects. At the end, in Section 5, some concluding remarks are drawn for the presented work.

2. ANTENNA DESIGN DEFINITION

Sinuous antenna has been recently chosen as radar system radiating element due to its intrinsic UWB
characteristics [1,27, 28].

Sinuous antenna is categorized as active region antenna and is designed based on a quasi-periodic
geometry defined in cells as in Figure 1 [29]. In each frequency, in the designed frequency band, we can
find a physical antenna area where the current distribution has a major contribution to the radiation
characteristics.

Figure 1. Sinuous antenna design geometry.

Sinuous geometry can be designed based on mathematical formulation defined in (1).

B » . [mln(r/R,)
¢ = (—1)" apsin [ In () (1)
where r and ¢ are polar coordinates of the points describing sinuous curve relative to the pth antenna
cell. Cell no. 1 is the outermost cell, with radius R;. The following cells are designed based on a
logarithmic recursive rule, R, = 7,1 X Rp_1, where 7, and o are appropriate constants describing
angular width and scale factor of the antenna, like log-periodic antenna design.

The boundaries of sinuous antenna arm are designed by rotating the obtained curve as in analytic
expression (1), by +6 around the z axis.

In the present design, the chosen parameters allow a complementary antenna design, which
means that the metallic and non-metallic areas are identical in four arm version. To obtain a self-
complementary structure, designing antenna parameters are: 7, = 7 = 0.77, o, = a = 45° and
dp = 0 = 22.5° and 11 total cells (P = 11).
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Sinuous antenna, in its four arm version, allows contemporary two orthogonal polarizations that
can be two orthogonal linear polarizations VP and HP ( VP-Vertical Polarization and HP-Horizontal
Polarization) or two orthogonal circular polarizations RHCP and LHCP (RHCP-Right Hand Circular
Polarization and LHCP-Left Hand Circular Polarization) as presented in Figure 2. This sinuous antenna
feature with its intrinsic ultra-wide bandwidth behaviour makes the sinuous antenna a very interesting
element for radar systems.
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Figure 2. Geometry of parasitic ellipsis slots openings to the metallic surface.

In this work, a four arm slot-sinuous antenna is investigated for right hand circular polarization
and its cross-polar, left hand circular polarization. For the chosen frequency band (6-18 GHz), the
maximum sinuous arm radius is 14mm, and the overall antenna radius, including the closing rings
needed to realize the slot-sinuous antenna, is 18 mm [29].

The aim of this work is to add small parasitic ellipsis openings to the antenna structure to control
bistatic radar cross section continuing authors previous work [19] on monostatic radar cross section.
The above term of “small parasitic” ellipses are relative to signal wavelength on the active region of the
antenna where the ellipses are deployed. In this way, the parasitic openings have a minor impact on the
radiation characteristics of the antenna itself.

In this work, starting from the standard slot-sinuous antenna [29], two antenna versions are
investigated for RCS modification, the first one with three ellipses openings on each arm cell (3S)
and the second version with five ellipses openings (5S) [19]. For the chosen design, ellipsis positioning
on each sinuous arm cell, for both models, is presented in Figure 3, and relative designing parameters
are defined in Table 1. Each ellipse dimension is chosen as to have low disturbance to the electrical
current flow in the sinuous antenna arm. As will be more clear in Section 4, ellipses dimensions and
their positions are not a trivial solution.

Details of ellipses designing parameters and positioning are presented in Figure 4. In this project,
we have chosen to design all ellipses (3 or 5 per sinuous cell) tangent to the same sinuous curve that
defines the center of the outermost ellipse (E1), as in Figure 4. This condition is not necessary, and the
arrangement of the ellipses can be any inside the cell, but in our simulation this choice has produced
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Table 1. Ellipses dimensions on the outermost cell for both antennas models.

3 slots model 5 slots model
Ellipses | Major axis (mm) Axial ratio | Major axis (mm) Axial ratio
E1 0.30 4 0.30 3
E2 0.33 4 0.30 3
E3 0.28 4 0.27 3
E4 - - 0.28 3
E5 - - 0.26 3
3 slot openings version 5 slot openings version

\

\
\

470

Figure 3. Geometry of parasitic ellipsis slots openings to the metallic surface.

better results.

Ellipse E'1 is positioned at the edge of the sinuous curve, at an angle of 49° for three slot version
(equivalent of dp1 = 5° relative to Figure 1), with its major axis perpendicular to the respective radius
(R1) from the antenna center. E2 and E3 ellipses major axis is positioned tangent to the same sinuous
curve used to define the center of ellipses F'1. In this case, their respective centers are moved +1.5° from
the defined 32.7° angular direction. What we have presented in Figure 4 is actually the best trade-off we
obtained in our simulations for three ellipses openings as will be clearer in Section 4. More in general,
these are designing parameters that can be changed to modify the RCS response of the entire structure.
The mentioned parameters are designing degree of freedom of the RCS control, constrained to each
other, and the available physical space in the sinuous cell.

In the present project design, we have to define five parameters:

e N: Total number of ellipses in each sinuous cell, (i.e., 3, 5, 7, etc. odd number);
e A Ellipsis major axis dimension;
e Ap: Ellipsis axial ratio;
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Figure 4. Ellipses slot openings definition parameters.

e R: Ellipses radial position from antenna center;
e 3: Ellipses angular position.

In this definition, we have assumed that the ellipses are tangent to a sinuous curve (E2, E3, F4,
E5, etc.), and only the first ellipse is orthogonal to the position radius from the antenna center (E1).
In the more general case, we need to introduce a new variable for the orientation of the ellipses inside
the sinuous cell. In this project, we have not investigated other ellipses orientations.

All five designing parameters are correlated to each other, as the ellipses cannot overlap to each
other and cannot cross the sinuous arm which will disturb the equivalent of magnetic current.

In both designs, ellipses axis and their radial position on each sinuous cell are scaled by the same
7 factor used in the sinuous curve design as above (7 = 0.77). This permits to have the same behavior
over the entire frequency band, like the antenna itself.

Both antennas are designed and investigated using ANSYS HFSS [34], V.15. The CAD models of
the antennas are shown in Figure 5 where absorbing radiofrequency material is added in the half lower
space to suppress back radiating as part of the original antenna design.

)
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Figure 5. CAD models on HFSS of standard slot-sinuous and modified one.

3. SIMULATION PARAMETERS AND PERFORMANCE ANALYSIS

Antenna radar cross section is formed by the contribution of two factors: structural mode RCS and
antenna mode RCS [33, 35] and mathematically defined in Equation (2).

o = |vas - (1-Tu) yaaei®| 2)
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where o is the total antenna RCS, and o5 and o, are, respectively, structural and antenna RCSs.
The first is related to the antenna structure as seen from incident electromagnetic field with antenna
terminals shorted circuit, and the second one also evaluates the antenna impedance match at the feeding
port. Both are related by the phase difference ¢ and by the reflection coefficient at feeding port I',. The
reader must pay attention to the definition of the reflection coefficient (I'), which, as normally seen from
the generator toward the shorted-circuited antenna terminals, is I' = —1 as in Equation (3a) [35]. But
for antenna seen as scattering element and the RCS defined in Equation (2), the definition of I'; is from
the shorted terminals toward the the antenna itself, which for the shorted-circuit terminals (Z7 = 0)
gives I'y, = 1 as in Equation (3b) [35]. A more detailed description of the definition of antenna scattering
can be found in [35]. From the definition of reflection coefficient as in Equation (3b) and shorted circuit
of antenna terminals, this results in o = o from Equation (2).

 Zr— 2 F_Za_ZL
CZi+Zy Y Za+ Zp
(a) (b)

In this material, only the equivalent structural RCS has been investigated for both antennas as to
better understand the influence of parasitic slots openings to the structural RCS.

As to better evaluate the design parameters choice on the structural radar cross section and to
compare the obtained results, in this material, a difference on RCS between the two antenna models is
used as defined in Equation (4).

(3)

Ao = 03510t — O5Slot (4)

Due to the designed antenna overall area, RCS on both antenna models will be smaller than 0 dBsm.
Applying Equation (4), if positive values are found, it means that the obtained RCS for 5 slot model is
better (smaller values) than that on 3 slot model, and vice-versa.

4. NUMERICAL RESULTS

Antenna models for both designs are investigated using Finite Element Method (FEM) via Ansys HFSS
V.15 simulation tool [34]. Due to the antenna rotational symmetry, incident plane directions are defined
in ¢ = 0°, 30° and 45°, and for each of the above defined planes the bistatic radar cross section has
been investigated in # directions as defined in Figure 6.

Figure 6. Incident wave direction over the antenna surface for RCS calculation.

To confirm the theoretical expectation on small parasitic openings to the active region current
distribution influence, firstly, the antenna analysis is performed, and current distributions are
investigated as shown in Figure 7.

The slots openings positions, as defined in Section 2, are chosen to have a minor impact over the
edge current distribution as can be seen in Figure 7. From Figure 7, in five slots openings antenna,
the current densities present increased maximum values compared to the three slots version. But the
difference in the electric potential between the two adjacent sinuous arms remains unchanged. This
requirement permits to maintain equivalent magnetic current over the sinuous slots mostly unchanged,
and consequently, radiation pattern is remarkably similar in those two antenna models. Parasitic slots
dimensions are fraction of the radiation wavelength of the active region of the antenna placed, and
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Figure 7. Current density distribution @10 GHz on 5S and 3S antenna models.
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Figure 8. 3D RHCP radiation pattern of the original slot sinuous antenna and the two models proposed.

consequently, their contribution to the radiation field is negligible. This is the motivation on choosing
slotted-sinuous antenna version, then the standard sinuous one.

To further confirm this expectations, in Figure 8 for comparison, the 3D radiation patterns of the
main slot-sinuous antenna and the two proposed version are presented. As can be evaluated by the
relative graphic legend, the maximum gain between those three patterns is approximately of 0.03dB
and can be considered identical for practical point of view.

To better estimate the influence of the ellipses openings to the antenna radiation pattern, Figure 9
present co-polar and cross-polar radiation patterns for all three antenna models on four discrete
frequencies in the frequency band.

The radiation pattern is presented for the original slot-sinuous antenna, modified one with 3 ellipses
openings antenna, and modified antenna with 5 ellipses openings. Comparing these graphs, we can
affirm that the radiation patterns are almost identical and are maintained even when ellipses slots are
introduced. The main differences are observed on the cross-polarization pattern, but the results are
also comparable.

The focus of this work is to investigate the proposed antenna for bistatic radar cross section and
the influence of the proposed ellipses openings on this parameter. Both antenna models are analyzed
on the same framework, and the results are presented for bistatic RCS in Figure 10 and Figure 11.
Graphics presented in Figure 10 are related to the bistatic structural radar cross section of 3 slots
parasitic openings antenna. Presented results are on four relevant frequencies over the entire frequency
band and for all the ¢ analyzed directions planes. The same results are presented in Figure 11 for the
5 slots parasitic openings antenna version.

The two cases are quite similar and are not easy to find differences or to evaluate ellipses openings
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Figure 9. Radiation pattern (@¢ = 0°) for main antenna (0S), 3 ellipses openings (3S) and 5 ellipses
openings (5S) on four main frequencies on the frequency band.
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Figure 10. Bistatic Radar Cross Section for different ¢ angles on 3 slot openings antenna.
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effect on bistatic RCS. For this purpose, the defined difference in RCS between the two antenna models
as in (4) is used to better enhance differences.

Figure 12 presents the bistatic radar cross section differences on the same four relevant frequencies
presented in the previous graphics between 3-slot and 5-slot antenna models.

Passing from three slot model to five slot model, a lower bistatic radar cross section is obtained for
observation angles directions far from the broadside direction. Referred to Figure 12, for all relevant
frequencies, the improvements of bistatic radar cross section up to 15dB is obtained at 90° from
broadside direction. This improvement can be complementary used to antenna shaping which has
been conventionally used to reduce monostatic RCS, impacting the bistatic RCS negatively [5].

In observation angles close to the broadside direction, bistatic RCS on 3S model is better than the
5S model. This means that controlling the parasitic openings parameters, an improvement on bistatic
RCS can be obtained in the desired bistatic direction.

To better understand the influence of elliptical slots on equivalent radar section, Figure 13 compares
the differences of the equivalent bistatic radar cross section of three slots opening antenna with the
original one (Aoss_gg) and the five-slot version with the original antenna (Aoss_¢s).
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Figure 13. Differences on Bistatic Radar Cross Section for each ¢ angles for 0, 3 and 5 slot openings
antenna.

In the graphs in Figure 13, negative values indicate that the equivalent bistatic radar cross section
of the elliptical openings antenna (3S or 5S) is better than the original one without slot (0S), and vice
versa. The definition of Aoss_gs = 03510t — T0s10t a0d A55-05 = 5510t — T0Slot 1S as in Equation (4).

It can be understood from these graphs that with the elliptical slots the equivalent bistatic radar
cross-section can be controlled. From here, it is understood that by changing the number of openings,
their position and size, it is possible to control the equivalent bistatic radar cross-section in the directions
of interest, presenting lower or higher values than the antenna without elliptical openings.

In this material, an proof of concept has been proposed and analyzed for bistatic RCS improvements.
Changing parasitic slots openings parameters can have a measurable impact on bistatic-RCS in the
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desired directions as shown in Figures 10, 11, 12, and 13. The parameters that can allow to control
bistatic RCS in the presented slot-sinuous antenna are five as in the following list:

e N: Total number of ellipses (constrained in the sinuous cell arm);

Amax: Ellipsis major axis dimension (constrained by the available space and total number of ellipses
on the cell arm);

Apg: Ellipsis axial ratio (constrained by the available space in the sinuous cell);

R: Ellipses radial position from antenna center (constrained in the sinuous cell);

B: Ellipses position angle (constrained in the sinuous cell);

The overall degree of freedom in designing the presented slot-sinuous antenna with parasitic ellipses
openings is five as above, but their combination results in infinite number of solutions. The ellipses
number of each sinuous cell is a discrete number, but all the other variables have infinite combinations.
Ellipses axis, radial position, and relative angle position can vary in a continuous solution from a minimal
to a maximal dimension based on the relative constraints to maintain the ellipses inside the sinuous
cell. Their combination for each discrete number of ellipses for sinuous cell results theoretically in an
infinite number of combinations.

Table 2. Comparison of proposed RCS reduction method on UWB antenna with other RCS reduction
techniques on existing antennas in literature.

Antenna Modification . . RCS Frequency
Ref. . Mono/bi-static |
configuration type improvement band (GHz)
Ellipses slot
Double Side openings to
[6] Axe Shaped antenna surface monostatic up to 15dB 3.4-15.5
UWB Antenna and rectangular
slots on ground plane
Rectangular Rectangular slots
[9] microstrip openings to monostatic up to 12dB 3-4.86
antenna metallic FSS plane
Rectangular Polarization conversion . .
[12] mono/bi-static ~ up to 10dB 7.85-12.25
slot antenna metasurface as superstrate
Circul tch EBG based FSS with
[16] frewiar pate D based Fes Wl mono/bi-static  up to 20dB 6.72-8.25
antenna array polarization rotation surface
1 x4 mi tri Rect lar slot i
21] microstrip ectangular slots openings monostatic up to 15dB 819
antenna array on ground plane
Elli lot i
[22] Vivaldi antenna 1pse SIob OPERINGS bistatic > 19dB 812
on antenna structure
Mi tri Rect lar slot i
[23] 1erostrp ccranguiar s10tS OpeRmes monostatic up to 7dB 3.9-8.1
antenna on antenna surface
Mi tri S Lot i
[24] 1CTOSEHD quare sTots Openings monostatic up to 7dB 1-3
antenna on antenna surface
C Q ‘1 ts 3 3
[25] Patch antenna ross SIots openmes monostatic up to 11dB 2-20
on ground plane
Antipodal Flat ted
[30] n‘lpo ‘a & corr.uga ¢ monostatic > 3dB 4.3-12
Vivaldi slot line
This . Ellipses slot openings
Slot-sinuous . .
work on antenna arms Mono/bi-static up to 15dB 6-18
antenna

& [19] (frequency dependent)
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As an example for three slot version, from Table 1, the first ellipse major axis can be set from
Omm (no ellipse at all) to 35 mm. If we consider a resolution of 100 pum, there are 350 different values
just for this parameter. In a similar way, for the other two ellipses, the total combinations of only this
parameter are 3503, which means 350% different antennas to be analyzed. Adding to those parameters,
the axial ratio and position, the overall number of different combinations increases rapidly.

In a practical design procedure, the number of all variables is maintained discrete, defined by the
physical minimal resolution that can be obtained in the antenna manufacturing process. Even in this
case, the total number of combinations is very huge leading to a non-practical designing procedure to
analyze all combinations for obtaining the best solution [36].

In conclusion, the number of parameters to be optimized is finite, but their combinations are infinite
or very large, and no single optimal solution can be obtained. For a better antenna design with designing
goals defined on antenna pattern characteristics, bistatic RCS mask, and manufacturing constraints, a
multiobjective optimization technique is suggested to be used [36]. This will be the next evolution of
the presented work.

The results presented here for the sinuous antenna and the use of elliptical apertures are in line with
what is found in the literature for both monostatic and bistatic radar cross section reduction methods.
A partial comparison of the work presented here with similar works in the literature is presented in
Table 2.

5. CONCLUSION

The aim of this work is presenting the possibility of controlling bistatic radar cross section of slot-sinuous
antenna, by adding parasitic ellipsis openings. Using different parasitic ellipses openings (3 slots, 5 slots
or more) not only can be effective in controlling bistatic RCS in endfire direction but also can be used
to control in all the other directions.

The number of parasitic openings, their dimensions, and relative position are crucial in obtaining
the requested bistatic RCS improvements. Due to the infinite number of parameter combinations, in
this work, only two variants are presented as to demonstrate the feasibility of the proposed solution.
As a conclusion of the demonstration, it is suggested that the designing process can be carried out
with a multi-objective optimization technique where design parameters can be efficiently tuned based
on requested RCS and antenna radiation parameters.

This technique can be effectively used for slot-sinuous antenna or similar antennas, where the
effective radiations field is obtained by the equivalent magnetic current insured in the slotted version.
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