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Abstract

In this paper, the simple yet effective mode-matching technique is utilized to compute TE-backscattering from a 2D filled rectangular

groove in an infinite perfect electric conductor (PEC). The tangential magnetic fields inside and outside of the groove are represented as

the sums of infinite series of cosine harmonics (half-range Fourier cosine series). By applying the continuity of the tangential magnetic

field, these modes are matched on the groove to obtain the series coefficients by solving a system of linear equations. For this purpose,

some oscillatory logarithmic singular integrals involving Hankel and trigonometric functions are solved numerically, starting by removing

the logarithmic singularity via integration by parts. In the following, the new well-behaved highly oscillatory integrals are computed using

efficient methods, and several comparisons are made to demonstrate the validity and ability of the presented procedure.

Key Words: Highly Oscillatory Singular Integral, Modal Expansion, TE-Backscattering, 2D Filled Rectangular Groove.

I. INTRODUCTION

Electromagnetic wave scattering from a groove has received
attention due to its broad applicability and easy realization in
radar cross-section and non-destructive testing applications [1,
2]. An analytical solution for a narrow groove is given in the
literature [3], and the finite element and hybrid numerical tech-
niques have been investigated to simulate scattering from an
arbitrary shape groove [4, 5]. To study scattering from a large
crack, a Fourier transform was proposed in [6], and, for narrow
and wide rectangular cracks, a complex direct integral equation
solver (DIES) was proposed to solve a singular integral equation
by a collocation method based on Chebyshev polynomials [2].
From the base modal technique, other techniques were devel-
oped to efficiently calculate electromagnetic waves backscattered
from grooves [7-10], which considered some simplifications
and assumptions to avoid solving complicated singular integrals.

Morgan and Schwering [7] used the physical optic approxima-
tion to model equivalent electric current distributions on the
groove and considered two synthetic waveguide walls in upper
space; this creates significant error for narrow grooves but is
somewhat accurate for wide apertures. As reported in [8], the
constructed integral equation in the spectral domain is convert-
ed to a system of linear algebraic equations to compute the un-
known Rayleigh function. To improve the computational effi-
ciency of this technique, a model-based parameter estimation
technique based on a curve-fitting model was employed. In [9],
by applying Fourier transform techniques to a 2D groove, the
singularity of the constructed integral could be analytically re-
moved and an exact expression for the far-field scattering ob-
tained by stationary phase approximation. Cho [10] also em-
ployed the overlapping T-block method to obtain an accurate
closed-form expression for far-field scattered waves.

In this paper, an approach based on the usual mode-mat-
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ching methodology is developed, without the limiting assump-
tions made in [7] and away from the complex expressions pre-
sented in [2]. It is used to obtain the equivalent magnetic cur-

rent on the groove, which can create the scattered fields. At first,

the fields are represented as a sum of infinite harmonic modes in
the open rectangular cavity. Applying the equivalence principle,
an unknown equivalent magnetic current is simulated over the
groove, which is then calculated. Mode-by-mode field matching
across the groove then leads to an infinite system of linear equa-
tions. While allowing sufficient accuracy, the infinite sums are
truncated to obtain the expansion coefficients. To expand the
tangential magnetic field in the upper half-space outside the
groove, a highly oscillatory singular integral should be solved.
There are some quadrature techniques to calculate singular loga-
rithmic integrals [11, 12], most of which assume that the singu-
lar integral contains a logarithmic singular part and functions
with slow variations. However, if a singular integral includes
trigonometric and Bessel functions simultaneously with large
arguments, the number of quadrature nodes must increase sig-
nificantly and, therefore, the simulation time increases im-
mensely. For this reason, advanced techniques have been devel-
oped to compute a highly oscillatory integral quickly. Here, in
the first stage, the singularity is eliminated through integration
by parts; the remaining oscillatory integrals can then be calculat-
ed quickly with sufficient precision using the efficient methods
in [13-15]. This solution is valid for narrow and wide grooves,
with the advantages of accuracy and acceptable time consump-
tion, particularly for the wide grooves.

II. FORMULATION

Assume a TE electromagnetic plane wave,

. ; w .
H. = 7 k1 ((x=7) cos po+y sin @) ®o € (0,m). 1)

where kqis the free space propagation constant and ¢ is the
incidence angle. As shown in Fig. 1, the wave illuminates a die-
lectric-filled 2D rectangular groove with €, and p,.

The tangential magnetic field inside the groove is expanded
by cosine basis functions to satisfy Maxwell’s equations [7].

€1, fy ¢ .
Regionl« X+

\

PEC- PEC-

Region2+« &2, 5 ¢

W
Fig. 1. The geometry of the rectangular groove and TE-mode inci-
dent wave.
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Thus, the x-component of the electric field inside the groove
can be obtained as follows:
OH,(x,y)
oy
= Yoo Apk cos( )XSm(k (y+d)) )

Ex(xv y) =

2
where k, k2 ) and A, are unknown series coeffi-

cients that should be calculated. By invoking the equivalence
principle on the groove, the magnetic current M at y = 0 is
calculated to be

M(x) = [E. (O + E,()J] x § = E,(x)7
=Z¥p-04pk cos( )sm(k d) 3)

Considering Green’s functions in two regions (Regionl, free
space; Region2, groove), the tangential magnetic fields resulting
from the magnetic current M,(x) are obtained as follows [2]:

. kyys
H;?egwnl(x) - _ 12y1 Z Apkp Sil’l(kpd)

X f cos (pnx )H((,Z)(k1 |x —x" |)dx’ @)
and

Region2
H, (

) = ]sz/yz Z Apky sin(kpd)
p=0
fOW cos (m‘;fl) cos (w;c

& nmx
XYoo —2——cos (—)
Y=o ky, tan(k,d) w

where y; and y, are the intrinsic admittances for Regionl

) dx' (5)

and Region2, respectively; k, = [k2 — (rév—ﬂ)z; Héz)(.) is the
zeroth-order Hankel function of the second kind; and €, =
1if n=0 and &, = 2 otherwise. By imposing the continui-
ty of the tangential magnetic field on both sides of the groove
(y = 0), we have

2e jkl( W)COS(pO +HRegmn1( ) = Reglonz(x). ©6)

Substituting (4)—(5) into (6) and simplifying, we construct
the following equation:

Zejkl( )COS<P0 _kIyIZA k sm(k d) Qp(x)

—jkay2 Xp=o A cos(k d)cos (pnx) (7)
where the function Q,(x) is defined as

Qpy(x) = fowcos (pnx )H(Z)(kl |x —x" |)dx'. 8

In Eq. (7), to utilize the mode-matching technique, the func-
tionQ, (x)and the function exp (] kq (x - —)) cos @ should
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be expanded using half-range Fourier cosine series, i.e.,

Q) = Tio Gy cos () ©)
and
Zejkl(x_g) OSPo = ¥y bycos (%) - (10)

The coefficients b, in (10) can be easily calculated analyti-
cally as

(_1)pea/2_e—a/2

b, = gy (11)

(pm)2+a?

where a = jk;W cos @y and &, is like &, in (5). The coef-
ficients gy in (9) can also be computed as

& foW (knx) prx’'
e =iy ) | cos(Gr)eos T

X H® (ky |x — x' [)dx'dx (12)

The integral in (12)—the so-called highly oscillatory singular
integral—cannot be computed easily. It should, however, be
noted that, when the values of %, p, and W increase, we need a
large number of quadrature nodes to maintain accuracy, and the
computing time increases enormously. Some rapid methods
have been reported in [13-15] to calculate these integrals nu-
merically. To solve the integral specified in (12), let us first focus
on the following highly oscillatory integral:

s (%) @y (x)dx (13)
1], the

_ & W
qpk_Wfo co

Introducing the variable & = Wx — 1 in interval [-1
integral (13) is split up into two cosine and sine integrals:

sp( 1)f cos(
E?”(—1)2f sm(

Here, we assume Q,,(§) is a function with a removable singu-

)Qp(f)df k:even

14)
£) Qp(§)d¢ k:odd

Aok =

larity part. A quadrature-based Legendre polynomials technique
is used to evaluate the highly oscillatory integrals in (14) [13].
Therefore, the above integrals can be calculated via the follow-

ing integral:
1
1 (2m+ 1)?%]2
12 A
[REaZGEE Z [
X Js2 () T Ws B (€500 (6 (15)

where wg and & are weights and abscissas (defined as the
roots of the Legendre polynomial), respectively, of the (M + 1)
point Gauss-Legendre rule [13], and ] +1(.) and B, (.) are-
a Bessel function and Legendre polynomialzof degree m, respect-
= %x' — 1, integral Q,(&;) in
(15) can be arranged in the form

tively. Now, by presenting &'

w 1
—f cos (p_n 1+ f’))
-1
x B (22 1g - ¢'1) dg’ (16)
The integral in (16) contains the highly oscillatory and loga-

Qp (fs) =

rithmic functions (Henkel and cosine function). In computing
Qp(&s), regular approaches generally do not lead to a proper
result. At this point, to eliminate the logarithmic singularity of
the zeroth-order Hankel function of the second kind at ' = &,
direct integration by parts is suggested. The integral in (16) is
written in the following form:

Qp(fs)=_7x
[(fs )cos<—(1+f))H(”( f’l)]
-1
Sl Sm<—(1+€)>(€s &)
H(Z)( E’I)d€’+ W2
fflcOS(?ﬂ+f’>)(fgs'_§?fH<2)( &~ £'1)dg’ (17)

As seen in (17), at &' = &g, the resulting integrals are not sin-
gular, but rather still consist of highly oscillatory functions.
They can be computed in the same manner proposed for the
integrals in (14). We can also use the rapid numerical methods
developed for integrals containing Bessel and trigonometric
functions [14, 15]. After calculating gy and substituting (9)-
(10) into (7), Eq. (7) can finally be rearranged as follows:

i by,cos (ﬁ)

o, k krx
ZZ 1y1 —— ik, sin(k,d) cos( ;IT/)

=S Ay cosllyd) cos () 1)

While allowing sufficient accuracy, infinite sums in (18) are
truncated at k = K and p = P. Taking K = P, we obtain the
following linear system of equations:

by Moo Mo, Mop][4o

bl _ | My My A}‘ 19)

bII[J Mpy Mp,q Mpp lApJ
where the elements M, are given by
My =

klyl —— Qpikp sm(k d) jkoya cos(k d) k=p
klyl —— Qpikyp sm(k d) k#p
(20)
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The unknown expansion coefficients A, are now obtained
by a simple matrix inversion operation. As we know the mag-
netic current distribution on the aperture, the backscattered
fields and the echo width are estimated as in [2]:

—jk
Le R j%k1)’1

HS = —
z Z \/Z 2
X |2 (W M, (x")eikix cosvo gy’ @1)
Tk, v 0 z
and
2D . |HZ|?
= lim 2 22
91 p1_>nolo p |1 @)

II1. RESULTS

Using the above derivations, some comparisons are made to
show the effectiveness and accuracy of the suggested procedure.
Fig. 2 shows the equivalent magnetic current distribution over a
groove with specifications define. As shown in Fig. 2, the ob-
tained results are in good agreement with both DIES [2] and
FEKO simulator—based methods of moments. In this case, for
the same accuracy, the infinite series in Eq. (18) is truncated at
K= P=15, while we should use N= 30 (Chebyshev polynomials
degree N) in the DIES method [2]. To simulate a 2D groove
using FEKO software, we use an infinite 3D rectangular trough.
To obtain the equivalent magnetic current, the x-component of
the near electric field on the middle of the groove (y = 0) should
be computed. We also utilize a one-dimension periodic bounda-
ry condition to simulate the infinite length of the groove. We set
frequency f =29,979 X 10* and A =1 to define the required
variables and the mesh sizes in wavelength. To provide a highly
efficient solution, the object surfaces partially mesh through two
local mesh sizes. The local mesh size on the ground plane is set
at 0.31, while the minimum values of the triangle edge lengths
for the groove surfaces are set to 0.05dA and 0.05WA. Fig. 3
shows a comparison between several numerical techniques for
predicting backscatter echo width in a wide range of groove
widths. Here, a slight amount of loss was added to the filling
dielectric &, = €5(2 — 0.01)), u; = po(1 — 0.01j) to remove

—— The Mode-Matching ( With this approach) °

ook © MoM(FEKO)

<-DIES [2]

| M) |

04 038 posiion /22 32 4
Fig. 2. The magnetic current density for a filled groove (g, =
25—-j0.2, p, =18—j0.1, and & =gy ,ly = o) of

W = 4A and d = 0.51 at @, = 45°.
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-4~ DIES[2]
—The Mode-Matching ( With this approach)

Modal [7]

Echowidth [dB ]

© MoM (FEKO)

1 1 1 1
0.4 0.8 12 1.6 2
W/i

Fig. 3. TE-backscattering echo width versus the groove width
for d = 0.24, @, =90°, & =¢;, &, = 2¢, — 0.01i, and
M1 = U2 = Uo-

3
=

the resonances appearing in the echo width graph reported in
[10], which happens when cos(k,d) in (18) approaches zero.

From Fig. 3, it can be deduced that the suggested procedure
is accurate for both wide and narrow grooves, whereas the mod-
al method in [7] is only appropriate for wide grooves. Using the
physical optics approximation and replacing the upper half-
space with a waveguide in [7] creates many errors for narrow
grooves. To compare the time consumed, we measured the sim-
ulation time of each method (for a filled groove with the specifi-
cation shown below, Fig. 3). The results are presented in
Table 1.

By examining the results in Table 1, we can say that, for wide
grooves, the modal method presented in [7] is faster than all
numerical methods. When the groove width increases, the
equivalent magnetic current on the aperture becomes oscillatory.
In the DIES method, we need higher-degree Chebyshev poly-
nomials and more quadrature nodes to estimate the rough mag-
netic current, but it can be simulated by a lower number of har-
monic cosine modes. This is why the simulation time of the
proposed solution is lower than the DIES method for W = 44.
In the previous example, we also employed the technique men-
tioned in [11] to calculate the double integral in Eq. (12). In
this case, the simulation times for W = 0.14, W = 4, and
W = 41 were measured as 5.21, 9.87, and 73.22 seconds, re-
spectively. A comparison of the above results with the results in
Table 1 demonstrates that using advanced numerical integration
methods for wide grooves improves time efficiency.

Briefly, the proposed procedure uses the mode-matching

Table 1. Simulation time (in second) of the several methods meas-
ured for three groove widths

Mode- .
Size  FEKO* Modal [7] DIES [2] iodematching
(this approach)
W =0.11 8 Not accurate 1.56 5.23
wWw=2 25 5.07 4.58 9.14
W =42 52 7.07 31.20 20.36

AMeasured in minute.
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method as seen in [7] without any restrictive assumptions. It is
accurate for every groove size with acceptable time efficiency.

IV. CONCLUSION

In this work, a simple solution is suggested to calculate TE-
backscattering from an arbitrary rectangular groove. Without
limiting assumptions and complex mathematical concepts, the
investigated method utilizes a numerical mode-matching meth-

odology to obtain the equivalent magnetic current on the groove.

A mode-by-mode substitution from the field expansion outside
and inside of the groove for each pair of mode expansion coeffi-
cients leads to a linear system of equations. For this purpose, an
efficient integration method is used to numerically calculate the
constructed, highly oscillatory singular integral. The results are
in good agreement with other numerical methods. By evaluat-
ing the above results, it can be concluded that this approach is
accurate for cases of both narrow and wide grooves. The simula-
tion time for several techniques was measured, and the proposed
approach has acceptable time efficiency, especially for wide
grooves.
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Electrically and Frequency-Tunable Printed Inverted-F

Antenna with a Perturbed Parasitic Element
Yoon-Seon Choi * Ji-Hun Hong * Jong-Myung Woo’

Abstract

This study designed an electrically and frequency-tunable printed inverted-F antenna (PIFA) with a perturbed parasitic element between

the antenna and the ground plane. The resonant frequency of the proposed antenna can be changed via the short- and open-circuit opera-

tion of the parasitic element. This operation is activated using an electrical switch, which in this case is a PIN diode with an inductor and

a resistor. The antenna was designed on the basis of the principles of the perturbation method, which enables control over resonant fre-

quencies through modifications to the volume of a metal cavity. Meandered gaps were incorporated into the parasitic element for the in-

dependent operation of each PIN diode switch. The size of the PIFA’s radiator is 4.8 X 10 mm?, and the tunable resonant frequency at

the —10 dB bandwidth is 340 MHz (17.3%).

Key Words: Printed Inverted-F Antenna, Perturbation Theory, Parasitic Elements, Frequency-Tunable Antenna.

I. INTRODUCTION

Recent developments in mobile communication technology
gave rise to a bandwidth requirement of 300 MHz (11.7%) for
the 3.5 GHz frequency band used for 5G technology. To meet
this requirement, developers created many multiple-input, mul-
tiple-output antennas, which are mainly used in mobile com-
munication [1, 2]. These antennas, however, need additional
space for multiple ports, making it difficult to satisfy the re-
quired bandwidth with a single antenna port in a given space.
This problem was overcome through the development of fre-
quency-tunable antennas. A variant of these innovations is the
two-dimensional printed inverted-F antenna (PIFA), which is
widely used in electronic devices as a communication antenna
[3]. It can be easily fabricated through modern printing tech-
nology and fitted into a limited space because of its low-profile

structure. Another example is the frequency-tunable planar in-
verted-F antenna equipped with a capacitor [4-7] (see also [8]).
The capacitor is located between the main radiator and a para-
sitic element to vary resonant frequencies, after which capaci-
tance is modified. This design means that the space occupied by
a complex feeding structure expands because the antenna is di-
rectly connected to the radiator and parasitic element. An im-
portant consideration, however, is that using different capaci-
tance values can contribute to antenna losses.

Previously developed frequency-reconfigurable antennas are
equipped with yttrium-iron-garnet elements, and their resonant
frequencies are tuned by changing the magnetic field, which is
controlled by a DC bias [9]. The drawback to this design is that
it reduces an antenna’s radiation efficiency and increases fabrica-
tion costs.

In the present study, a frequency-tunable PIFA (FTPIFA)
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comprising a perturbed parasitic element was designed, with
mobile devices as reference. The size of the antenna was re-
duced on the basis of perturbation theory [10-12] to the radia-
tion element. The resonant frequency of the PIFA can be tuned
by changing the volume of the electric and magnetic fields.

II. ANTENNA DESIGN

Fig. 1(a) and (b) show the designed PIFA with a parasitic el-
ement between the radiator and the ground plane. It was print-
ed on a 0.8-mm thick, 50 X 100 mm? FR-4 (¢, =4.3, tand =
0.025) substrate. The size of the antenna’s radiator is 24.8 X 10
mm? Because the position where a short circuit occurs (“short
position” hereafter) can be tuned from switches #1 to #5 by us-
ing a copper strip, the central frequency (2,045 MHz) is based
on the shorted state of switch #3.

Fig. 1(c) illustrates the new antenna structure used to change
the short-circuit structure of the copper strip (Fig. 1(b)). A PIN
diode (SMP1345-079LF) located between the parasitic element
and the ground plane functions as a switch. It was redesigned by
adding meandered gaps to the parasitic element for DC block-
ing and the independent operation of each switch.

The principles used to design the antenna are those underly-
ing the perturbation method [11], through which resonant fre-
quency can be controlled by changing the volume of a metal
cavity (Fig. 2 and Eq. (1)). This method is also commonly used

as reference in miniaturizing antennas.

W—Wo fffAT(”|E|2_S|E’|Z)dT
@o  [ff(ulHs| +elEo|")ar (1)

where w, is resonant frequency; E,, electric field; and H,,
magnetic field.
Fig. 3 presents the fabricated prototype antenna.
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Fig. 1. (a) FTPIFA with basic perturbed parasitic element, (b) per-
turbed parasitic element, and (c) perturbed parasitic element
with PIN diode switch.
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Fig. 2. Perturbation principle: (a) original metal cavity and (b) per-
turbed metal cavity.
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Fig. 3. Fabricated prototype antenna.
III. SIMULATION AND MEASURED RESULTS

Fig. 4 shows the FTPIFA’s S;;, which was measured from
the short-circuit operation of short positions #1 to #5 to verify
changes in the resonant frequency of the antenna. Also Fig. 4
indicates that the resonant frequency decreased as the short po-
sition moved from #1 to #5 and that the central frequency (2.1
GHz) was determined when switch #3 was shorted. Because of
the extent of the electric field, the magnetic energy between the
antenna and the ground plane was changed by the short-circuit
operation and on the basis of the perturbation principle [3]. In
other words, the resonant frequency increased because of the

O T T T
3
-5
-10 A
N '//rr
o -15 R S
8 |
.20 —=a— Position #1 Shorted
©n —e— Position #2 Shorted
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Fig. 4. Short position-based S;; of the FTPIFA with a perturbed

parasitic element.
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Fig. 5. Electrical switched-measured S;; of the FTPIFA.

reduction in the volume of the magnetic field energy near the
feeding point when position #1 was shorted. Conversely, the
resonant frequency decreased because of the reduction in the
volume of the electric field energy at the edge of the radiated
element when position #5 was shorted.

The electrical operation of the shorted position was realized
by applying a DC bias to the PIN diodes. An inductor (22 nH)
for AC cut-off and a meandered gap on the parasitic element
for the independent operation of a switch were also used. Fig. 5
shows the S;; measured from the operation of switches #1 to
#3, which were manipulated by turning a PIN diode on and off
to determine changes in the antenna’s resonant frequency. The
number of switches was limited to three for equal intervals of
frequency movement. When switch #1 was on, the upper fre-
quency was resonant, but when switch #3 was on, the resonant
frequency decreased given the change in the volume of the elec-
tric field energy. The measured —10 dB bandwidth covers 1.83
to 2.17 GHz, and the total tunable resonant frequency is 340
MHz (17.3%).

Fig. 6 shows the radiation patterns measured at each resonant
frequency of the antenna prototype when the switches were on.
The H-plane patterns of the vertical element that indicates di-
rectivity to the x-axis are shown in Fig. 6(a), and the H-plane
patterns of the horizontal element overcoming a null point are
displayed in Fig. 6(b). As can be seen, the designed antenna
could maintain the radiation patterns of a basic inverted-F an-
tenna, regardless of switch position.

Fig. 7 shows the simulated and measured peak gains when
each switch was on. The simulated and measured average real-
ized gains were 3.0 dBi and 3.1 dBi, respectively, pointing to a
reasonably good agreement between the simulation and meas-
urement.

Finally, Table 1 summarizes the measured total efficiency and
peak gain of the designed antenna at resonant frequencies.
These amounted to 88.0% and 3.44 dBi at 2.02 GHz, respec-
tively, when all the switches were off. When the switches were
activated (switched on) sequentially, the measured total efficien-
cy was 72.0% for switch #1, 68.9% for switch #2, and 56.2% for
switch #3.
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Table 1. Total efficiency levels and peak gains of the designed an-

tenna

Resonant Total Peak

frequency efficiency gain

(GHz) (%) (dBi)

All switches off 2.02 88.0 3.22
Switch #1 on 2.04 72.0 2.20
Switch #2 on 1.96 68.9 2.17
Switch #3 on 1.90 56.2 1.47

IV. CONCLUSION

An FTPIFA with a perturbed parasitic element was devel-
oped in this study. The designed antenna could be easily modi-
fied via the short- and open-circuit operation of the parasitic
element between the antenna and the ground plane. It was re-
designed by incorporating a gap capacitor into the parasitic ele-
ment for the independent operation of each switch. As the res-
onant frequency varied considerably at the end of the radiator, a
non-linear interval was arranged in the parasitic element. The
antenna could also maintain the radiation patterns of a basic
inverted-F antenna, regardless of switch position, and could be
easily changed without loading and tuning the chip element on
the antenna. Therefore, it is fully applicable to 5G technology
and can selectively achieve the frequency band necessitated by
an allocated frequency bandwidth.
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Abstract

In this paper, design and analysis of a transverse electromagnetic (I'EM) mode rectangular coaxial waveguide for a mobile 5G millimeter

wave (mmWave) antenna module are presented. General structures of 5G radio frequency (RF) module for mobile sub-6 GHz and

mmWave applications are also discussed in this paper. Thorough analysis of transmission line and waveguide structures at mmWave fre-

quency band is essential and fundamental information to design highly integrated RF front-end modules. Theoretical design equations of

the waveguide, such as impedance, loss, and radiation are presented, and the equations are verified by a full wave 3D FEM electromag-

netic simulator. Impedance value of the rectangular waveguide structure was calculated using the conformal mapping method. Theoretical

operation frequency bandwidth and design guide are also presented. The characteristics and analysis of the rectangular coaxial waveguide

structure presented in this paper is easily scalable to other frequency bands. The proposed design equations are also applicable to various

planar layer-by-layer integrated circuit (IC) or module manufacturing process.

Key Words: Millimeter-Wave, mmWave Module, RF Front-End, TEM Mode, Waveguide, 5G Communication System.

1. INTRODUCTION

In April 2019, a commercial sub-6 GHz band mobile 5G
communication network service was launched in South Korea
for the first time. The 5G communication features an ultra-fast
data rate up to several Gbps and ultra-low latency of several ms.
Various unprecedented user experiences and technologies, such
as augmented reality (AR), smart factory/hospital, cloud com-
puting, and self-driving cars, are available due to the 5G com-
munication network [1, 2]. The next technical challenge is to
implement millimeter wave (mmWave) 5G technology operat-
ing at 28 GHz or 39 GHz. This technology is able to improve

data rates dramatically by fully utilizing its broad bandwidth of
800-1,000 MHz. The wavelength at the mmWave 5G fre-
quency band is less than 10 mm, which is a comparable size to
radio frequency front-end (RFFE) module chips. For this rea-
son, the antennas for mmWave 5G communication could be
implemented in the package (antenna-in-package [AiP]) [3].
The distance between the radio frequency integrated circuit
(RFIC) and the antenna could be minimized, and the
mmWave signals could be tightly confined within the wave-
guide structures.

The 5G mmWave module was designed using system-in-
package (SiP) technology [4, 5]. Many functional chips and
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passive components, such as power management integrated cir-
cuit (PMIC), RFIC, antenna, and SMDs, were integrated in a
single package laminate, and the module was connected through
a flexible RF cable. The RF cable is a critical component, as DC
power, analog/digital control, and intermediate frequency (IF)
signals are carried by it. Therefore, it is essential for the 5G
mmWave module to design and analyze the RF cable thorough-
ly. This paper discusses the design requirements of the RF cable
and presents a proper waveguide structure with thorough theo-
retical analysis.

II. 5G MMWAVE MODULE FOR MOBILE DEVICES

A high-frequency module is a key component of the RFFE
chain. Usually, low noise amplifiers (LNAs), power amplifiers
(PAs), filters, duplexers, and antenna switches are integrated into
a single chip using the SiP technology. It is an essential part of
mobile wireless communication systems because it is able to
integrate many IC chips made through various processes
(CMOS, GaAs, or SiGe) into a single module chip. The general
structure of an RF module for 5G applications is shown in
Fig. 1.

The most widely used commercial sub-6 GHz band RF
modules for 4G-LTE and 5G communication consist of Rx/Tx
amplifiers (LNAs and PAs), an antenna tuning system, and
multiplexers (Fig. 1). The antennas are not integrated within the
module because they are much larger than the module chip at
the sub-6 GHz frequency band (3.6 GHz). However, the oper-
ating frequency bands for 5G mmWave RFFE module are 28
GHz and 39 GHz, and their half-wavelength (A,/2) is less than
5 mm in the free space. It is feasible to integrate antennas and
RFIC:s in a single package (module chip) due to an antenna size
comparable to the RFIC:s.

The world’s first commercially available 5G mmWave mod-
ule chip for mobile devices also has a structure similar to Fig. 1

RF System for Mobile Device

[6]. Antenna arrays, antenna feeding networks, mixed ana-
log/digital signals, and RF connectors are integrated in a single
package substrate. IC chips and other passive components were
mounted on the other side of the antenna array. Mixed analog
and digital signals, such as IF band, baseband, and mmWave
RF signals, travel through the transmission lines embedded in
the module or external connectors/cables. The RF cable is one
of the most critical components of the 5G mmWave antenna
module, as the RF cable and connector carry IF, digital control,
VDD, and baseband signals. Therefore, it is necessary to ana-
lyze the structure of the cable thoroughly to design the
mmWave antenna module for mobile devices.

IIT. A TEM MODE WAVEGUIDE FOR MOBILE 5G
MMWAVE MODULE APPLICATIONS

The first step of the RFE cable design for the mobile 5G
mmWave module is to find a proper transmission line (or wave-
guide) structure. RF cables for 5G mmWave modules should
support a broad frequency spectrum from DC to GHz band.
VDD and digital/analog control signals range from DC to a few
hundred MHz, and IF signals are located at 6-10 GHz. It is
desirable to use a low-loss TEM (transverse electromagnetic)
mode waveguide structure to minimize signal dispersion and
achieve an ultra-wide operation frequency bandwidth (extreme-
ly high cutoff frequency). Furthermore, the capability of extend-
ing to a multi-signal line structure is also important for signal
integrity. A multi-line circular coaxial structure satisfies most of
the above conditions, but it is challenging to build a compact
connector and stacked line structure. A rectangular coaxial
structure is an appropriate structure to meet all the design con-
siderations.

Fig. 2 shows the proposed structure of a rectangular coaxial
waveguide. In the case of Fig. 2(a), each side of the waveguide is
closed with a continuous metal wall. The structure shown in Fig.

RF cable

Power Amp.

Filters RF Switch

IF
Digital/Clock f

Freq.

1 qJ-

A

Antenna
Switch

Antenna
Tuner

Duplexer

(e]

Low Noise Amp.

Filter RF Switch

Fig. 1. The structure of a 5G mmWave antenna module for mobile devices.
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(0 (d)

Fig. 2. (a) Rectangular coaxial waveguide with continuous side
walls, (b) practical model with via walls, (c) practical model
with via wall, and (d) stacked multi-line rectangular coaxial
waveguide.

2(a) is a desirable structure due to complete field confinement,
but it is challenging to implement a continuous metal wall on
the flexible substrate. The structure using the via wall is more
practical, as shown in Fig. 2(b), (c), and (d). The via pitch is a
critical design parameter in this case, as it controls field leakage
(radiation) from the waveguide structure and coupling between
the adjacent waveguides. It is possible to achieve more than a
60-dB isolation level between the waveguides easily when each
waveguide supports TEM mode waves. Fig. 2(b) and (c) show
that both the left and right sides of the rectangular waveguide
are closed through the via wall. It is easy and practical to extend
the rectangular cable to the multi-line structure, as shown in Fig.
2(d). By sharing the via-wall or metal surface between the adja-
cent waveguides, the waveguides can be arranged densely with-
out wasting space, and the electromagnetic fields can be effec-
tively confined in the cross-section of the waveguide.

In this section, important design parameters, such as the
waveguide impedance (Z), loss (@), cutoff frequency (£, and via
pitch (p) of the rectangular coaxial waveguide, are discussed.

1. Impedance

The impedance of a TEM mode waveguide is expressed as
follows. L and C are the inductance (L/m) and capacitance
(F/m) per unit length, respectively, v, is the phase velocity in
the given waveguide structure and material, and .75 is the
effective dielectric constant of the dielectric material. The char-
acteristic impedance and phase velocity of a TEM mode wave-

guide can be expressed as Eqs. (1) and (2).

Zo=ﬁ=,,pic (D) Q)

Wo w Mg

Fig. 3. Rectangular coaxial waveguide structure section and design
variables.

vy =1/\Jueepp (M/5) )

As written in (1), C is a dominant parameter of the character-
istic impedance value. Fig. 3 shows a cross-section of the rectan-
gular coaxial waveguide. A rectangular signal line is located at
the center of the waveguide. The impedance of the waveguide
can be calculated by computing the total capacitance (C;) per
unit length, which is obtained through the conformal mapping
of the field distribution from a cylindrical to a rectangular ge-
ometry [7]. The C, value includes the corner capacitance values
per unit length (Ca and Cp), in addition to the capacitance per
unit length of the conventional circular coaxial waveguide [8, 9].
Cp and Cp can be expressed as Eqs. (3) and (4), and the result-
ing C;and Zy are also shown in Egs. (5) and (6).

Cpy = 2L [1 (Wg“g)+”gt —1( )] (F/m) ()

tg

Crp, = Zett [log (%) + 2::79 tan_l( )] (F/m) (4

g

Z, ”° @ (6)
W [ (c f1+cf2)]

The proposed equations were verified by comparing calculat-

Wg Sf

ed results to the computation data of the commercial full-wave
3D simulator, HFSS v17.1 (Ansys Inc., Canonsburg, PA, USA).
Fig. 4 shows the impedance variation according to the value of
the signal line width (w) for each rectangular coaxial waveguide
in the vacuum core (Fig. 4(a)) and filled with Teflon (Fig. 4(b)).
For the calculation, all the metals were set to copper (o =
596 x 107 Q/m), and the electrical properties of Teflon
were defined as €. = 2.0 and tan § = 0.001. The simulated
and formulated results agree well. A designed practical 50 Q
rectangular coaxial waveguide has w; = 68 um, w = 120 pm,
ty =42 pum,and t = 16 um.

2. Cutoff Frequency
A coaxial waveguide consisting of two conductors, by their na-

ture, supports a TEM mode. The operating frequency band
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Fig. 4. Impedance change of rectangular coaxial waveguide filled by
(a) vacuum and (b) Teflon.

width of a TEM mode waveguide can be defined from DC to
the frequency at which any high-order wave propagation mode
is excited. The first high-order mode of a square coaxial wave-
guide is TEq; or TE1. The cutoff frequency () of the rectangu-
lar coaxial waveguide’s TE1p mode can be expressed by the tran-
scendental equation, and it can be calculated by Egs. (7)-(9)
[10]. For the TEy mode, the design parameters should be
modified as t; = wy, w = t, wy = tg,and t > w.

cot (M) — tan (ﬁ) =2 @)
Vp Up Yc1
B _ 2 _ 1.2
o = (w+2w,) [ In(4u) +Zu
2
T e ] ®)
p
_ 2wy

u= w+2wgy (9>

Because (7) and (8) are transcendental equations, it is difficult
to obtain an analytical solution. In this paper, a graphical meth-
od was chosen to obtain solutions to the transcendental equa-
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Fig. 5. Graphical analysis of high-order mode of a rectangular co-

axial waveguide.

tions, as shown in Fig. 5. The values of the variables used were a
50-Q waveguide designed in section A. The first high-order
mode cutoff frequency of the 50-Q) rectangular coaxial wave-
guide was about 334 GHz. Therefore, the operating frequency
bandwidth of the designed waveguide was DC to 334 GHz,
which was much higher than the operation frequency of the 5G
mmWave module.

3. Loss

The total loss (@) of a TEM mode rectangular coaxial wave-
guide can be divided into three parts as, shown in (10): radiation
(leakage) loss (), dielectric loss (a.), and conductor loss (a.).

a=ata.ta; =a.+ay (10)

There is negligible radiation loss when the waveguide is
closed with continuous metal walls or a fine-pitched via array.

Each loss can be calculated as shown in (11) and (12) [11].

__k3tand _ kgtand

%a 2k, | 2VE (11)
__ 47.09Rg (1 t+2tg) w
¢ nZo w/ [0.2794(t+2t4)+0.7206w]”

for (t+2t;)/w <25
_ 59.37Rg (1 LEt Ztg) 1

% nZ, wJt+2t,
for 2.5 < (t+2t,)/w <4
47.09Rs (. t+2t;\ 1
ac = (1 + )
nZ, w Jt+2t,
for (t+2t,)/w<4 (12)

R, is the sheet resistance of the metal (R, = 1/(6,0)),  is the
intrinsic impedance (r] =.Ju/ s) of the medium, Z, is the
characteristic impedance of the transmission line (ZO =

JL/C ) Fig. 6 shows the calculated and simulated attenuation

constants of a rectangular coaxial waveguide made of copper and
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Fig. 6. Loss of rectangular coaxial waveguide composed of Teflon:
(a) dielectric loss, (b) conductor loss, and (c) total loss.

Teflon. The simulated and calculated results are well matched.

4. Via Pitch

Continuous sidewalls can be considered as via arrays with ze-
ro pitch length but it is challenging to implement solid metal
walls in the flexible RE or module substrate. The periodically
arranged via wall shown in Fig. 2(b) and (c) is a more practical
structure than the continuous metal wall. The critical design
parameters are the diameter (4) and pitch (p) of the vias. The

electromagnetic bandgap (EBG) should be considered because
the via wall is a periodic structure [12, 13]. From (13), the first
visible bandgap occurs when 7 = 1.

B, =nm (13)

p=a=% (14)

It is clear that the via pitch should be shorter than the half-
wavelength, as shown in (14). The smallest via pitch is defined
by mechanical durability and feasibility. It is desirable to set the
minimum via-to-via distance of the fabrication process, but ex-
cessive via density decreases the mechanical durability of the
designed rectangular coaxial waveguide. As a rule of thumb, the
maximum via pitch should be less than a quarter wavelength of
the guided wave, and the minimum via pitch is A,/20 when the
design and fabrication margins are considered. It should be not-
ed that the maximum via pitch is a hard bound because the
bandgap effect should be prevented. The minimum via pitch is a
soft bound that varies depending on the manufacturing capabil-
ity and process. Fig. 7 graphically presents the via design guide
when the via pitch (p) and diameter (&) are given. The via diam-
eter and pitch are normalized by the guided wavelength. The
upper half plane is a reasonable design area, as the via diameter
cannot be larger than the via pitch.

5. Radiation

Electromagnetic radiation is strictly regulated by law for the
public health. According to the FCC regulations for electro-
magnetic radiation (47 CFR 15.109 Radiated emission limits)
[14], mobile devices are classified as Class B, as shown in Table
1. The 5G mmWave module or cable should not exceed 500
uV/m of electric field intensity (E) at a point 3-m away from
the device under test (DUT).

Based on the given regulations and the Poynting vector theo-
rem, the maximum allowed power leakage is obtained as follows.
Because the distance (7) from the DUT is 3 m, the electromag-

0.30 .
Band gap region

0.25 $

0.20
réc Available region
EO. 15

= Cannot implement
0.10
0.05
— Mechanical stability & yield
0 H H H :

0 005 010 0.15 020 025 0.30
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Fig. 7. Graphical analysis for the via wall design.
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Table 1. FCC regulation for Class-B devices

Frequency (MHz) E-field (uV/m)
30-88 90
88-216 150
216-960 210
>960 300

netic field having a frequency higher than 10 GHz can be con-
sidered the far field at the measurement point. It is reasonable to
assume the radiated EM field is a TEM wave. In the spherical
coordinates, the relationship between the electric field (E) and
the magnetic field (H) intensities satisfies the following condi-

tions.
E=E.0 (15)
H=Hyd (16)
Hy =Eg/n 17)

Using Poynting’s vector theorem, the total amount of radiated
power (Pyqq) can be obtained as follows [15].

Proa=4p (ExH)-d
. #5 (Ex H) - ds
= §p.(Egf x Hyp) - Pds
= §p.(Eof x Hy) - (r* sin 0)7d¢pd6
= 6, (Eg-’;—i)-(f-f)(rz sin 0)dpdo

2
lEnal f:foznrzsinéi d¢pdo
0

2
= 1Eol” g2 (18)

No
where the intrinsic impedance (1) of the free space is 1207, the
radiated E-field strength, and the total radiated power are sum-
marized as follows.

Prq Vv 30P4q
|Eg| = % = Td (19
E, 2
Praa = 225 (W) (20)

Therefore, in accordance with FCC regulations, the total ra-
diated power leakage from the designed waveguide structure
should not exceed 75 nW to generate an electric field (|Eg|)
less than the FCC requirement of 500 uV/m at a distance of 3
m from the DUT. It should be noted that the FCC’s radiation
regulation can be verified at a distance of less than 3 m from the

DUT by evaluating (21) at any distance.
IV. CONCLUSION

In this paper, the design and analysis of a TEM mode rectan-
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gular coaxial waveguide was presented. Detailed design equa-
tions for the TEM mode rectangular coaxial waveguide struc-
ture, including impedance, loss, bandwidth, vias, and radiation
analysis, were also discussed. The design parameters of the 50
TEM mode waveguide were presented and its electrical charac-
teristics were thoroughly studied as a design example. The pro-
posed TEM mode waveguide design and analysis are scalable to
other applications such as beyond-5G or sub-THz applications.

This work was supported by the National Research Foun-
dation of Korea (NRF) grant funded by the Korea govern-
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Array Antenna Design for Passive Coherent Location

Systems with Non-Uniform Array Configurations
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Abstract

This study investigates non-uniform array configurations to maximize the beamforming performance of passive coherent location (PCL)

systems. The proposed array consists of eight dipole elements that are divided into two groups with different distances from the array

center. This double-layered non-uniform configuration is designed considering the array antenna characteristics (peak-to-side lobe ratio,

first null bandwidth, null width, and null depth). The resulting antenna array can provide more appropriate patterns for PCL systems

than a conventional uniform circular array. The target detection performance of the proposed array in PCL systems is tested in a certain

scenario. The results demonstrate that the proposed antenna in PCL systems can detect the target with Doppler and range errors of 1 Hz

and 1.2 km, respectively, in a given situation.

Key Words: Antenna, Array Antenna, Passive Coherent Location, Passive Radar.

I. INTRODUCTION

Passive coherent location (PCL) systems based on non-
cooperative sources such as FIM and TV signals have been de-
veloped successfully in recent years [1-4]. The purpose of a
PCL system is to detect and track airborne targets using a refer-
ence and a surveillance channel. The reference channel, used to
obtain commercial broadcast signals, should steer the beam to-
ward a base station, and at the same time the surveillance chan-
nel should have a radiation pattern that includes deep null to-
ward the base station. From the correlation between the signals
of the two channels, targets can be detected and tracked [5, 6].
However, in general, echo signals reflected from potential tar-
gets are extremely weak and are obscured by strong direct sig-

nals. To increase the detectability of echo signals by minimizing
the terrestrial multipath effect and other clutters, interference
suppression techniques that support the accuracy of direction-
of-arrival information are typically used [7-10]. In addition, the
probability hypothesis density and the multi-frame assignment
have been proposed to enhance the detection performance of
PCL systems [11-13]. Their performance can be further opti-
mized by improving the performance of the antennas employed
in PCL systems. For example, antenna elements with multi-
band and dual polarization characteristics have been designed to
increase the probability of target detection by expanding the
operating frequency and available polarization. Although studies
aiming to determine the optimal beam pattern of the array for
PCL systems according to various array configurations have also
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been conducted [14, 15], they are limited to certain canonical
forms of array configurations. Other studies have performed
optimizations of array configurations using various optimization
methods, such as the particle swarm algorithm [16], the invasive
weed algorithm [17], and the genetic algorithm [18]. However,
non-uniform array configurations that can effectively improve
the array performance of PCL systems have not been sufficient-
ly considered.

In this paper, we propose a non-uniform array configuration
to maximize the beamforming performance of PCL systems.
The proposed array consists of eight dipole elements divide into
two groups with different distances from the array center. This
double-layered non-uniform configuration is used to observe
the trends of beamforming performance for various array con-
figurations. Each element is designed and fabricated to operate
in the FM frequency band, and the antenna performance re-
quired for PCL systems are examined. The array antenna char-
acteristics—peak-to-side lobe ratio (PSLR), first null band-
width (FNBW), null width, and null depth—are then investi-
gated to derive the optimum array configuration. Parametric
studies of various array distances are conducted, and the optimal
configuration is determined by evaluating the cost function of
the beamforming performance. To verify the performance en-
hancement of the proposed array, the reference and surveillance
beams are compared with the conventional uniform circular
array (UCA). The results demonstrate that the proposed non-
uniform array configuration has more suitable beam patterns
compared with the conventional UCA. The target detection
performance of the proposed array for PCL systems is tested in
a certain scenario.

II. DESIGN OF THE DIPOLE ELEMENT

Fig. 1 shows a photograph of the fabricated dipole element
with a broadband balun (ADT1.5-1+, Mini-Circuits) embed-
ded in the circuit board. The balun operates in a range from 1 to
300 MHz with an insertion loss of less than 1 dB. This struc-
ture can help minimize the pattern distortion by the unbalanced
current of the coaxial feed while maintaining the broadband
matching characteristics. Thanks to its compact size (7.9 x 5.6 x
2.8 mm?®), the balun can be mounted on a board, as shown in
Fig. 1(a) and (b). It provides the housing structure with the cir-
cuit board to protect the circuit from external physical shocks
while reliably attaching the dipole antenna to it. The fully man-
ufactured dipole with the housing is shown in Fig. 1(c). The
length and radius of the dipole are 4= 134 cm and »=7.5 mm,
respectively.

Fig. 2 provides a comparison of the measured and simulated
voltage standing wave ratios (VSWRs) of the proposed dipole
element (solid and dashed lines, respectively). The measurement

oY

Y &

Fig. 1. Photograph of the dipole element for the PCL array: (a)
balun with circuit board, (b) housing structure, and
(c) dipole element.
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Fig. 2. Measured and simulated VSWRs of the dipole element.

is performed in a semi-anechoic chamber, resulting in a band-
width of 23 MHz (from 85 MHz to 108 MHz, VSWR<2)
with a fractional bandwidth greater than 23%. The fractional
bandwidth of the simulated VSWR 1is 17%, which shows good
agreement with the measured data. Fig. 3 illustrates the bo-
resight gain as a function of frequency. The solid line represents
the measured data, which maintains a gain above 1 dBi from 88
to 108 MHz. The simulation values are similar to the measured
values, with differences less than 0.5 dB. These results show
that the performance of the designed dipole element is suitable
for a PCL system.

IIT1. PROPOSED ARRAY CONFIGURATION
Fig. 4 shows the geometry of the proposed non-uniform
eight-element array for PCL systems. It consists of two groups

(inner and outer layers) with different distances 41 and 4, from
the array center, as shown in Fig. 4(a). The expandable mast
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Fig. 4. Configuration of the proposed array: (a) top view and (b)

isometric view.
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Table 1. Parameters of the proposed array

Parameter Value
d 0410
s 0.320
Gyutio (A dh) 0.8
h 134 cm
r 7.5 mm
Bomast 8.6 mm
Tmast 30 mm

with length 4.+ and radius 7, is used to mount the array ele-
ments. WIPL-D Pro electromagnetic simulation software
(WIPL-D, Belgrade, Serbia) is used to optimize and analyze
the proposed configuration. The optimum design parameters
are displayed in Table 1.

To effectively detect targets, the array antenna of the PCL
system must be able to generate two different channels: the ref-
erence and the surveillance channel. Since PCL systems are
passive radar systems that do not generate a reference signal,
commercial broadcast signals from FM base stations are often
used as reference signals for detecting targets. Therefore, the
beam pattern of the reference channel should have a higher
PSLR and narrower FNBW to obtain only the reference signal
from the base station. However, the beam pattern of the surveil-
lance channel requires a greater null depth and a narrower null
width toward the base station. This is because the surveillance
channel should only receive scattered signals from targets with-
out the reference signals. The optimum array configuration is
derived by considering the beam patterns of the reference and
surveillance channels. The mask functions for the reference and
surveillance beams are used to obtain the optimized beam pat-

terns [15]. The mask function F{¢) can be calculated as
A-0=F(9) @

where 4 and @ are the array manifold and weightings to create
the beam pattern of the proposed non-uniform array, respec-
tively. The weightings for the beam pattern are then calculated

with the following equation:
4
w=(4"-4) -4"-F(§) )

From Eq. (2), we can derive the weightings @ that can mini-
mize the square error between the pattern and the mask func-
tion. Since the FM band ranges from 88 to 108 MHz, the array
characteristics of the PSLR, FNBW, null depth, and null width
are examined at three specific frequencies: 88, 98, and 108
MHz. The cost function to assess array performance is defined

to achieve the optimal array configuration as follows:
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Cost. | 1-a PSLR(x,y) N FNBW (x,y)
PSLR_ FNBW, ©)
Cost. =| 1= Nulldepth(x, y) ‘s Nullwidth(x, y)
‘ Nulldepth,_, Nullwidth_, ~ (4)
Cost,,, = Cost + Cost, ©)

where Cost, and Cost, are the cost functions of the reference and

surveillance beams, respectively. These costs are computed using
the PSLR, FNBW, null depth, and null width. Weight con-
stants of «=0.8, #=0.5, y=0.2, and 6= 0.5 are used in the

optimization. Lower cost means more appropriate beam pattern.

Fig. 5 illustrates the total cost map according to &1 and .
dy is changed from 0.4 to 0.6A at intervals of 0.01A, and d.s is
varied from 0.5 to 1.5 with intervals of 0.05. The minimum cost
of 0.67 is obtained when i and ., are 0.41A and 0.8, respec-
tively, while a cost of 0.7 is observed with the UCA configura-
tion (& = dy = 0.51).

Fig. 6 shows the patterns of the reference and surveillance
beams at a center frequency of 98 MHz in the FM band. The
solid lines indicate the beam pattern of the proposed array, and
the dashed lines represent the beam pattern of the UCA config-
uration. For the proposed array, the PSLR and FNBW are 13.3
dB and 139°, respectively, and the null depth and null width are
37.5 dB and 23°, respectively. The exact values of the PSLR,
FNBW, null depth, and null width at all analysis frequencies are
listed in Table 2. The results indicate that the average PSLR
and null depth at three frequencies (88, 98, and 108 MHz) are
greater than those in the UCA configuration by 0.7 dB and 0.7
dB, respectively.

To verify the detection performance using the proposed array,
an amplitude range—Doppler map is created as shown Fig. 7. In
the given scenario, the distance between the PCL radar and the
target is assumed to be 100 km, and the target’s velocity is as-
sumed to be 551 m/s. The received reference and surveillance
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Fig. 5. Total cost map according to i and .
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Fig. 6. Beam patterns of the proposed and uniform circular array at
98 MHz: (a) reference channel and (b) surveillance channel.

signals are used in the cross-correlation equation to obtain the
amplitude range-Doppler map. The cross correlation y, can be
calculated as

Xt )= T x(1)-x(t—7) e’ . dt

(6)
Table 2. Comparison of array antenna characteristics
PSLR FNBW Null Nu]l
Parameter dB) (o) depth width
( @ 0
88 MHz
Proposed array 13.5 139 35.0 23
UCA 12.8 140 321 23
98 MHz
Proposed array 13.3 139 375 23
UCA 12.5 140 38.0 23
108 MHz
Proposed array 12.9 139 324 27
UCA 12.3 140 32.8 23
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Fig. 7. Amplitude range-Doppler map for a detected target in a

given scenario.

where 7 is the signal delay between the received reference and
surveillance signals, and 7 is the Doppler frequency according to
the target’s velocity. With a target velocity of 551 m/s, the actual
Doppler frequency is 180 Hz. The value derived from the corre-
lation equation is 179 Hz. The estimated range between the
PCL radar and the target is 101.2 km, which is close to the sce-
nario’s range of 100 km. These results demonstrate that the
proposed non-uniform array for PCL systems can effectively
detect targets.

IV. CONCLUSION

Non-uniform array configurations were investigated to max-
imize the beamforming performance of PCL systems. The pro-
posed array consisted of eight dipole elements that are divided
into two groups with distances of 0.41A and 0.32\ from the
array center, respectively. The individual dipole element had a
bandwidth of 23 MHz (85 to 108 MHz, VSWR <2), which
showed suitable performance for PCL systems. The array an-
tenna characteristics (PSLR, FNBW, null width, and null
depth) were then investigated to derive the optimum array con-
figuration. The results showed that the average PSLR and null
depth of the proposed array at three frequencies (88, 98, and
108 MHz) were greater than those of the UCA configuration
by 0.7 dB and 0.7 dB, respectively. Moreover, the proposed
non-uniform array configuration had more suitable beam pat-
terns compared with the conventional UCA. The target detec-
tion performance of the proposed array was tested in a certain
scenario, and the target was detected with Doppler and range
errors of 1 Hz and 1.2 km, respectively.

This work was supported by a grant-in-aid from Hanwha
Systems.
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Antenna with Different Numbers of Dipole Elements
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Abstract

This paper investigated the characteristics of series-fed angled dipole antennas as the number of dipoles increased from one to two, four,

and eight. A parallel strip line printed on both sides of the substrate was used to connect angled printed dipoles of the same size in a series

with equal spacing. As expected, although the gain increased as the number of dipoles increased, the impedance and gain bandwidths
decreased. In addition, as the number of dipoles increased, the half-power beamwidth (HPBW) differences between the xz- and yz-

planes decreased and the radiation pattern of the xz-plane became more symmetric. Antennas with one, two, four, and eight-dipole ele-

ments in a series were designed, and their peak gains were 5.0 dBi, 7.2 dBi, 9.4 dBi, and 10.4 dBj, respectively. The differences between
the xz- and yz-plane HPBWs of the four antennas were 160.4°, 41.7°, 14.2°, and 5.3°, respectively. As the number of dipoles in the an-
tenna increased, the differences between the HPBWs in the xz- and yz-planes decreased.

Key Words: Dipole Array, Endfire Antenna, Ka-Band, Millimeter-Wave Antenna, Printed Dipole Antenna, 5G Antenna.

I. INTRODUCTION

The 5G wireless communication systems use the high carrier
frequency of low millimeter-wave bands to enhance the rate of
data transmission. However, because this use of high carrier
frequencies increases propagation loss over distance, the need
for a high-gain antenna to overcome this problem has become
significant [1-5]. The endfire dipole antenna, which is printed
on both sides of a substrate, is widely used in wireless communi-
cation systems and consists of a small, simple structure with a
wide impedance bandwidth and stable gain [6-9].

However, single-printed dipole antennas exhibit low gain,
making them inapplicable for use at high frequencies. The radi-
ation pattern of a single-printed dipole antenna is typically
asymmetrical, which causes the beam scanning range to present
asymmetrically, making it difficult to use for two-dimensional

phased array antennas [10-13]. Metal cavity-backed antenna
structures, or Yagi-Uda antenna structures with multiple direc-
tors, are used to increase the gain and symmetricity of the radia-
tion patterns [14-22]. Metal cavity-backed antennas have simi-
lar half-power beamwidths (HPBWs) in the E- and H-planes
of their radiation pattern. Thus, the radiation pattern is sym-
metrical and the antenna gain is high due to cavity resonance.
Nonetheless, metal cavity-backed antennas are heavy and ex-
pensive [23]. A Yagi-Uda antenna structure can achieve a high
gain and symmetrical radiation pattern at a small size and low
price, but its antenna characteristics can be difficult to optimize
due to the number of directors is increased [24, 25].

In this paper, we propose an array antenna with a symmetrical
radiation pattern and high gain by connecting multiple dipole
elements in a series. In the proposed array antenna, several iden-
tical dipole elements are connected in a series using parallel strip
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lines printed on both sides of the substrate. We designed a sin-
gle dipole antenna, and array antennas with two-, four-, and
eight-dipoles and compared their characteristics.

II. SINGLE DIPOLE ANTENNA DESIGN
AND CHARACTERISTICS

Fig. 1 shows the geometry of the single angled printed dipole
antenna with the dipole bent 45° toward the ground plane. An-
gled dipoles are smaller than straight dipoles and have excellent
matching performance. In addition, mutual coupling is low
when used as an array [13, 14]. This paper used an angled di-
pole because of the abovementioned advantages. The detailed
design procedure and characteristics of the single-element an-
gled dipole antenna can be found in [14]. The substrate used in
the antenna design is a Rogers RO4003C (g, = 3.38, tand =
0.0027) substrate, and its thickness is 0.2032 mm. Each arm of
the single dipole antenna is printed on both sides of the sub-
strate, and the power input through the microstrip line of the
truncated ground plane is transferred to the dipole through the
parallel strip lines printed on both sides of the substrate. Each
dipole is connected by a parallel strip line, and the length of L, is
adjusted so that the impedance of the parallel strip line and the
50-Q microstrip line match. An ANSYS High Frequency
Structure Simulator (HFSS) was used to simulate and optimize
a single angled printed dipole antenna, and the design parame-
ters of the optimized antenna were as follows: /=10 mm, L =
14.8 mm, L, =10 mm, L,= 2.2 mm, W,;=0.3 mm, §=2 mm,
Sa=2.8 mm, W,=0.3 mm, L,= 1.6 mm, W,=0.3 mm, and
W= 0.5 mm.

Fig. 2 illustrates the characteristics of a single angled dipole
antenna. The —10 dB impedance bandwidth is 25.6-31.0 GHz,
and the 3-dB gain bandwidth is 20.1-34.9 GHz. The gain at
the center frequency of 28 GHz is 4.5 dBi, and the cross-
polarization level is less than —15.1 dB. The HPBWs of the xz-
and yz-planes are 62.6° and 219.3°, respectively, and the
HPBW of the yz-plane is approximately 157° wider than the
HPBW of the xz-plane. Moreover, the radiation pattern of the
xz-plane is asymmetrical. In line with the endfire direction, the
HPBWs on the left and right sides of the radiation pattern are
indicated as HPBWL and HPBWgr—with the corresponding
angles of 34” and 28.6°—respectively. HPBW?, is approximately
5.4° wider than HPBWk. The xz-plane radiation patterns pre-
sent asymmetrically in a single dipole due to the considerable
influence of the truncated ground plane that acts as a reflector.
Each arm of the dipole is printed symmetrically on both sides of
the substrate; however, the truncated ground plane exists in only
some areas on one side of the substrate, making the whole struc-
ture asymmetrical. Therefore, the radiation pattern of the xz-
plane presents asymmetrically, and the main beam direction is

tilted.
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Fig. 1. A single-printed angled dipole antenna: (a) front view and
(b) side view.
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Fig. 2. Simulation results of the single dipole antenna: (a) reflection

coefficient and gain curve, (b) radiation pattern at 28 GHz,
and (c) radiation pattern of the xz-plane at three different
frequencies.
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Fig. 3. Series-fed array antenna geometry.
II1. SERIES-FED DIPOLE ARRAY ANTENNAS

Fig. 3 shows the structure of series-fed printed dipole arrays
with dipole elements of the same size as the single-printed di-
pole antenna above. Two, four, and eight-dipole elements were
connected in a series, and the antennas’ characteristics were op-
timized. The spacing and phase differences between the dipole
elements of the series-fed endfire array determine the gain of
the array. To maximize the gain of the endfire array, the phase
difference between dipole elements must decrease as the num-
ber of dipole elements in the array increases [26]. Therefore, the
spacing between dipoles, S», was reduced when the number of
dipoles of the array increased. The exact value of §,», which pro-
vides the maximum gain at the center frequency, was obtained
through a parametric study. A quarter-wave transformer was
used to match the impedance of the 50-Q microstrip line and
the array antenna, and the length, Sz, of the parallel strip line
connecting the first dipole and the microstrip line was adjusted.
The 8. values of the two-, four-, and eight-dipole element array
antennas are 2.8 mm, 2.3 mm, and 1.7 mm, respectively. When
expressed in terms of wavelengths, they are 0.26A0, 0.21Ao, and
0.16A, respectively. Table 1 shows the optimized design param-
eters of the single-printed dipole antenna and the array antennas
with two, four, and eight-dipole elements in a series.

Fig. 4 shows the simulation results for the antenna with one-,
two-, four-, and eight-dipole elements. Fig. 4(a) shows the four
antennas’ reflection coefficients. When compared to a single

dipole antenna, the impedance bandwidth of the array, wherein

Table 1. Design parameters of antennas

Parameter 1-dipole 2-dipole 4-dipole 8-dipole
Sa (mm) 2.8 32 3.2 2.8
S2 (mm) - 2.8 23 1.7
So (o) - 0.26 0.21 0.16
L, (mm) 14 1.8 2.0 0.6
W, (mm) 0.3 1.0 0.8 0.3
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Fig. 4. Simulation results of one-, two-, four-, and eight-dipole
antennas at 28 GHz: (a) reflection coefficient, (b) gain, and
(c) gain with respect to the number of dipoles.

several dipoles of the same size are connected in a series, is re-
duced. The impedance bandwidths of the one-, two-, four-, and
eight-dipole arrays are 25.6-31.0 GHz, 27.5-28.9 GHz, 27.6~
28.9 GHz, and 27.8-29.3 GHz, respectively. Fig. 4(b) shows
the gain characteristics of the antennas in the endfire direction.
The gains at the center frequencies of the one-, two-, four-, and
eight-dipole arrays are 4.5 dBi, 7.0 dBi, 9.0 dBi, and 10.2 dBi,
respectively. For arrays with two or more dipoles, the 3-dB gain
bandwidth gradually decreased as the number of dipoles in-
creased. Fig. 4(c) shows the gains as the number of dipoles
changed. The gain stopped increasing when the number of di-
poles was greater than seven.

When the number of dipole elements forming the series-fed
endfire array antenna is large, the phase constant () of the feed-
line connecting the dipole elements should be close to the wave
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number of free space to obtain high gain [26]. Because the
phase constant of the parallel strip line in this study is larger
than the wave number of free space (%), the gain increment
cannot be achieved when more than a certain number of dipole
elements are used.

Fig. 5 shows the surface current distribution of an array an-
tenna consisting of two-, four-, eight-, and twelve-dipole ele-
ments. Although the number of dipoles increases on the array
antenna, the current is not concentrated on a specific dipole and
is uniformly distributed. Fig. 6 shows the surface current vectors
of the antennas with one-, two-, three-, and four-dipole ele-
ments. For the array antennas composed of one-, two-, and
three-dipole elements, the phase difference of the current be-
tween the adjacent dipole elements is close to 180°. As a result,
constructive interference occurs, which increases the gain of the
array antenna in the endfire direction. However, the array an-
tenna with four dipoles does not significantly increase the gain
because the phase difference of the currents of the third and
fourth dipoles is close to being in-phase. As the number of di-
poles increases, the phase difference between the adjacent dipole
elements becomes in-phase more frequently. Therefore, the
gain does not increase when more than a certain number of di-
pole elements are used.

Fig. 5. Current distribution of the printed two-, four-, eight-, and
twelve-element dipole array antennas.

colls PSR, Y 7 T—
Fig. 6. Current vector of the printed one-, two, three-, and four-
element dipole array antennas.

. r—
= ~ - e lasaa.
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Fig. 7 shows the normalized radiation pattern at the center
frequency of 28 GHz. As the number of dipoles increases, the
HPBWs of the xz- and yz-planes of the radiation patterns be-
came similar. As the number of dipoles increases, the directivity
increases, and the influence of the reflected power in the trun-
cated ground plane is reduced. Therefore, the radiation pattern
of the xz- and yz-planes presented more symmetrically. For four
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Fig. 7. Normalized radiation pattern of the dipole array antennas at
28 GHz: (a) two-dipole, (b) four-dipole, and (c) eight-
dipole.
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Table 2. Radiation pattern characteristics

Characteristic 1-dipole 2-dipole 4-dipole 8-dipole
-10 dB IBW (GHz) 5.4 1.4 1.3 15
3-dB gain BW (GHz) 14.8 14.6 9.0 7.1
Gain at 28 GHz (dBi) 4.5 7.0 9.0 10.2
xz-plane HPBW (°) 62.6 68.9 54.6 43.6

xz-plane HPBWL(*) 34.0 333 26.5 21.5
xz-plane HPBWk (%) 28.6 35.7 28.1 22.3
yz-plane HPBW (%) 219.3 97.7 68.7 49.8
x-pol level (dB) -15.1 -16.3 -17.6 -18.6

or more dipoles connected in a series, the HPBW difference
between the xz- and yz-planes was significantly reduced to less
than 20°. The HPBW differences between the xz- and yz-
planes of the designed one-, two-, four-, and eight-dipole arrays
were 156.7°, 28.8%, 14.1°, and 5.3°, respectively. In the xz-plane
radiation pattern, the difference between HPBWg and HP-
BW?L was less than 2°, and more symmetrical radiation patterns
were obtained. The differences between HPBW|, and HPBWx
for the xz-plane of one-, two-, four-, and eight-dipole arrays
were 5.4°, 2.4°, 1.6°, and 0.8°, respectively. For multiple dipoles
connected in a series, the cross-polarization components in each
dipole cancelled each other out. Therefore, the cross-polari-
zation level was lower than in a single dipole antenna. The char-
acteristics of the one-, two-, four-, and eight-dipole arrays are

shown in Table 2.
IV. MEASUREMENT RESULTS

The printed angled dipole array antenna with four-dipole el-
ements connected in a series was fabricated, and the reflection
coefficient, gain, and radiation pattern were measured. Fig. 8 is a
photograph of the fabricated antenna. The Rohde & Schwarz
ZVA 67 VNA was used to measure the reflection coefficient,
and MTG Corp.’s anechoic chamber was used to measure the
radiation pattern. Fig. 9 shows the simulated and measured re-
sults of the fabricated antenna. The measured —10 dB imped-

Fig. 8. Photograph of the printed four-element dipole array anten-
na.
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Fig. 9. Comparison between the measured and simulated results: (a)
reflection coefficient, (b) gain, and (c) radiation pattern at

28 GHz.

ance bandwidth of the four-dipole array antenna is 27.2-29.0
GHz. The measured impedance bandwidth is nearly the same
as the simulated result of 27.6-28.9 GHz. The measured gain at
the center frequency of 28 GHz is 9.0 dBi, and the HPBWs in
the xz- and yz-planes are 54.6" and 68.7°, respectively. The 3-dB
gain bandwidth of the array antenna is 23.6-33.5 GHz.

The measured gain at 28 GHz is almost the same as the sim-
ulated results, and the HPBWs in the xz- and yz-planes are
56.1° and 68.5°, respectively. The measured 3-dB gain band-
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width is 24.3-32.2 GHz, which is approximately 1.0 GHz nar-
rower than the simulated results.

V. CONCLUSION

This paper demonstrated that when using multiple angled
dipoles, series-fed array antennas can achieve higher gains, more
symmetrical radiation patterns, and lower cross-polarization
levels than single angled dipole antennas. We designed two-,
four-, and eight-dipoles in a series, and the gains at the center
frequency of the array antennas were 7.0 dBi, 9.0 dBi, and 10.2
dBi, respectively. The single angled printed dipole exhibited a
large HPBW difference of 156.7° between the xz- and yz-
planes, and the radiation pattern of the xz-plane was asymmet-
rical. By connecting four or more dipoles in a series, the HPBW
difference between the xz- and yz-planes was greatly reduced.
In addition, the radiation pattern of the xz-plane presented
symmetrically. Therefore, the proposed structure presented a
high gain and symmetrical radiation pattern. It was also lighter
and cheaper than antenna structures using metal cavities and
significantly easier to optimize than quasi-Yagi antennas using
several directors. Therefore, the proposed antenna could prove
useful for 5G communication systems.
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Abstract

To evaluate the performance of a monopulse radar system, it is necessary to accurately model radar return signals from the ground surface

in a time domain. In this paper, we propose a numerical method to model these return signals including radar radio frequency specifica-

tions, such as the pulse repetition interval, frequency, and polarization, as well as the antenna geometry, the ground clutter backscattering

characteristics, and so on. The Doppler effect is also incorporated into the signal generation scheme because of the dynamics of the plat-

form/clutter and the antenna orientation. The Doppler frequency shift caused by the ground clutter is modeled by employing the time

correlation of the received signals. In some scenarios, the monopulse signals are generated and numerically examined. For real radar appli-

cation, the effect of the platform’s roll stabilization on the monopulse signals is investigated based on the proposed signal generation

scheme.

Key Words: Doppler Effect, Ground Clutter, Monopulse Radar, Radar Return Signal.

I. INTRODUCTION

The radar system mounted on an airborne platform operates
in an air-to-ground mode as well as in an air-to-air mode [1].
For example, the AN/APG-77 is the F-22’s primary sensor that
provides several functions, including terrain mapping, ground-
moving target searching/tracking, and air-to-ground ranging
(AGR) [2]. The AN/APG-77 radar adopts a monopulse system
with an active electronically scanned array (AESA) antenna.
The amplitude- or phase-comparison monopulse radar trans-
mits one pulse and then receives three monopulse channels as
the sum, elevation, and azimuth difference channels. The chan-

nels are calculated as three weighted sums of partial signals re-
ceived by each antenna element in a receiving mode [3, 4]. Also,
in the air-to-ground mode, the clutter backscattering may be-
come much stronger than that of the air-to-air mode, and such
strong backscattering can seriously degrade the radar’s perfor-
mance [5].

The radar echo signals are determined by basic radar radio
frequency (RF) specification, such as frequency and pulse repeti-
tion interval (PRI), etc., and the radar’s operation environment,
such as platform dynamics, ground clutter type, antenna foot-
print on the ground plane (mainly determined by the platform
orientation), and the ASEA antenna’s beam illumination. Due
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to the dynamics of the platform and ground clutter, the received
signal is slightly distorted, which can be modeled by considering
the Doppler frequency shift. Since the range-Doppler (RD)
map clearly shows the Doppler frequencies, RD-processing is
crucial in many radar applications, including a synthetic aperture
radar (SAR) [6] and a moving target indicator [7]. Hence, the
modeling of the radar echo signal in a time-domain is required
when considering the effect of all the aforementioned factor’s
needed to generate an accurate RD map.

Much attention has been paid to the backscattering deter-
mined by the ground clutter, which can be used to determine
the mean power received by the radar. Since the clutter signal is
a typical random signal, several probability density functions
(PDF) have been used, such as Gaussian, Weibull, K-distri-
bution, and so on [8]. Except in the case of sea clutter, the
Gaussian distribution is a simple and accurate way to develop a
time-domain signal model [9]. The correlated Gaussian random
signal can be generated in a relatively easy and accurate manner
[10, 11], and is a conventional method for incorporating the
Doppler effect of the clutter into the modeling of pulse-
Doppler radar signals [12].

In Section II, we address the proposed modeling approach of
the radar echo signal for a phase-comparison monopulse radar
[3], considering the Doppler effects due to the dynamics of the
platform and the ground clutter simultaneously. Section III pre-
sents the numerical results for operating scenarios that consider
the platform dynamics and antenna beam steering direction, etc.
Finally, an AGR simulation is examined for a real-world appli-

cation.
II. MODELING METHOD

1. Scenario and Coordinate Systems

The dynamic scenario for the air-to-ground radar operation
is shown in Fig. 1. An airborne platform moves at a constant
velocity, y = VRV, P+ V.2 while repeatedly transmitting a
signal to the ground surface at every PRI. Given that an antenna
beam is illuminated toward the line of sight (LOS), the return
signals may be reflected primarily from the main-lobe beam
projected on the ground that is truncated by the half-power
beam width (HPBW) for a numerical simulation. The return
signals of multiple pulses are aligned along the fast time (#) and
the slow time (17), generating 2D raw signals [13]. The mean
reflection power from the ground clutter inside the projected
main-lobe beam can be calculated using the backscattering coef-
ficient [14]. Here, we assume the ground clutter to be a rough
surface [15] for which a theoretical backscattering model, such
as an Integral Equation Model (IEM) may be accurate [16] for
two co-polarized scatterings. The return signal can be assumed
to be a Gaussian random signal whose backscattering coefficient

Slow time, n

EI» Rx signals
Tx pulses:ﬂ ﬂﬂ ﬂ » m

Fast time, ¢
3dB HPBW

Airborne of main lobe

platform
LOS(5,)

Projected main-

G d clutt
round clutter lobe beam

Fig. 1. Dynamics scenario for air-to-ground radar.

is used as a variance of the random signal. The movement of the
platform and ground clutter can be modeled using the Doppler
frequency shift in the received signals.

Note that the shape of the projected main-lobe beam in Fig.
1 is dependent on the orientations of the platform and the an-
tenna. Hence, the coordinate systems of the platform and the
antenna are important. The relationship between the global and
local coordinate systems of the platform is shown in Fig. 2. The
parameters related to the coordinate systems in Fig. 2 are sum-
marized as follows:

(%,.7,.2,) Orientation vector of the platform in its local
coordinates,

(X,.9,,2,): Orientation vector of the platform in the global
coordinates,

§, and§,: LOS vectors of the antenna in the platform’s
local coordinates and in the global coordinates,
respectively,

6 and ¢ : Elevation and azimuth angles in the antenna’s
local coordinates,

6.,6,,and 6,: Roll, yaw, and pitch angles in the platform’s

local coordinates.

As the local coordinate of the antenna coincides with that of

the platform, § is defined as
§, =sinfcospx, +sin@sinpy, +cosdz .

Considering the dynamics of the platform, the LOS vector of
the antenna in the global coordinates is rotated depending on
0,,0,,and 0,, as seen in Fig. 2. Based ong,, 6, and 0,,
the antenna’s LOS vector in the global coordinate, 3, , is re-
presented as

S, = R.(0,)R,(0,)R.(0,)S,

where R, R, and R_ are rotation matrices along the global «, y,
and z axes, respectively [17]. In Fig. 3, the signs of the antenna
weights for three monopulse channels are defined. The Vand W/
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pitch(8,) : .
AZ(p) LOS())

Platform’s local coordinates

LOS ()

Global coordinates

Fig. 2. Local and global coordinate systems of the platform and

antenna.

2,07) 2,0 2,07)
e% ?Q(VJ ?Q(VJ f’g“”)
(a) (b) (©)
Fig. 3. Sign of antenna weight for phase-comparison monopulse

sum and difference patterns: (a) sum (w*), (b) elevation

difference (w**), and (c) azimuth difference (W™ ).

x10*

Projected
¥ axis platform

5 4 3 2 1 0 -
y[m] % 10*

()

axes of the monopulse radar coincide with the y, and z,
axes in the global coordinates, respectively [18]. In Figs. 4 and 5,
the projected main-lobe beam and the 7 and /¥ axes are found
on the ground plane using a ray-tracing technique: first, the
normal vector of the antenna’s V¥ plane is aligned in the direc-
tion of §_ . Then, rays are launched from the antenna’s center
to the rim of the HPBW of the antenna pattern or the /'and W
lines in the antenna’s VW plane. Finally, the intercept points
between the rays and the ground plane are calculated.

The simulation parameters are presented in Table 1. In Fig. 4,
the platform orientation and antenna beam steering are given as
6, = 0°, 6, = 0°, 6, = 0° and 6 = 105°, ¢ = 0°-60°,
respectively. As observed in Fig. 4(a), it is well-known that as
the azimuth angle (@) increases, the HPBW of the V axis
broadens while the HPBW of the J# axis remains constant [19].
The simulation and theoretical estimations for the HPBW of
the 7 and W axes on the ground are compared in Fig. 4(b),
where an excellent agreement can be observed. As shown in Fig.
5(a), if the platform is rolled, the monopulse axes rotate by a
small angle, y, with respect to the major axes parallel to the

Analytic : V axis
- a

0 10 20 30 40 50 60
Phi [deg]

(b)

Fig. 4. Simulation results according to the azimuth angle ¢. (a) Projected antenna footprint and 7 and /¥ axes, and (b) analytic and simu-

lation results of the 7 and W axis widths.

4 »10*
Projected W axis
35 Projected V axis
) = = =Major axis
3
2.5
£,
»
1.5
1
0.5 e
platform
0 Ty
3 2 1 0 -1
y [m] x10*
(a)

= = =Analytic
Simulation

0 10 20 30 40 50 60
Roll [deg]

(b)

Fig. 5. Simulation results according to the rolling angle 8,.. (a) Projected antenna footprint and the ¥ and W axes, and (b) analytic and

simulation results of y.
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Table 1. Simulation parameters

Parameter Value
Polarization A%
Frequency X band
Number of pulses 50
Platform height (feet) 30,000
Platform speed (m/s) 180
PRF (Hz) 1,670
Rectangle size (m) 30 X 30
Number of antenna array

V axis 20

W axis 20
Antenna array spacing

V axis A4

W axis A4
Correlation function Gaussian [23]
Correlation length (cm) 8.4 5]
rms height (cm) 0.4 [5]
Dielectric constant 15.4-,2.15 [5]

LOS vector [14]. The estimations of y by simulation and by the
known theoretical formula [14] are in excellent agreement, as
seen in Fig. 5(b). For this calculation, the platform orientation
angles are assumed as 6, =0°-60°, 6, =0°, and ), =0°. The
beam illumination angles of the antenna are fixed at 6 = 130°
and ¢ = 0°. Therefore, the projected antenna footprint on the
ground plane can be accurately found for any platform and an-
tenna orientation.

2. Radar Return Signal in a Time-Domain

The configuration of the signal transmission/reception at the
radar and the corresponding projected main-lobe beam needed
to calculate the radar return signals in a time-domain are shown
in Fig. 6. First, the projected main-lobe beam is divided into
uniform rectangular grids (cells) based on a preset range resolu-
tion. The range resolution is determined using the sampling
time interval of the fast time (#) [13]. The projected area can be
approximated as an ellipse [20] whose major axis is parallel to

Projected main-lobe beam
v

Minor axis |

Major axis §

g-th cell
oty Iyg ty

Fig. 6. Signal transmission/reception of antenna to/from surface-
projected main-lobe beam.

the LOS direction from the radar to the center of the ellipse.
Since the minor axis is perpendicular to the major axis, the el-
lipse can be uniformly discretized using a rectangle along the
major and minor axes, as seen in Fig. 6. The ellipse is located in
the far-field region from the platform, and so the return signals
from the cells along a line parallel to the minor axis are coher-
ently added into one time-domain response in each sampling
time (range bin). The received monopulse signals from each ¢-
th ground cell is represented as

AF_AF.G*c (t ,n)A

i, = 22500, (o) (‘“a[p”c(’"’”)}
R (t,.1) c

AF, AF,,,G*c, (t,,n)A4

\P?EL(I‘“”]): s AL gL d Gq( 1) (q)§|:[_2Rr(tn’77)}
Rc(tnan) Cc
2
lPAAZ(t”’n): AFZAFAAZCZ; O-q (t"”])A(CI)5 t_ZR('(tH”]) ,
‘ R(1..1) c @

where g, and A(g) are the backscattering coefficient and area
of the ¢-th cell, respectively, G is the gain of the antenna ele-
ment, and §(+) is the Dirac delta function. Note that the ¢-th
cell belongs to the sampling time (#,), as shown in Fig. 6. The
sampling time can be computed simply as: =2R (z,,7)/c,
where ¢ is the speed of light. R (z,,7) is the distance from the
platform to the g-th cells corresponding to the major axis, as
shown in Fig. 6. AF,, AF,,,
tors of the antenna for the sum, elevation difference, azimuth

,and AF,,, are the array fac-

difference channels, respectively, on the ¢-th cell, which is given
as

NP R
AR =D W exp(—jko[Rq (t,,7)~5,1°F, )
p=1

P

AFAEL = Z WiEL eXp (_.]kO [}’éq (tn ’77) - §g] ' 7'[) )5
p=1

2 A
AF, = Y Wi exp(—jk (R, (t,,m) = 5,17, ), @
p=l

where N, is the number of the antenna elements and k&, is
the free-space propagation constant. R,(1,,m) 1 the direction
vector from the phase center of the antenna to the g-th cell at
t=t, 7 is the displacement vector from the phase center of
the antenna to the p-th antenna element. wE, Wit and
wii? are the weight of the p-th antenna element for three
monopulse channels, as seen in Fig. 3. In monopulse systems, a
sum channel is used at the transmitting (Tx) mode and three
channels, such as the sum, elevation difference, and azimuth
difference channels, are employed in the receiving (Rx) mode

[4]. The total return signals sampled at =%, are a summation
of the return signal from specific ground cells. The calculated

cells at =f, are mathematically denoted as Cell(gq) € ¢, .
Adding all responses from the ground cells belonging to
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Cell(q) € t, , three monopulse signals can be formulated with-
out the consideration of the Doppler effects as

Terrain

,AEL,AAZ
\PZ,AEL,AAZ(tn’n): Z Y, (,,m)
Cell(q)et, (3)

where v, ¥ and w,,, are the total radar return signals

AEL?
for the monopulse sum, elevation difference, and aizumuth
difference channels, respectively.

In Fig. 7, the return signal is calculated from a flat ground
whose backscattering is assumed to be a constant at a slow time,

n = 0. In Fig. 7(a) and 7(b), the platform orientation and an-
tenna beam steering are assumed as 6, = 60°, 6, =0°, 6, =

/wo vt \\I/E\

-- —/wo-y:\\IlAEL\

Jwo 1 |

A AZl

(a

Angle off Boresight [deg]

(b)

Analytic
= = =Simulation

0.5F

051

s 6 4 2 0 2 4 6 s
Angle off Boresight [deg]
(©
Fig. 7. Monopulse response vs angle-off boresight: (a) monopulse
signal before y-correction, (b) monopulse signal after y-

correction, and (c) monopulse ratio of Im(¥,,, ) to Re(¥,).
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0°, and 6=130°, ¢ = 0°, respectively. The “/w y” and “/wo y”
indicate “with y-correction” and “without y-correction”, respec-
tively. In Fig. 7(a), the roll angle is not zero, so it can be ob-
served that the null of v,,, locates off the boresight and the
monopulse response of ¥, is not zero. But, as shown in Fig.
7(b), when the return signal is compensated with the known y-
s 1s shifted to the
boresight and the level of w,,, is decreased to almost zero [4].
The exact and simulated monopulse ratios, Im(¥,,, )/Re(w, ),
are compared in Fig. 7(c) for 6, = 0° [14]. The proposed sig-

correction scheme, the null point of

nal-generation scheme can provide an accurate monopulse ratio.
The Re(w, ) is approximately 2x10™", which is essentially
zero. Here, Re(z) and Im(z) are the real and imaginary parts of
z, respectively. Therefore, the generated time-domain signal can
provide accurate monopulse signal behaviors.

3. Doppler Effects

There are two dominant Doppler effects in the dynamic situ-
ation considered here because of to the movements of the plat-
form and ground clutter. The Doppler shift of the clutter can be
included simply by generating the correlated Gaussian random
variable of ,(%,.7) in the slow time in (1) for a proper
correlation function, such as the Gaussian and exponential
functions. Here, the Cholesky decomposition method is used
[11]. The correlation time (z.) is inversely proportional to the
Doppler frequency of the ground clutter [21, 22]. After compu-
ting (1) with the correlated o, (1,,7) along the slow time, the
Doppler shift due to the platform dynamic is considered. The
time-dependent distance between the platform and the ¢-th cell
is expressed at the slow time (7, ) as

R(.n )= [xﬁvx(t,,+77m)—xq}2+[yf+vy(tn+77m)_yq}2+
e |:zj.+vz(l‘n+I7m)—zq:|2 @

where (X;.9,52,) and (x,.,.2,) are the coordinates of the
platform and the center of the ¢-th cell at (# = 0,77 = 0) of the
global coordinates, respectively. By using the Taylor series ex-
pansion, the Doppler frequencies along the fast-time, s |
and slow-time, ., Axes,can be formulated as b

_—Rq(O,r]m)~\7 _—Rq(0,0)~\7

' Rq (O’ nm )/10 T Rq (O’ 0)/10 (5)

D,t

where A, is the free-space wavelength. Finally, the total re-
turn signal, including the Doppler effect due to platform
movement, is given as

Terrain

\P?;,AEL,AAZ (t.,7)x
Vs aeraaz @,51,) = Z exp(_jzﬂ'fn,t”ln)x :
Cell(q)et,

exXp(=Jj27 fp 5, 1) (6)
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If two Doppler effects are considered at the same time, it is
physically expected that the correlation time of the generated
signal may be similar to the shorter one between the correlation
times due to the platform and clutter dynamics.

II1. SIMULATION RESULTS

The simulation parameters are summarized in Table 1. The
parameters of correlation length, root mean square (RMS), and
dielectric constant of the rough surface are found in [5]. The
pulse repetition frequency (PRF) is the reciprocal of PRI. A
complete signal generation is considered, including two Doppler
effects. For the rest of the simulations, the platform orientation
and antenna beam steering are set as 6, =45°, 6, = 0°, 6, =
0°, and 6 =130°, ¢ = 0°, respectively. In Fig. 8, the RD maps
are shown for the sum and elevation difference signals. The RD
map is calculated by taking the fast Fourier transform (FFT)
along the slow-time axis, which clearly shows the signal Dop-
pler frequencies. The correlation time of the clutter is assumed
as 0.03 seconds for an X-band ground clutter [25]. The
Doppler frequency can be exactly computed as 9,192.5 Hz at
the center of the projected ellipse. The signal Doppler frequen-
cies on the projected antenna footprint distributes over the
wrapped Doppler frequency range (=800 < £, < —=700)U
(344.6 < £, <800) [19]. Hence, the correct Doppler frequency
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Fig. 8. RD maps of monopulse signals for # = 0.03 seconds: (a)
sum signal (\yz ) and (b) elevation signal (¥

AEL )

generation is observed in Fig. 8. In Fig. 8(b), the null of the
elevation signal can be observed. In the Tx mode, only the sum
pattern is transmitted, and so the Doppler frequency distribu-
tion of the difference pattern is similar to that of the sum pat-
tern. Over the projected antenna footprint on the ground, the
Doppler frequencies exit over a 500-Hz band, which indicates
that the 500-Hz frequency band is generated due to the plat-
form dynamics. Hence, the correlation time of the return signal
due to the platform movement is around 1/500~0.002 seconds
[22, 24]. Thus, two correaltion times of the ground clutter is
chosen: a longer correlation time, 0.03 seconds, and a shorter
one, 0.001 seconds. As explained earlier, the correlation time of
the generated radar signal should be similar to the shorter one
between the correlation times due to the platform and clutter
dynamics. In Fig. 9, the correlation of the generated signal is
computed along the slow time to produce two correlation times
of the clutter. It shows that the correlation time becomes the
shorter one between the two values of ¢ of the gound clutter
and the platform.

Next, an AGR simulation is considered for a real radar appli-
cation. Here, we use the coherent integration technique to
combine the 2D time-domain signal [26]. The coherent tech-
nique truncates the RD map of the sum signal around the Dop-
pler center. Also, the RD map of the elevation difference signal
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Fig. 9. Correlation of received signals: (a) £ = 0.03 seconds and (b)
£.=0.001 seconds.
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Fig. 10. Monopulse ratio for AGR simulation with and without y-
correction.

is chosen from the same range as that for the sum pattern. Then,
the monopulse ratio is calculated and averaged to one ratio [14,
26]. In Fig. 10, the ratio is shown with and without a y-
correction scheme. The y-correction scheme can retrieve the
correct monopulse ratio, which enhances the accuracy of the
range estimation. The null point of the monopulse ratio is
around the range estimation [26]. Without the y-correction
scheme, the range estimation error is about 2.06% but with the
y-correction scheme, the error is drastically reduced to about
0.07% which is within the known error range (<~ 1%) of the
phase-comparison monopulse AGR scheme [14].

IV. CONCLUSION

A numerical algorithm was proposed to generate the ground
return signal in a time domain for a monopulse radar system,
which can accurately consider the radar operation scenario and
the Doppler effects due to the movements of the platform and
ground clutter. To truncate the return area, the main beam up
to the HPBW is projected on the ground surface. Since the
projected antenna footprint is estimated using a ray-tracing
technique, the accuracy of the footprint can be very high for any
radar operation scenario. To simulate the monopulse sys-
tem, the sum signal is transmitted and then, using the appropri-
ate array weights, the sum and two difference signals are synthe-
sized. This method guarantees the correlation relationship be-
tween the sum and difference signals from an identical ground
cell. The backscattering coefficient of the ground clutter is as-
sumed to be a Gaussian random process. Thus, the Doppler
effect of the ground clutter can be efficiently modeled using a
correlated random number generation. For an application ex-
ample, an AGR simulation is considered. The proposed signal-
generation method is applied to a monopulse AGR simulation.
It is numerically shown that with the known y-correction

scheme, the signal distortion caused by rolling of the platform
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can be effectively removed. The range estimation error is within

the known error boundary for the phase-comparison monopulse

AGR scheme.
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Abstract

Efficient earth observation using spaceborne synthetic aperture radar (SAR) requires the analysis of high-resolution wide-swath (HRWS)

systems, which have a fine resolution and a short revisit time through wide-area observation, and quadrature-polarimetric (quad-pol) sys-

tems, which can obtain a quad-pol image and have many applications. The operational method of SAR generally affects system perfor-

mance involving the system parameters and antenna patterns, and thus analyzing HRWS quad-pol SAR systems is essential to the system

design. In this paper, an extension of the modified SweepSAR technique to a quad-pol observation scenario is performed and a compari-

son to ScanSAR and conventional SweepSAR is provided for a simulated scenario. On the basis of the system requirements, we selected

the optimal parameters and designed a reflector antenna suitable for a wide-swath quad-pol SAR system. As a result of comparing the

wide-swath quad-pol SAR operation modes, the modified SweepSAR mode demonstrated advantages in terms of system performance,

such as the ambiguity ratio and swath width, and reflector antenna design for a spaceborne SAR system.

Key Words: High-Resolution Wide-Swath (HRWS), Quadrature-Polarimetric (Quad-Pol), Reflector Antenna, Synthetic Aperture Ra-

dar (SAR).

I. INTRODUCTION

A spaceborne synthetic aperture radar (SAR) is a sensor that
is mounted on a satellite and utilizes radio waves to enable high-
resolution and all-weather Earth observation. However, con-
ventional spaceborne SAR has some limitations in use because
it has a trade-oft relationship within the main system parame-
ters. In addition, it obtains information from the Earth’s surface
by transmitting and receiving only a single polarization.

In Earth observation using spaceborne SAR, an efficient ob-

servation requires a short revisit time by observing wide areas [1].

For this purpose, wide-swath SAR operation modes, such as
ScanSAR and TOPSAR (terrain observation with progressive
scans SAR), were introduced and studied [2, 3]. However, these
two modes observe the sub-swaths sequentially and this opera-
tional method worsens the resolution in the azimuthal direction
of the SAR system. Therefore, obtaining a wide-swath and fine
resolution at the same time is difficult for a conventional wide-
swath SAR system. To overcome this constraint, many opera-
tion modes are currently being studied as high-resolution wide-
swath (HRWS) systems. Among these systems, we are interest-
ed in HRWS systems using a reflector antenna [4-6]. Generally,
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reflector antennas have high gain and moderate bandwidth and
can be made light-weight by using composite material or with a
mesh-type design. In addition, digital beam forming (DBF) can
be performed by on/oft operation of the feed elements. One of
the operation modes analyzed as a reflector-based HRWS sys-
tem is SweepSAR [4], which is a SAR operation mode of ob-
taining a high-resolution image using a broad beam to transmit
and a narrow beam to receive based on the SCORE(scan-on-
receive) method using DBF. However, this operation mode
requires the use of a low pulse repetition frequency (PRF) to
obtain an unambiguous wide swath. For this reason, a modified
mode of SweepSAR using dual channels, which is called M-
SweepSAR, was examined for a single polarization (single-pol)
SAR system [6].

Generally, the SAR system employs only a single transmit-
ting/receiving polarization and obtains one type of polarization
information. In contrast, in polarimetric SAR, such as dual-
polarimetric and quadrature-polarimetric (quad-pol) approaches,
various information can be obtained using multiple transmitting
and receiving polarizations, and it has been utilized this way in
many fields [7, 8]. However, for a SAR system operating in a
quad-pol mode, interleaving transmitting pulses of different
polarizations impacts the design of the SAR system. Therefore,
accurately analyzing this effect, as done in [9, 10], is necessary to
design an appropriate quad-pol SAR system.

In the current paper, the reflector antenna and the perfor-
mance of the proposed quad-pol system operating in M-
SweepSAR mode are designed and analyzed, respectively. We
also compared wide-swath quad-pol SAR systems in terms of
system performance and antenna design.

I1. PERFORMANCE OF THE WIDE-SWATH
QUAD-POL SAR SYSTEM

Generally, a SAR system can be characterized by perfor-
mance indicators, such as the ambiguity-to-signal ratio and res-
olution. These indicators are strongly related to the system pa-
rameters, antenna patterns, and SAR operation modes.

The ambiguity-to-signal ratio, which comprises the range
ambiguity-to-signal ratio (RASR) and azimuth ambiguity-to-
signal ratio (AASR), is the ratio of undesired signals to the de-
sired SAR signal. it is calculated through the transmit-
ting/receiving antenna pattern, G;(0)/G,(0); backscattering
coefficient, 0¥; slant range, p; range ambiguous slant range,
Pra; incidence angle, 6;; Doppler processing bandwidth, PB;
and the angles at which the ambiguity signal occurs in the range
and azimuth directions, 64 and 6,z, respectively [9, 11]. The
resolution, which is the degree of distinguishing the main target
from other objects, in the azimuthal direction (p,), is calculated
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through the beam footprint velocity (V;), Doppler bandwidth
(Afaop) and wavelength (A) [12, 13]. The range resolution is
related to the bandwidth of the transmitted pulse and is not
directly associated with other performance indicators.
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We dealt with the wide-swath and quad-pol operation modes
and designed the antenna, which is one of the most important
parts of the SAR system, to conduct a proper performance anal-
ysis.

1. Wide-Swath SAR System

The swath width of the spaceborne SAR system is affected by
the SAR system parameters, such as the PRF, pulse width, alti-
tude of the satellite, and incidence angle. Moreover, the swath
width is also related to noise and the resolution performance. As
a representative operation mode, ScanSAR, the most widely
used wide-swath SAR operation mode, uses multiple beams to
sequentially observe sub-swaths, which are designed according
to the position of the blind ranges determined by the PRF and
pulse width.

However, as the sub-swaths are observed sequentially, the
dwell time of each sub-swath is decreased, and the azimuth res-
olution is degraded in proportion to the number of sub-swaths
[2]. In contrast, SweepSAR continuously observes the total
swath width by using a broad transmitting antenna beam and
narrow receiving antenna beams through a DBF method,
whereas ScanSAR uses the same transmitting/receiving pattern
for each sub-swath. However, due to the azimuth ambiguity
performance and blind range, conventional SweepSAR requires
a low PRF and a large reflector antenna.

Alternatively, M-SweepSAR, which is examined in this pa-
per, can overcome this constraint by using two channels, so that
this operation mode can reduce the reflector size than Sweep-
SAR. M-SweepSAR uses two rows of linear-array feed anten-
nas, with each of the two channels corresponding to a row.
Each channel forms a transmitting/receiving pattern in the
same way as the DBF method of SweepSAR. Unlike Sweep-
SAR, however, an area which overlaps the blind range of one
channel can be observed by using the other channel. In other
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words, each channel operates simultaneously with different
PRFs. Two channels continuously observe the total swath with
one of the two frequency bands within the total available band-
width and filtering is performed to reduce interference [6, 14].
The operational concepts of the three wide-swath modes
(ScanSAR, SweepSAR, and M-SweepSAR) are shown in
Fig. 1.

In this way, the required antenna conditions depend on the
SAR operation mode. The selection of the SAR system param-
eters, such as the PREF, is also affected in meeting the system
requirements.

2. Quad-Pol SAR System

In the quad-pol SAR operation, H/V polarization is trans-
mitted and received alternately within the given intervals, and
the PREF is doubled that of the single-pol SAR. Therefore, the
quad-pol SAR can obtain four types of information: HH, HV,
VH, and VV. However, the increase in the PRF causes a de-

crease of the receiving interval and performance degradation in

the RASR.
:..-?\eﬂecm

Feed array

Range direction

Reflector

Range direction .-+

Feed array

N\ Reflector
Total available bandwidth

Range direction’,.+*""

- s
Total swath width Q\\§ Feed array

(©)

Fig. 1. Operational concepts of the wide-swath SAR systems: (a)
ScanSAR, (b) SweepSAR, and (c) M-SweepSAR. Dashed
line is transmitting operation; colored region is receiving
operation. Adapted from Lim [13].

Moreover, the behavior of backscattering coefficients in dif-
ferent polarizations [15, 16] needs to be considered for the pre-
diction of the quad-pol SAR performance. Due to the interleav-
ing of the transmitting pulses of different polarizations, two
types of signals with different transmitting polarization channels
but the same receiving polarization channels are considered as
range ambiguities. Since cross-polarized backscatter levels are
typically lower than the co-pol ones and the first-order ambigui-
ties, in Eq. (1), dominate the range ambiguity levels when con-
sidering the antenna radiation pattern, poorer RASR perfor-
mance is expected for cross-pol in a conventional quad-pol SAR
system [9]. For these reasons, when we assume the same effec-
tive channel PRF, the quad-pol mode obtains about half the
swath width of the single-pol mode.

Therefore, the considerable effects of the use of the quad-pol
mode on the SAR system performance need to be analyzed. In
addition, performance degradation should be compensated with
the selection of appropriate parameters based on the relation
between the SAR system parameters and the system perfor-
mance [17, 18]. The increase in the PRF leads to the degrada-
tion of the RASR performance while improving the AASR
performance. PB, which is the reliable range in the azimuthal
direction, also affects ambiguity performances. It is especially
important in the AASR characteristics, which are related to the
azimuth resolution, rather than to the RASR.

3. Design of the SAR Reflector Antenna

For satisfying the required performance of a SAR system, a
proper antenna should be considered and designed depending
on the polarization. In other words, it is necessary to design an
antenna that considers quad-pol performance because there is a
limit to achieving sufficient quad-pol performance by appropri-
ately selecting the system parameters while using an antenna
that had been considered for only single mode in its design [18].
According to a brief comparison between two systems employ-
ing the single-pol mode and the quad-pol mode, the ambiguity
performance of the single-pol mode is better than that of the
quad-pol mode. In terms of resolution, the characteristic of the
quad-pol mode is better than that of the single-pol because
ScanSAR, which has a trade-off relation between resolution and
the number of sub-swaths, covers less swath width due to the
increase of the PRF and the RASR performance degradation,
especially at the far region, in the quad-pol mode. Therefore,
the antenna should be designed to match the ambiguity ratio of
the quad-pol mode and the resolution of the single-pol mode.

The relation among the size of the reflector antenna, ambigu-
ity ratio, and resolution of the SAR system is as follows. In-
creasing the reflector length in the azimuthal direction improves
the azimuth ambiguity performance and degrades the resolution
regardless of the operation mode. Increasing the reflector width
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in the range direction improves the range ambiguity perfor-
mance in ScanSAR. However, as the beamwidth decreases, the
space between the feeds becomes narrower considering the
beam deviation factor (BDF) to ensure a continuous total swath
width, and the resolution performance is degraded because it
leads to an increased number of sub-swaths. The BDF of an
offset reflector antenna is derived from the beam scan angle, p;
feed tilt angle, Op; focal length, F; and parent reflector, Dp; as
shown in the following [19]:

-2
1+0.36 4i
o D,

BDF =

% 14{4F]2
D, )

As SweepSAR and M-SweepSAR continuously observe the
full range of the swath width, improving the range ambiguity
ratio by increasing the reflector width does not affect the resolu-
tion. However, as the reflector width increases, the space be-
tween the feeds becomes narrower and the minimum space is
limited by the size of the feed antenna. Therefore, RASR and
AASR require an increase in the reflector size, but the resolu-

tion and the size of the feed antenna must be considered as the

upper bound of the reflector width [13, 20].

III. CHARACTERISTIC ANALYSIS AND COMPARISON OF
THE QUAD-POL M-SWEEPSAR SYSTEM

In this research, we selected a spaceborne SAR system with a
C-band center frequency operating at an altitude of 505 km
with a total swath width of 150 km for a single-pol mode at an
incidence angle of 20°—35° [6].In this case, we assumed that the
SAR system performance, which involves an ambiguity ratio in
each direction and the resolution should be under the conditions
of =20 dB and 10 m, respectively.

The required SAR antenna beamwidth was determined by
the swath width and the number of sub-swaths, which help in
selecting the optimum reflector antenna depending on the oper-
ation mode. This paper suggests a reflector length for the offset
reflector antennas of 4 m, 13.5 m, and 6 m for ScanSAR,
SweepSAR, and M-SweepSAR, respectively. These antennas
had a reflector with F/D,= 0.409 and a feed array linearly
placed in the range direction with one row. Only M-Sweep-
SAR had a feed array with two rows. The radiation patterns of
the reflector antenna by several elements at one row of the feed
array for the M-SweepSAR system are presented in Fig. 2.
These patterns were simulated using the FEKO EM simulation
tool. The transmitting pattern in the elevation direction was
broad enough to cover the overall swath using additional feed
antennas at both ends of each row of the feed array. The receiv-
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Fig. 2. Antenna radiation patterns used for the quad-pol M-
SweepSAR system: (a) elevation patterns and (b) azimuth
patterns.

ing patterns were tilted in the elevation direction, so that each
feed received echoes from each sub-swath.

The reflector antenna of each SAR system had a feed anten-
na according to the number of sub-swaths in the single-pol
mode. However, SAR systems use fewer feed antennas in the
quad-pol mode to meet the requirements (except for the M-
SweepSAR system). In quad-pol M-SweepSAR, the PRF and
signal acquisition areas of each channel were determined based
on the timing diagram shown in Fig. 3. M-SweepSAR had 14

Incidence angle [degree]

20
4000 4500 5000 5500 6000 6500

PRF [Hz]

w

Fig. 3. Timing diagram of the quad-pol M-SweepSAR system.
Red lines are blind range; black lines, nadir return; dashed
region, channel PRE selection; colored segments, sub-

swaths corresponding to each feed element.
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sub-swaths in the quad-pol mode with PRFs of 5,250 Hz and
5,400 Hz in each row of the feed array, which maintained an
PB of 0.16° and had 14 sub-swaths in a single-pol mode. As
shown in Fig. 3, each row of the feed array transmits the signal
to sub-swath (sw) 1-14, with one row receiving echoes from sw
5-7 and 11-12, and the other row receiving echoes from sw 14,
8-10, and 13-14. ScanSAR had three sub-swaths in the quad-
pol mode, with three PRFs of 10.15, 10, and 9 kHz and a PB
of 0.44°, and 6 sub-swaths in the single-pol mode. SweepSAR
had 13 sub-swaths in the quad-pol mode, with a PRF of 3,400
Hz and PB of 0.26°, and 24 sub-swaths in the single-pol mode.
All of the information for the three wide-swath operation
modes working in the quad-pol mode is shown in Table 1.

Based on the simulation results of the three quad-pol SAR
systems for wide-swath, the SAR performances, including re-
flector antenna size, ambiguity ratio, resolution, and swath
width, were analyzed and compared with the use of the
backscattering coefficients assumption, which was suggested by
Ulaby and Dobson [16]. In our previous work [18], we had
conducted a comparison between our calculation results and
data in [9] to verify our analysis procedure on quad-pol SAR
systems. Generally, the RASR for the co-pol (HH and VV) was
about 10 dB lower than that for the cross-pol (HV and VH).
Therefore, we present only the RASR for HV in Fig. 4.

From Table 1 and Fig. 4, the reflector length for SweepSAR
was the largest in order to meet the required performance in the
single-pol and quad-pol modes while maintaining the required
swath width obtained in the single-pol mode because of the

Table 1. Comparison of the wide-swath quad-pol SAR operation

modes
Operation mode ScanSAR SweepSAR  M-SweepSAR
Reflector length (m) 4 13.5 6
Number of feeds 6 26 32
(Tx: 26, (Tx:16 X 2,
Rx: 24) Rx: 14 X 2)
Number of sub-swaths 3 13 14
Swath width (km) 70 75 150
(incidence angle, ©) (20-27.5) (20-28.1) (20-35)
PRF (Hz) 10,150 3,400 5,250 (Ch. 1)
10,000 5,400 (Ch. 2),
9,000
PB (°) 0.44 0.26 0.16
Azimuth resolution 9.7 5.4 8.9
(m)
RASR/AASR (dB) <=20

characteristics of the SweepSAR operation mode. Conversely,
the reflector lengths of M-SweepSAR and ScanSAR were half
that of SweepSAR and the smallest, respectively. Quad-pol
SweepSAR had the largest reflector antenna but was best in
terms of total ambiguity ratio, which means the sum of RASR
and AASR. Quad-pol ScanSAR and quad-pol M-SweepSAR
had similar levels in ambiguity within the incidence angle range
of 20.0°-27.5°. However, it can be conjectured from Fig. 4 that
quad-pol M-SweepSAR had better characteristics than quad-
pol ScanSAR and satisfied the requirements on the overall inci-
dence angle range.

The azimuth resolution depends on the Doppler bandwidth,
and in the case of ScanSAR, it is also affected by the number of
sub-swaths. As shown by the simulation results, quad-pol
ScanSAR had the largest PB with the smallest antenna size,
but its resolution was the worst. In addition, quad-pol Sweep-
SAR had the best resolution among the three operation modes,
even though it had the largest antenna size because quad-pol
M-SweepSAR had a narrower PB for the azimuth ambiguity
performance.

In terms of the swath width under the conditions of less than

—20 dB RASR and AASR, quad-pol ScanSAR was limited in

[dB]

v
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Fig. 4. Comparison of the ambiguity performance of the quad-pol
SAR system according to the operation mode: (a) RASR
and (b) AASR.
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obtaining a wide swath width because of the ambiguity perfor-
mance degradation over a large incidence angle range. As the
PRF increased, and the receiving interval was reduced for the
quad-pol mode, quad-pol SweepSAR was also limited in ob-
taining a continuous total swath width because of the blind
range. Therefore, the two modes had half of the total swath
width in comparison with the single-pol mode. On the contrary,
quad-pol M-SweepSAR could obtain a swath width almost like
that of the single-pol mode within the required performance
levels. In other words, M-SweepSAR used two PRFs, and this
characteristic was advantageous in obtaining a wider swath
width than SweepSAR. In addition, M-SweepSAR had a bet-
ter ambiguity performance than ScanSAR; it was also advanta-
geous in obtaining a wider swath width than ScanSAR.

Most of the differences in the performance indicators dis-
cussed in this chapter arose from the differences in antenna pat-
terns, which were determined on the basis of the required per-
formance. Therefore, if the requirements change, the antenna
size, which determines the achievable range of the SAR system
performance, should be changed. As a result of confirming the
performance changes derived from the size of the reflector an-
tenna in each operation mode, increasing the reflector size for
the ScanSAR improves the ambiguity performance but worsens
the resolution [20]. Conversely, SweepSAR and M-SweepSAR
have the advantage of maintaining resolution in comparison
with ScanSAR even when the reflector size increases, and M-
SweepSAR can reduce the reflector size in comparison with
SweepSAR, as mentioned in Chapter II. In other words, for the
ScanSAR system to obtain a wider swath width in the quad-pol,
a larger reflector must be required to improve the ambiguity
ratios, which does not satisfy the resolution requirement. How-
ever, we can design a reflector antenna for the M-SweepSAR
and achieve a wider swath width in the quad-pol, although it
uses a larger reflector than ScanSAR.

IV. CONCLUSION

In this paper, the performance analysis of the proposed quad-
pol M-SweepSAR system was conducted. To determine the
validity of our analysis, we designed, analyzed, and compared
the ScanSAR, SweepSAR, and M-SweepSAR systems. The
result of the analysis and comparison of the three operation
modes based on the properly designed systems indicated that
M-SweepSAR is expected to be highly recommended as the
HRWS spaceborne SAR system because it is advantageous in
satisfying the required ambiguity ratio and resolution in both
the single-pol and the quad-pol modes with an appropriate re-
flector antenna size and obtains a wider swath width in the
quad-pol mode than the conventional wide-swath operation
mode. However, as the feed array has two rows, the system
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must have dual channels and operate two center frequencies in
the available bandwidth. Therefore, filtering for interference
suppression should be considered for practical implementation.

This work was performed for the Development of Radar
Payload Technologies for Compact Satellite in Korea Aero-
space Research Institute, funded by the Ministry of Science
and ICT.
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Abstract

A tunable bondwire inductor (TBI) with high-quality factor and wide tuning range is presented. The proposed TBI is fabricated on a

single chip by combining a single-pole four-throw (SP4T) switch integrated circuit (IC) and four bondwire inductors on a package sub-

strate. The SP4T switch IC is fabricated using 180 nm silicon-on-insulator (SOI) complementary metal-oxide-semiconductor (CMOS)
technology. The fabricated TBI chip exhibits a 521% tuning range of inductance from 1.77 to 11 nH at 0.1 GHz and a relatively high-

quality factor. To the knowledge of the authors, the results of this work demonstrate the best combined performance of inductance tuning

range and quality factor.

Key Words: Bondwire, Digitally-Controlled, High Quality Factor, Tunable Inductor, Wide Tuning Range.

1. INTRODUCTION

With increasing demands for high data rate services and the
miniaturization of portable radio devices, the challenge of sup-
porting multiple air interface technologies that enable compact
multi-mode multi-band devices has become critical [1, 2]. Cur-
rently, the market for electrically controllable matching circuits,
tunable voltage-controlled oscillators (VCOs), tunable filters,
and multi-band power amplifier modules (PAM) is growing
rapidly [3-5]. Digitally tunable capacitors using complementary
metal-oxide-semiconductors (CMOS) or microelectromechani-
cal system (MEMS) switches have been widely used to meet
these technical trends [6-8].

A digitally tunable inductor can be realized by physically
changing the metal line length of an inductor with switches.
Losses of the switches and metal lines have always been limiting
factors in commercializing high-quality (Q) tunable inductors.

MEMS-applied tunable inductors have been studied due to
their low losses [9, 10]. However, they suffer from several draw-
backs, such as complexity, difficulty in monolithic integration
with other ICs, and reliability problems [11, 12]. Analog con-
trol with MEMS actuators and digital control with MOS
switches have been employed to realize the tunable inductors
[13-15], but these inductors have drawbacks in Q-factor, tun-
ing range, and action voltage.

We propose a high-Q_and wide tunable bondwire inductor
(TBI) digitally controlled by RE CMOS switches. The bond-
wire inductors are adopted because their self-resistance and
standard manufacturing process cost are much lower than those
of spiral inductors [16, 17]. The RF switches are designed using
180 nm silicon-on-insulator (SOI) CMOS technology to min-
imize their turn-on resistance. The performance of the proposed
TBI is compared with other research results.
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II. DESIGN OF THE TUNABLE BONDWIRE INDUCTOR

The basic schematic of the proposed TBI and the related
equivalent circuits are shown in Fig. 1. The RF switches (S, S5,
-+ Sn) and inductors (L3, Ly, -, Lx) are connected in series,
which are connected in parallel between nodes L;, and L. Ly
and Ly are the inductance of the bondwire used to package the
switch integrated circuit (IC), Mj is the mutual inductance be-
tween ith and jth inductors, and R, is the resistance for the
switch “on” state [18, 19]. The CMOS switch is made of 12
field-effect transistors (FETs) stacked for a high-power han-
dling capability of up to 35 dBm. It is designed to have low R,
with an enlarged gate width for a high Q_characteristic. The
bondwire inductor is based on the single n-model [20]. When
the number of inductors connected in parallel increases, the
total inductance decreases, and the role of the low-loss Ly be-
comes more important. The overall Q_characteristic of the pro-
posed TBI significantly depends on the resistance of the bond-
wire (Ly in Fig. 1) used to package the switch IC. To reduce-
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Fig. 1. (a) Basic schematic of the tunable inductor and (b) the relat-
ed equivalent circuits.
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the resistance, double bonding wire is used. This has been found
to significantly enhance the overall Q. Spiral inductors on
CMOS substrates usually have low Q-factors because of their
high conductor loss, caused by thin metal lines and high dielec-
tric loss. In order to solve these electrical problems, the proposed
TBI is designed on a package substrate. The schematic diagram
of this proposed TBI is shown in Fig. 2. The positions of the
four bondwire inductors achieve a high Q_factor by optimizing
the configuration of the TBI using an electromagnetic (EM)
field simulator that takes into account mutual inductance.

For the wide tuning range and monotonous increase of in-
ductance, the final inductance values for the single-pole four-
throw (SP4T) switch IC and four bondwire inductors are Ly
=0.5nH, L,=47nH, I,=6 nH, I;=10.5 nH, and L,=3.2
nH. These inductance values have been finalized with EM-
simulated optimization using a High-Frequency Structure Sim-
ulator (HFSS; Ansys Inc., Canonsburg, PA, USA) and starting
from a theoretical calculation. The bondwire inductors are im-
plemented on a chip-on-board (COB) substrate with low-loss
dielectric material and a thick top metal layer. As such, the loss
for the TBI becomes smaller than that for the wafer-level
bondwire inductor. Bondwire inductors with low inductance are
more sensitive to the internal resistance of the RF switch than
those with high inductance. Thus, the switch S, for the inductor
Ly is designed to have the lowest internal R,, among the four
used switches. The SP4T switch IC is controlled through a 3-
wire (clock, data, and enable) serial peripheral interface (SPI)
and is usually powered using V. (Fig. 2) of about 3.3 V.

II1. FABRICATION AND MEASUREMENT RESULTS

A prototype TBI was fabricated using a COB assembly pro-
cess to verify the feasibility of the proposed configuration. Pho-
tographs of the prototype are shown in Fig. 3. The size of the
module consisting of four bondwire inductor arrays and an
SPAT RF switch was 2.0 X 2.4 X 0.8 mm?®. The size of the
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Fig. 2. Diagram of the proposed TBI structure.
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Fig. 3. Microphotograph of the TBI module: (a) top view and (b)

side view.

fabricated SP4T switch with the SPI communication block was
1.3 X 0.8 X 0.3 mm?®. It used thin-film SOI 180 nm CMOS
RF switch technology. During fabrication of the TBI, the
switch chip was die-bonded on a package substrate (Fig. 2), and
the wire bonding for the bondwire inductor and chip packaging
was performed using 1 mil (25.4 um) diameter gold wire. The
separation between the bondwires is 100 pm. The height of the
bondwires is 300 um, and the total length of a single bondwire

Table 1. Performance depending on switch states

is 1.06 mm. The fabricated chip was measured using a Keysight
E5071C network analyzer (Keysight Technologies Inc., Santa
Rosa, CA, USA) with a short-open-load-through (SOLT) cal-
ibration and de-embedding.

Table 1 lists the performance of the TBI depending on states
of 4-bit switch combinations. The fabricated TBI chip exhibits
a variable inductance from 1.77 to 11 nH at 0.1 GHz. The
maximum Q_of 29.5 occurs at 2.1 GHz in state 15, where the
self-resonant frequency (SRF) is 4.42 GHz.

The measured inductances and Q-factors are shown in Fig. 4
as a function of frequency from 0 to 3.5 GHz. The measured
inductance of the TBI shows a monotonically increasing charac-
teristic. In Fig. 4(b), the states with two or more bondwire in-
ductors are shown to have higher Q_characteristics than those
with one bondwire inductor. These high Q_characteristics are
obtained by minimizing the turn-on resistance of the RF switch
with an enlarged gate width, minimizing the self-resistance of
package bondwire with a double bondwire connection, and op-
timizing the configuration of the TBI using the 3D EM simu-
lation tool.

The measured inductances and Q-factors for all states at 1.5
GHz and 2 GHz are shown in Fig. 5. A higher Q_occurs with
more parallel-connected inductors, as in states 11 and 15. When
the number of parallel inductors increases, the TBI has an addi-
tional magnetic flux due to the mutual coupling. The parallel
inductance by the bondwire inductors becomes small so that the
effect of the inductance of Lyq used as a package is relatively
high. Therefore, a higher Q_is achieved with more parallel-
connected TBIs.

In Table 2, the performance of the proposed TBIs are com-

) o . L (nH) Peak Q_ Freq. SRF
Switch state Combination of inductors

@0.1 GHz (Qpea) @Qpeak (GHz)

1 L4 5.20 10.8 1.30 247

2 L 6.50 8.6 1.07 2.24
3 Li// L, 3.14 17.1 1.24 3.41

4 Ls 11.00 6.2 0.72 1.74

5 Li// Ls 3.75 13.3 1.30 2.94

6 Ly// L; 4.32 11.0 1.23 2.54

7 L/ Ly /] Ls 2.61 14.4 1.44 3.07

8 Ly 3.70 15.3 1.24 2.95

9 Li// Ly 2.40 213 1.85 4.42
10 Ly// Ly 2.59 19.1 1.72 2.94
11 L/l Ly /] Ly 1.95 28.0 2.01 4.40
12 Ls// Ly 2.95 12.4 1.44 2.85
13 Li// L3/ Ls 211 25.7 1.85 4.43
14 L/ L3// Ly 2.24 231 1.90 341
15 Li// L/ L/ Ly 1.77 29.5 2.10 4.42
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Fig. 4. Measured inductances (a) and Q-factors (b) for different switching states.
Table 2. Comparison of tunable inductors
Control Si Primary Tuning Q-factor
ize
Ref., year (tnm?) inductance range / freq.
Type Method i (nH) (%) (GHz)
[13], 2003 Digital CMOS 1.6V 0.2 X 0.22 8 <200 7/2
[14], 2005 Analog MEMS 7V 22 X 4 8.5 <30 35/2
[21], 2008 Digital MEMS 40V - 11 47 45/6
[201], 2009 Analog MEMS 0-11 mW 0.25 X 0.25 0.72 <100 26/15
[23], 2009 Digital MEMS 60V 0.4 X 0.69 0.75 <80 85/4
[15],2010 Analog MEMS IV - 0.36 <78 17.6/3.9
[22],2012 Analog MEMS 20V 1.6 X 1.6 3 <233 12.9/5.3
[24], 2012 Analog MEMS ~12A 8 X8 186 <16 23/0.06
[25],2013 Analog MEMS Liquid injected - 1.3 <60 18/12
[26],2013 Analog MEMS RF0.7W 7 X7 37.5 <12 17/1.2
[27],2018 Digital Memristor —04t03V - 4.6 <296 18/5
Proposed Digital CMOS 33V 2X24 1.77 <521 29572
30 15

Fig. 5. Measured inductances and Q_factors for all states at 1.5
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pared with others [13-15, 20-27] in terms of primary induct-
ance, size, tuning range, Q-factor, and action voltage. Due to
the narrow tuning range characteristics below 233 and the need
for voltage above 7 V or special operating signals, the tunable
inductors [14, 15, 20-26] using MEMS actuators have limita-
tions for general product applications. In Park et al. [13], a mul-
ti-layer stacked inductor switched by MOSFETs is reported.
The main drawback of this device is its low Q, caused by para-
sitic losses of the transistor. In Wainstein and Kvatinsky [27],
two topologies, a memristive-via switched tunable inductor and
a multi-layer stacked inductor tuned by RF memristive switches
are proposed and simulated using Advanced Design System
(ADS). By improving the parasitic losses of the switch, Wain-

)
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stein and Kvatinsky [27] obtain a higher Q than Park et al. [13].
TBI has the advantages of complete SPI control, wide tuning
range by 4-bit control, and high Q_using bonding wire induc-
tors. Overall, the proposed TBI is superior to others.

IV. CONCLUSION

The proposed tunable bondwire inductor has been shown to
exhibit a wide (521%) tuning range, from 1.77 to 11 nH at 0.1
GHz. It has also shown high Q-factors, with a maximum of
29.5 when four inductors are all connected in parallel. These
competitive results have been obtained using thin-film SOI 180
nm CMOS RF switch technology and wire bond technology.

The proposed tunable inductor is a promising key component
for such uses as electrically controllable RF circuits, filters with
wide tuning range, and matching circuits for various applica-
tions.

This research was supported by the Ministry of Science
and ICT, Korea, under the Information Technology Research
Center support program (No. IITP-2020-2016-0-00291)
supervised by the Institute for Information & Communica-
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Abstract

Presently, a single compact antenna is expected to operate in multiple frequency bands, so that it may be used for multiple applications. In

this regard, a compact asymmetric coplanar strip (ACS) fed monopole antenna was designed to operate in LTE band-40 and 5G mid

band frequencies. To achieve the desired dual band frequency, meander line radiating structure was used. The uniplanar design with the
ACS feed considerably reduced the antenna size to 19.25 X 10.5 X 1.6 mm?®. This miniaturized dual band antenna can be easily integrat-

ed into circuit boards. The measured and simulated results provided a reflection coefficient (S11) <—15 dB, which made the antenna suita-

ble for LTE band-40 and 5G mid-band communication applications.

Key Words: ACS Feed, Dual-Band, LTE, Meander Antenna, 5G.

I. INTRODUCTION

Today, a single communicating device is expected to be capa-
ble of operating in multiple frequency bands based on applica-
tions such as WLAN, GPS, Bluetooth, WiMax, cellular mobile
communication, and so on. To achieve compactness in the de-
sign of all components and circuits, considerable research has
been conducted and is ongoing [1]. Furthermore, from an an-
tenna design perspective, a single antenna with compact size has
to operate in multiple frequency bands, which remains a chal-
lenging task. In the literature, to achieve a compact multiband
functionality antenna, different radiating and ground plane
structures and feeding techniques have been proposed. The var-
ious feeding techniques considered in antenna designs include

microstrip feed, coplanar waveguide (CPW) feed, coaxial feed
or asymmetric coplanar strip (ACS) feed [2]. To integrate the
antenna with the radio frequency circuitry, uniplanar antenna
design is well suitable (i.e., having the radiating patch and
ground plane in a single layer) [1]. To feed the uniplanar design
antenna either the CPW feed or ACS-feeding technique is
used [3-8].

Different structures, such as L-shape, inverted L-shape, F-
shape, mouse-shape, meander line, circular slot, U-shape slot,
etcetera, are considered in the radiating patch and ground plane
to achieve multiband functionalities in an antenna [4-6]. The
ACS-fed meander line radiating structure is used to obtain an-
tenna operation in WLAN and WiMax applications [4]. To

operate in triple operating frequency bands, a mouse-shaped
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radiating strip has been proposed in [7]. Anil Kumar et al. [8]
reported an F-shaped radiating patch that allows the antenna to
operate in three bands such as digital cellular system (DCS),
Wi-Fi and WiMax applications. Metamaterial-inspired con-
formed antenna design has been implemented to obtain dual
band operation at Wi-Fi and WiMax frequencies [9]. Four
pairs of circular and square slots are cut from the radiating patch
to obtain dual band operation in WLAN bands [10]. An L-
shaped microstrip line was used to obtain dual band operation
in [11].A slit-loaded semi-circular ring radiating patch with
asymmetric microstrip feeding allows the antenna to operate in
triple bands such as WLAN, International Telecommunication
Union (ITU), and X-band application [12]. An F-shaped
ACS-fed monopole antenna operating in GPS, Wi-Fi and
WiMax frequency bands was proposed in [13]. In the literature,
a modified split ring resonator (SRR) structure is designed on
an optically transparent substrate to obtain the WLAN dual
band operation [14]. A D-shape SRR configuration is used in
the antenna design to work in the WiMax and C-band applica-
tions [15]. Further compact and single-layer multi-band anten-
nae operating at different mobile communication bands are
needed based on an analysis of the available literature.

In this paper, a meander line structure ACS-fed dual band
monopole antenna is proposed for operation within mobile
communication Long Term Evolution (LTE) band-40 (2.3-2.4
GHz) and 5G mid-band (3.4-3.8 GHz). The following sec-
tions provide a detailed description of the antenna design evolu-
tion process, the parametric study that was conducted, the fabri-
cated antenna, and a discussion of the results.

II. ANTENNA DESIGN EVOLUTION PROCESS

The proposed meander line antenna structure was designed
in a single side copper-platted FR4 substrate with 1.6 mm
thickness. The proposed antenna’s basic structure was derived
from the literature [4]. The authors designed an antenna to op-
erate in WLAN dual band, that is, 2.4 to 5 GHz. In the pro-

posed design, different sizes of radiating strips are inserted to
operate in LTE band-40 and 5G mid frequency bands used in
mobile communication applications. In order to design an elec-
trically small antenna, the electrical length of the antenna “Ba”
should be less than one [16]. Here “B” represents the free space
wave number, and “a” is the radius of the imaginary sphere that
encloses the antenna. For the designed antenna, fa =
0.841 < 1 at the maximum operating frequency of 3.6 GIHz.
The steps of the proposed antenna development are depicted in
Fig. 1.

The following are the steps considered for the proposed an-
tenna design:

Step 1: An inverted rectangular C-shape strip is supplied
with ACS feeding. The resulting operating frequency is be-
tween 3.12 and 3.28 GHz.

Step 2: By making rectangular bends in the inverted C-shape,
the total length of the radiating element is increased and a new
inverted L-shape radiating strip is attached to the feed line. The
operating frequency is changed to 2.65 to 2.71 GHz as the
length increases.

Step 3: Two rectangular radiating strips of 0.5 mm length are
added at the end of the rectangular bend. This helps to achieve
the 2.3-2.34 GHz operating frequency, which is within the
LTE band-40 frequency.

Step 4: To obtain dual band operating frequency, three rec-
tangular radiating strips are included in the middle of the rec-
tangular bend. It allows the antenna to operate in dual band
frequencies: 2.36-2.4 GHz and 3.4-3.46 GHz.

Step 5: Two radiating strips are added in the inverted L-
shape to adjust the operating frequency within the 5G mid fre-
quency band. The obtained frequency of operation in the final
design is 2.36-2.4 GHz and 3.44-3.5 GHz.

The reflection coefficients obtained at various steps are il-
lustrated in Fig. 2.
The proposed dual band antenna’s geometry representation is

| :

Step-1 Step-2

Fig. 1. Proposed antenna design evolution process.
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Fig. 2. Reflection coefficient obtained in the antenna design evolu-
tion process.

depicted in Fig. 3. The total dimension of the antenna is L X
W mm?. The ground metallic surface occupies an area of L, X
W, mm?. The gap introduced between the ground and radiating
metallic surface near the feed point is 0.2 mm. The dimension
of the rectangular strips added in the radiating surface is
demonstrated in Table 1.

Using the antenna design concept, the height of the antenna
(h) is directly proportional to its wavelength [17]. Here, a print-
ed meander line (rectangular strip) design is considered. To
radiate the antenna at 2.35 GHz, the monopole antenna should
have a length of 31.91 mm. To have the radiation at 3.5 GHz,
21.43 mm is the required antenna length. Four E-shape
meander line structures are used in the design and are shown in

Fig. 4.

["1 FR4 Substrate L
[ Ground [ Rodiating

Plane
N
L{ | > 5Ws
|
< S L3
L w4 )
n
L I
A w1 | L1
Lr ‘
><«G »
Y
A J I >
> Wg >
= W

Fig. 3. Geometry of the proposed design.

Table 1. Parameters of the designed compact meander antenna

Parameter Value (mm) Parameter ~ Value (mm)
L 19.25 L 1.1
w 10.5 L, 0.9
L, 7.5 Ls 0.5
w. 2.5 Ly 4.7
L, 54 Ls 3
W, 5.8 W
G 0.2 W, 7
w 34 Ws 8.9
W 2 W. 0.5
[ ) E-shape_1
L C =g
l
<
\E E-shape_2
E—shape_—t—l 5 E-shape_3

Fig. 4. E-shape structures in the proposed design.

In the design, E-shape_1 from the feed line plays a major role
in tuning the antenna at a resonant frequency of 2.35 GHz.
Furthermore, E-shape_3 helps the antenna tune to the resonant
frequency at 3.5 GHz. Fig. 5 depicts the equivalent circuit of an
E-shape. The strip line is represented as an inductor, and the
gap between two strip lines are modelled as a capacitor. As the
width or length of the strip line varies, the resonant frequency
varies. The resonant frequency is given by:

1

2, LogCeq

where C,q and L, represent the capacitor equivalent value
and inductor equivalent value, respectively. The variation in
resonant frequency occurs as the length and width of the strips
differ and is discussed in the next section.

T R o -
ﬁiw — 2

Fig. 5. E-shape equivalent circuit.

f:
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III. PARAMETRIC STUDY

The length and width of the rectangular strips were varied us-

ing parametric analysis and an optimum value was obtained. Fig.

6 displays the variation of the reflection coefficient ($11) when
the ground length (Z,) changes. As the ground length increases,
the reflection coefficient of the LTE band-40 decreases, and
when L, decreases, the operating frequency moves away from
the LTE band. Similarly, the operating frequency shifts away
from the 5G mid-band as the L, value increases or decreases
from the optimal value. Based on the parametric study on
ground length, the optimal value considered was L, = 5.4 mm.
The parametric study was conducted on the rectangular strips
inserted in the proposed antenna design. The strip length and
width were determined using the parametric analysis. Fig. 7
illustrates the variation in reflection coefficient and the operat-
ing frequency as the length (Z;) and width (/) of the rectangu-
lar strip vary. As the rectangular strip width (/) decreases from

T ] v 1 Ll
0
=g = 5.3mm
1 =——Lg=5.4mm
54 =——Lg=55mm
-10 4
a |
=
- -154
o
n
=20 <
-25 4
-30 v T T T T T T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Frequency (GHz)
Fig. 6. Influence of ground length (Z,) variation on Si1.

2] ——Ws=04mm
44 [ Ws=05mm -

6] ——Ws=0.6mm

v — 7 v
1.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency (GHz)

(2)

the optimal value, the highest operating frequency shifts away
from the 5G mid-band. Increase in W, shifts the 5G frequency
band below the operating frequency. Similarly, the variation in
L, alters the desired frequency of operation and the reflection
coefficient, as depicted in Fig. 7(b). The optimal value consid-
ered for Wsand L, are 0.5 mm and 1.1 mm, respectively.

The surface current distribution at 2.35 and 3.5 GHz are
shown in Fig. 8. At 2.35 GHz, the current distribution is near
the end of the horizontal and vertical radiating rectangular strips.
The current path length is equal to 32.4 mm. This path length
is very close to A;/4 (monopole antenna length), contributing
resonance at 2.35 GHz. At 3.5 GHz, the current distribution is
close to the feedline, and the current path length is approxi-
mately 22 mm.

Radiation pattern provides information about the distribution
of the radiating energy from the antenna to other devices. Fig. 9
depicts the simulated radiation pattern at frequencies of 2.35
and 3.5 GHz when angle Phi (¢) is zero degree. At ¢=0°, the
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Fig. 7. Influence on S11 by variation of the rectangular strip: (a) width (/%) and (b) length (L1).
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Fig. 8. Current distribution at (a) 2.35 GHz and (b) 3.5 GHz.

radiation pattern considered is in the XY-plane. The obtained
“8” shape radiation pattern reveals the omnidirectional radiation

behaviour.
IV. FABRICATED ANTENNA AND RESULTS

The simulated antenna using High Frequency Structure
Simulator (HFSS) software was fabricated in single-side copper
plated FR4 substrate with a relative permittivity of 4.4 and is
depicted in Fig. 10. The overall dimension of the fabricated
antenna was 0.13% X 0.083% X 0.0125%, mm?, where “A” is the
lowest resonant frequency (2.35 GHz) of the operating band.
The reflection coefficient and voltage standing wave ratio
(VSWR) of the fabricated antenna was measured using an
N9915A network analyser, which is shown in Fig. 8. The fabri-
cated antenna provided dual band operation with a good reflec-
tion coefficient, <—15 dB.

Reflection coefficient (811) is the parameter that indicates the
impedance mismatch level in the antenna design. This in turn
provides the evidence of VSWR. In terms of 8§11, VSWR is giv-
en by (1 + 811)/(1—811). The simulated and measured reflection
coefficient is shown in Fig. 11(a). The minimum reflection co-
efficient was —17.904 and —26.5 dB for 2.36-2.4 GHz (LTE
band-40) and 3.44-3.5 GHz (5G mid-band) frequency bands,
respectively.

The measured minimum S1; value was —32.433 and —22.92
dB for the frequency bands of 2.23-2.35 GHz (LTE band-40)
and 3.3-3.6 GHz (5G mid-band), respectively. The fabricated
antenna operated in a wide band due to the soldering of an
SMA connector or due to fabrication tolerance. The measured
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Fig. 9. Radiation pattern for ¢=0° at (a) 2.35 GHz and (b) 3.5
GHz.

VSWR ranged between one and two for the operating frequen-

cy band and is depicted in Fig. 11(b).
The peak gain obtained for the simulated antenna was 1.05
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dBi and 0.63 dBi for the LTE band-40 and 5G mid-band, re-
spectively. Radiation efficiency is defined as the ratio of the
power radiated to the amount of power accepted by the anten-
na at its input. Radiation efficiency () is based on the gain (G)
and directivity (D) of the antenna and is given by 7= G/D. The
corresponding radiation efficiencies of the designed antenna for
LTE band-40 and 5G mid band was 70% and 34.91%, respec-
tively. The truncated ground and the insertion of small rectan-
gular strips provided the desired operating frequency with com-
prise in the radiation efficiency in 5G mid-band. Table 2 shows
the comparison of the proposed antenna with the existing de-
signs in the literature. With compact size and ACS feed, the
proposed antenna could operate in dual band, with a gain great-

er than 0.5 dBi.
V. CONCLUSION

Using simple rectangular radiating strips, a dual band operat-
ing antenna was proposed. The designed antenna could operate
in LTE band-40 and 5G mid-band mobile communication
applications. The use of particular length and width for a rec-
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Fig. 11. (a) Antenna reflection coefficient characteristics and (b) VSWR characteristics.
Table 2. Comparison of the proposed antenna size with state-of-the-art studies
Study Y Antenna size Design Operating resonant Feeding
ear
(Ref) (mm?) structure frequency (GHz) mechanism
[1] 2014 21 X 735 X 1.6 L-shape 55 ACS
[4] 2019 10 X 19 X 1.6 Meander line 24,55 ACS
[7] 2019 16 X 26 X 1.6 Mouse-shape 2.3,35,59 ACS
[8] 2018 25.8 X 20 X 1.6 F-shape 1.89,3.5,5.5 Microstrip
[9] 2019 40 X 30 X 1.6 Meander line conformal antenna 2.45,3.5 Asymmetric CPW
[10] 2017 29 X 29 X 1.6 Square and circular slot 24,55 Microstrip
[11] 2015 55 X 57 X 1.6 L-shape strip 24,35 CPW
[12] 2019 40 X 40 X 1.6 Slit-loaded semi-circle 5,8,10 Asymmetric microstrip
Proposed antenna 1925 X 105 X 1.6 Meander line 2.35,3.6 ACS
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tangular strip in the proposed design was discussed in detail. In
terms of size, the proposed antenna geometry (19.25 X 10.5 X

1.6 mm?) is compact and is designed in a low cost FR4 substrate.

The designed antenna was fabricated and verified experimental-
ly. The achieved frequency of operation was 2.23-2.35 GHz
(LTE band-40) and 3.3-3.6 GHz (5G mid-band).
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Abstract

This paper proposes the gain enhancement of dual-band and dual-polarized asymmetric horn antenna for the secondary radar system

using hybrid metamaterial techniques. The hybrid metamaterial is comprised of the structures of woodpile electromagnetic bandgap

(EBG) for gain enhancement of the primary main beam of the radar system at the operating frequency of 1,300 MHz with horizontal

polarization; and the wire medium structure that is placed beside the EBG structure for gain improvement of the identification friend or

foe (IFF) main beam, which is operated at the center frequency of 1,060 MHz with vertical polarization. Meanwhile, the cooperated

structures have to function to control the directions of the primary and IFF main beams retaining at 0° and 6°, respectively, too. When

the hybrid metamaterial structure is placed at the front of an asymmetric horn’s aperture, with suitable parameters and optimized spacing,

it is found to increase the gains of the two beams compared to the single asymmetric horn around 3 dB and retain the directions of origi-

nal main beams. The comparison of the results between simulation and measurement, such as the reflected power (S11), gain, and radia-

tion patterns, are in good agreement.

Key Words: Gain Enlargement, Electromagnetic Band Gap, Horn Antenna, Secondary Radar, Wire Medium.

I. INTRODUCTION

Radio detection and ranging (RADAR) is a method of using
electromagnetic waves to remotely sense the velocity, position,
and identifying characteristics of targets [1]. The secondary ra-
dar system is another type of radar that is widely used for de-
tecting distant targets. The secondary radar system has two
main operating systems. The first deals with detecting and re-
porting the position of a target by transmitting a periodic pulse
signal to the target and receiving the reflected signal back. The
second is used to identify the detected target using the identifi-
cation friend or foe (IFF) system, in which the IFF signal is
transmitted to the target and the answered message is received
back. To avoid interference between two adjacent frequency

bands of the radar system, orthogonal polarization has been
used in the rectangular horn antenna as a feeder of the reflector
antenna that is commonly used in radar systems.

There are two ways to improve the radiated efficiency of the
radar system: (1) increase the transmitting power or (2) enhance
the gain of the antenna. In this paper, we focus on the gain im-
provement of the primary feeder of the reflector antenna as an
alternative to enlarging the dimension of the reflector. The pri-
mary feeder of DR-172 ADV medium-altitude radar, which is
our reference radar, uses one asymmetric rectangular horn for
feeding electromagnetic waves to the reflector with the dual-
frequency bands (1,215-1,365 MHz for target detection and
1,030-1,090 MHz for target identification), dual-polarization,
and different main beam direction.
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In the current research, the methods for performance en-
hancement of the antenna were reported by using the new tech-
nology, which is called a metamaterial structure since it can in-
crease the radiation efficiency of microwave antennas [2, 3]. The
properties of the metamaterial result from the composition and
the combination of materials, where the structural dimension is
considerably smaller compared to the given wavelength. Fur-
thermore, the permeability and permittivity of metamaterial are
zero or near-zero, and the reflective index is a negative quantity
[4, 5]. The electromagnetic bandgap (EBG) is a type of the
metamaterials with a periodic structure; these materials are
known as photonic crystals [6] or photonic bandgap materials.
However, the EBG structures are usually realized by a periodic
arrangement of dielectric material and metallic conductors. In
general, the EBG can be classified into three groups according
to a geometric configuration: one-dimensional transmission line,
two-dimensional planar surface, and three-dimensional volu-
metric structure. The woodpile EBG is the selected technique
for increasing the gain of an asymmetric rectangular horn in this
paper since its 3D structure is very suitable for locating at the
front of the horn’s aperture to receive the EM energy from the
aperture and pass through its own structure into space. The
woodpile EBG structures were used as the resonator antennas
by locating them above the ground plane of the different feed-
ing antennas (i.e., the double slot and microstrip patch anten-
nas). This paper reports that the woodpile EBG material was
able to create highly directional patterns [7]. In addition, the
woodpile EBG was designed as a cylindrical structure to cover
the monopole antenna, resulting in an increase in the gain of the
monopole antenna [8].

Furthermore, from [9, 10], the quadratic-shaped woodpile
EBG structure was used to enhance the gain of any horn anten-
na by its placement at the front of the horn’s aperture with op-
timized spacing. In 2016, Kamphikul and Wongsan [11] con-
tinued to develop the cavity of curved woodpile EBG structure
for the enhancement of the gain of the slot array antenna in-
stead of increasing the number of slots on the array. Neverthe-
less, the wire medium is another metamaterial that has a wood-
pile EBG-type structure [12, 13]. The electromagnetic proper-
ties of the wire medium structure designed at the plasma fre-
quency are near zero permittivity or permeability [14]. Tomaz et
al. [15] proposed the use of the wire medium structure for de-
creasing the sidelobe level of the radiation patterns and increas-
ing the directivity of the traditional horn antenna by using five
layers of wire embedded in the Styrofoam dielectric. The wire
medium was also applied to the horn antenna to reduce the
length of the horn, whereas the aperture size of the horn did not
change [16]. Later studies [17, 18] reported on the influence of
different wire medium structures placed at the front of the aper-
ture of the horn antenna, resulting in higher gain and lower
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sidelobe level in traditional horns. From the literature review, we
found that both metamaterial structures installed in front of the
aperture can increase the gain of the horn antenna. Therefore,
this paper proposes the gain enhancement of dual-band and
dual-polarized asymmetric horn antenna for secondary radar
system using a hybrid metamaterial technique. The proposed
hybrid structure comprises woodpile EBG to encourage the first
beam for the target detection of the radar system at operating
frequency 1,300 MHz with horizontal polarization and a wire
medium for improving the second beam for the IFF system at
operating frequency 1,060 MHz with vertical polarization.
Simultaneously, the proposed structure is capable of treating
both main beam directions as the same as the original asymmet-
ric horn provided.

First, the design and configurations of a horn antenna and the
hybrid metamaterial are described in Sections II. Second, the
simulated results and discussion of all parts of the structure are
demonstrated in Section III. Third, the measured results of the
established prototype antenna are shown in Section IV. Fourth,
the simulated results of the horn antenna and the hybrid met-
amaterial with the reflector are shown in Section V. Lastly, the
conclusions are given in Section VI.

II. HORN ANTENNA AND HYBRID METAMATERIAL
CONFIGURATIONS

1. An Asymmetric Rectangular Horn Antenna

Fig. 1 shows the structure of the asymmetric horn antenna,
which was modelled from an original horn of DR-172 ADV
radar system by Daimler-Chrysler Aerospace, Germany, and
was designed to support the dual-frequency band and dual-
polarization to function as a feeder of the main reflector antenna
of this radar system. The first beam of the feeding horn was
designed for target detection of the radar system at an operating
frequency of 1,300 MHz with horizontal polarization. Simulta-
neously, the second beam of this horn was designed for trans-
ceiving the IFF signals between the radar station and targets
(aircraft) with vertical polarization at frequencies of 1,030 MHz
(Tx) and 1,090 MHz (Rx). Moreover, this feeding horn was also
designed to control two main beams for target detection and
IFF transceiving of the radar systems with different directions at
0° and 6°, respectively. It also provides the gain for target detec-
tion beam at 10.85 dBi, and the gains for the IFF beam at 12.39
dBi (Tx) and 12.51 dBi (Rx), respectively.

2. Hybrid Metamaterial Configurations

To improve the gains of this asymmetric horn antenna, we
use the combination of woodpile EBG and wire medium struc-
tures, which is the hybrid metamaterial that controls the per-
formance of the electromagnetic wave. However, to design the
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(a) (b)

()

Fig. 1. Structure of asymmetric horn antenna: (a) perspective view, (b) top view, and (c) side view.

proposed hybrid metamaterial, we separated the structure into
two parts, namely, structures of woodpile EBG and wire medi-
um, respectively. First, the woodpile EBG structure is designed
to be the 3D periodic structure made from the dielectric materi-
al (superlene rods with &, =3.3), as shown in Fig. 2, for the en-
hancement of the directive gain of the target detection beam at
the operating frequency of 1,300 MHz. This EBG structure is
placed at the front of an asymmetric horn with the suitable posi-
tion and spacing to fully support the illumination of waves from
the boresight of the target detection beam from the horn aper-
ture. In Fig. 2, the given parameters of the unit cell of the wood-
pile EBG structure are the height of rods (41) in layer 1 and 3,
the height of rods (4,) in layer 2 and 4, the length of rods (a), the
width of rods (w) and the total height of unit cell (4). These
proper parameters of the unit cell are optimized and simulated
using CST Studio Suite Software. In the first step, we simulate
the impact of the length of rods (4) in a unit cell versus the re-
flected power (811) to consider the resonant frequency response,
as shown in Fig. 3. It is found that the resonant frequency in-
creases as the rod length increase. Fig. 4 shows the comparison
of the simulated reflected power versus the different heights of
two rods (41) in layers 1 and 3. We found that the resonant fre-
quency increases as the rod height decreases. In addition, if the
height of the other two rods (%) in layers 2 and 4 is decreased,
the resonant frequency is shifted to a higher frequency,

(a)

Fig. 2. Structure of woodpile EBG: (a) periodic structure and (b)
unit cell.
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Fig. 3. The simulated reflected power (S11) versus the different
lengths () of dielectric rods.
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Fig. 4. The simulated reflected power (Su1) versus the different
heights (51) of dielectric rods in layers 1 and 3.

as shown in Fig. 5. Next, the influence of the width on the reso-
nant frequency is considered, as shown in Fig. 6. We found that
the resonant frequency decrease as the rod width decreases.
Lastly, the most appropriate parameters of a unit cell of the
woodpile EBG structure are summarized as follows: 2 = 55 mm,
b =25 mm, 5, = 30 mm, 4= 110 mm, and w = 40 mm.

From a single unit cell in Fig. 2(b), the 21 unit cells are as-
sembled by arranging the dielectric rods in a 3 X 7 pattern, as
shown in Fig. 2(a). With a 450 mm spacing between the EBG
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Fig. 5. The simulated reflected power (Su1) versus the different
heights (42) of dielectric rods in layers 2 and 4.
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Fig. 6. The simulated reflected power (S11) versus the different
widths (w) of dielectric rods.

structure and horn aperture, we found that the structure yields a
bandgap of 1.05 GHz to 1.37 GHz at §;; =-15 dB, covering
the resonant frequency of 1,060/1,300 MHz and the overall
bandwidth of the horn antenna (Fig. 7). However, we found that
the directions of the two beams did not conform to the re-
quirements.

Therefore, to compensate for the diffraction of waves on the
left side of the EBG structure, we extended and varied the
length of the dielectric rods (W%) in layers 1 and 3, as displayed
in Fig. 8, to control the different directions of the two beams, as
illustrated in Table 1. We found that with the length of dielec-
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Fig. 7. The simulated reflected power (Su) of woodpile EBG struc-
ture before extending the length of the dielectric rods.
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Fig. 8. Structure of woodpile EBG with 3 X 7 dielectric rods (top

view).

Table 1. The 1st simulated results of radar beam directions

Length Directions of radar beams (°)

(mm) 1,030 MHz 1,090 MHz 1,300 MHz
50 6 (left) 6 (left) 6 (left)
100 6 (left) 6 (left) 3 (left)
105 6 (left) 6 (left) 0
110 4 (left) 5 (left) 1 (right)
115 4 (left) 5 (left) 2 (right)
120 4 (left) 5 (left) 3 (right)

tric rods (M%) at 105 mm, the direction of the target detection
and IFF beams of radar are controlled at 0° and 6°, respectively.

To support the IFF beam operated at 1,030 MHz and 1,090
MHz frequencies with vertical polarization, the wire medium
structure uses two layers of the dielectric rods installed at the
right side of the EBG structure to improve the gain of the IFF
signal (Fig. 9). The parameters of the wire medium structure are
as follows: the rod width (W,), the rod thickness (Hw), the rod
height (J71), the spacing of adjacent rods (/%) in the same layer,
and the spacing between two layers (#s), which are optimized
by CST simulation. From the simulation results, the appropriate
parameters are following: W, =45 mm, Hw =30 mm, W =
535 mm, Ws =16 mm, and Hs = 25 mm.

In Fig. 10, the EBG and wire medium structures with the op-
timized dimension are combined and simulated to observe the
beam behavior.

Table 2 illustrates the directions of radar beams for the IFF
signal and target detection when located the combined structure
at the front of the horn aperture. We found that the effect from
an assembly of two structures causes the directions of both
beams to change since the diffraction of waves that have differ-
ent polarizations at the junction of arrangements are not truly

isolated, as displayed in Fig. 11. Consequently, the beam direc-

Ws1 W,
e les| s

| P 5 1 B
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1 5 1 1 B

Fig. 9. Structure of wire medium (top view).
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Fig. 10. Combination of EBG and wire medium structures.

Table 2. The 2nd simulated results of radar beam directions

Length Directions of radar beams (°)

(mm) 1,030 MHz 1,090 MHz 1,300 MHz
60 6 (left) 6 (left) 2 (right)
65 6 (left) 6 (left) 2 (right)
70 6 (left) 6 (left) 0
75 6 (left) 6 (left) 1 (left)
80 6 (left) 6 (left) 3 (left)

o-field (f=1.30) [1]

Fig. 11. Show the diffraction of the electric field (at 1,300 MHz)

pass through some part of the wire medium structure.

tion of 1,300 MHz is shifted right from 0° to 3°. To reduce the
diffraction of the electromagnetic waves from the target detec-
tion beam to the wire medium structure, we designed an array of
1 X 6 metallic rods with a 9.53 mm diameter lying in the hori-
zontal line according to a polarization of 1,300 MHz beam with
rod spacing (Ss). From the simulation, it is found that the proper
spacing between the center of adjacent rods is 35.6 mm by plac-
ing the one ends of rods at the front of the horn aperture with
suitable distance around 4 mm, as shown in Fig. 12. Further-
more, the length of metallic rods (Ls) is varied to meet the re-
quirements for the directions of two different beams (Table 2).
It is observed that the most suitable length (Ls) is 70 mm,
providing the beam direction of the frequency of 1,300 MHz
back to 0°. However, this rod array could not float in the air
without the holder; therefore, we designed the metallic rod
holder using the superlene sheet by forming a suitable shape and
not obstructing the travelling waves from horn aperture, as
shown in Fig. 12(b).

Ls

(a) (b)

Fig. 12. The 1 X 6 metallic rods with a dielectric holder: (a) top-
view and (b) side view.

ITI. SIMULATED RESULTS AND DISCUSSIONS

The configuration of an asymmetric horn antenna combined
with a hybrid metamaterial structure is shown in Fig. 13. The
essential parameters of the original asymmetric horn antenna
and asymmetric horn antenna with the proposed hybrid met-
amaterial, such as the reflected power for 1,300 MHz (811) and
1,060 MHz (S2,), the radiation patterns and gain are simulated
using CST software.

Fig. 14 shows the comparison for the reflected power of the
target detection beam (S11) and the IFF beam (S5,) at the center
frequencies of 1,300 MHz and 1,060 MHz, respectively. The
frequency responses of the asymmetric horn are still similar after
adding the hybrid metamaterial structure with a bandwidth of
1,084-1,504 MHz and 1,026-1,098 MHz at §;; =-15 dB, as
shown in Fig. 14(a) and (b), respectively.

The simulated results of the normalized radiation pattern at
the operating frequencies of 1,030 MHz, 1,090 MHz, and

(a)

(b)

Fig. 13. The configuration of the proposed antenna: (a) top view

and (b) perspective view.
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Fig. 14. The comparison of reflected power: (a) for target detection
beam (811) and (b) for IFF beam (82).

Table 3. Simulation parameters of the single asymmetric horn
without/with the hybrid metamaterial

Horn antenna

Horn antenna with hybrid
Parameter MM
E H E H
1,030 Gain (dBi) 1239 15.64
MHz  Main beam dir. (°) 1 6 0 6
HPBW (°) 365 492 252 282
1,090  Gain (dBi) 12.51 15.55
MHz Main beam dir. (°) 1 6 0 6
HPBW (°) 359 481 241 268
1,300  Gain (dBi) 10.85 14.04
MHz Main beam dir. (°) 0 0 0 1
HPBW (°) 62.0 439 320 264

MM = metamaterial, dir. = direction, E = E-plane, H = H-plane.

1,300 MHz in both E- and H-plane are compared and shown
in Fig. 15. We found that the hybrid metamaterial can control
the difference of beam directions of both systems, which was
retained at 0” in the E-plane of the target detection beam and 6°
in the H-plane of the IFF beam. However, the half-power
beamwidths (HPBWs) obtained from the proposed hybrid
metamaterial are somewhat narrower than those of the single
asymmetric horn. As a result, the gains achieved from the hybrid
metamaterial at the operating frequencies of 1,030 MHz, 1,090
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MHz, and 1,300 MHz are 15.64 dBi, 15.55 dBi, and 14.04 dB;i,
respectively. It is shown that the hybrid metamaterial can in-
crease the gains around 3 dB at all operating frequencies, as
shown in Table 3. The simulated results of the radiation patterns
of both cases are displayed in Fig. 15.

IV. MEASURED RESULTS AND DISCUSSIONS

The prototype of an asymmetric horn antenna with a hybrid
metamaterial was assembled and tested in the semi-anechoic
chamber at Electrical and Electronic Products Testing Center
(PTEC), Thailand, as shown in Fig. 16. The simulated and
measured reflected powers (811, §2) for the prototype are shown
in Fig. 17. The measured and simulated results are in good
agreement. The bandwidth of the given operating frequencies is
retained according to the requirement. In Fig. 18, the normal-
ized radiation patterns obtained from the simulation and meas-
urement are compared. We found that the measured patterns are
somewhat similar to the simulated results. It is also observed
that the measured results of the beam directions are retained in
the desired direction, as per the simulated results. In Table 4, we
mention the obtained parameters from simulation and meas-
urement for comparison. The measured gains obtained from an
asymmetric horn with the proposed hybrid metamaterial are
higher than that of a single horn around 3.05 dBi, 3.03 dBi, and
3.25 dBi. In contrast, the simulated gains are higher than ap-
proximately 3.25 dBi, 3.04 dBi, and 3.19 dBi at the frequencies
of 1,030 MHz, 1,090 MHz, and 1,300 MHz, respectively.
Moreover, we also compared the simulated and measured results
of the sidelobe level and HPBW in both the E- and H-planes
(Table 4).

In Fig. 18, the simulated and measured radiation patterns in
E- and H-planes at the operating frequencies of 1,030 MHz,
1,090 MHz, and 1,300 MHz are compared and displayed. The
shapes of the radiation patterns in each plane of each frequency
are somewhat similar. Nevertheless, we found that the measured
radiation patterns in some planes yielding the sidelobe level
were slightly higher than that of the simulated results such as
H-plane of 1,030 MHz, E-plane of 1,090 MHz, and H-plane
of 1,300 MHz, as shown in Fig. 18(b), (c), and (f), respectively.

V. HORN ANTENNA AND HYBRID METAMATERIAL
WITH REFLECTOR

To verify that the modified feeding antenna is assembled
from an asymmetric horn and the proposed hybrid metamaterial
using the CST simulation software. We modelled an offset-fed
reflector by importing the structure of 8.3 m in diameter, and
17D ratio equals to 0.34 of the paraboloidal reflector with a horn
feed at the position of its focal point (around 2.8 m from the
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(b)

Fig. 16. The measurement setup for fabricated hybrid metamaterial with an asymmetric horn antenna in anechoic chamber: (a) side view

and (b) perspective view.
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vertex) from the CST library. Only the upper portion of the ture of an offset-fed reflector of the DR-172 ADV radar system
reflector is selected and modified by referring to the real struc- having the aperture dimensions of approximately 7.2 m and 3.5
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Table 4. Comparison of simulated and measured parameters of single asymmetric horn without/with hybrid metamaterial

Horn antenna

Horn antenna with hybrid MM

Parameter Simulation Measurement Simulation Measurement
E H E H E H E H
1,030 MHz Gain (dBi) 12.39 11.16 15.65 14.21
Main beam dir. (°) 1 6 0 6 0 6 0 6
HPBW (°) 36.5 49.2 40.0 51.0 25.2 28.2 25.0 29.0
SSLs (dB) -18.4 - -16.63 -24.48 -17.0 -15.5 -17.97 -13.32
1,090 MHz Gain (dBi) 12.51 11.12 15.55 14.15
Main beam dir. (°) 1 6 2 6 0 6 0 6
HPBW (°) 35.9 48.1 39.0 52.0 241 26.8 25.0 29.0
SSLs (dB) -18.2 - -15.46 - -16.8 -12.4 -14.95 -13.32
1,300 MHz Gain (dBi) 10.85 10,50 14.04 1375
Main beam dir. (°) 0 0 0 1 0 1 0 0
HPBW (°) 62.0 43.9 65.0 40.0 32.0 26.4 29.0 23.0
SSLs (dB) - -17.6 - -29.79 -6.8 -13.9 -8.57 -13.71

MM = metamaterial, dir. = direction, E = E-plane, H = H-plane, SSL = sidelobe level.

m in width and height, respectively. The radiation pattern of an
asymmetric horn with hybrid metamaterial is offset, as displayed
in Fig. 19. Therefore, it illuminates only the upper portion of the
reflector. Even though the metamaterial structure is installed at
the front of the asymmetric and its top edge is over the top edge
of the horn at approximately 0.49 m, the proposed feeder still is
in a position that is well clear of the main beam. Therefore, no
obstruction occurs [19]. However, in the process of simulating
the performance of the offset-fed reflector antenna excited by an
asymmetric horn with hybrid metamaterial, we can use one fea-
ture of CST simulation software. That is the far-field sources
that are available as excitation for the integral equation solver
instead of simulation by using a model of horn directly. There-
fore, the far-field source data obtained from the simulated pat-
terns, which are illustrated and explained in Section III, is im-
ported and functions as the new source for the primary reflector,
as described with graphic images in Fig. 19(b)—(g).

Even though the HPBWs obtained from the proposed hy-
brid metamaterial are somewhat narrower and the sidelobes
occur more than those of the single asymmetric horn, they are
still limited in the envelope of the original main beams obtained
from a single horn. To verify that the appearance of the side-
lobes does not affect the sidelobes resulting from waves reflec-
tion on the surface of the offset-fed reflector. The simulated
results, as shown in Fig. 20, can be considered.

In Fig. 20, we found that the elevation beam angles with ver-
tical polarization for 1,060 MHz of the center frequency for the
IFF band are lifted at 10°, which is the same as that of the target
detection beam at 1,300 MHz with horizontal polarization, as

shown in Fig. 20(a) and (d), respectively. The beam directions in
the azimuthal angle of the IFF and target detection systems are
maintained at 6° and 0°, which followed the requirement, as
shown in Fig. 20(b) and (c), respectively. Furthermore, the ob-
tained sidelobes of all cases are in the standard of the Federal
Communications Commission (<—20 dB).

WEe found that the gains of a single asymmetric horn with the
reflector are approximately 23.31 dBi, 23.56 dBi, and 21.74 dBi
at the operating frequency of 1,030 MHz, 1,090 MHz, and
1,300 MHz, respectively. Once the hybrid metamaterial is add-
ed to the front of the horn aperture, we found that the reflector
antenna provides higher gains of approximately 26.60 dBi,
26.76 dBi, and 25.43 dBi at frequencies of 1,030 MHz, 1,090
MHz, and 1,300 MHz, respectively. Therefore, we can summa-
rize that the offset-fed reflector antenna for the radar system
with the hybrid metamaterial can increase the gain of each fre-
quency by approximately 3 dB (3.29 dB, 3.2 dB, and 3.69 dB at
1,030 MHz, 1,090 MHz, and 1,300 MHz, respectively).

VI. CONCLUSION

We proposed the gain enhancement of the dual-band and
dual-polarized asymmetric horn antenna for the secondary radar
system using original horn from the DR-172 ADV radar sys-
tem as a reference. The hybrid metamaterial structure was de-
signed for placing at the front of the horn aperture to increase
the gains of this asymmetric horn. The proposed architecture
consists of two types of metamaterials structure: the woodpile
EBG structure and wire medium work together with the origin-
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Fig. 19. Model and graphic images of the primary reflector with offset-fed asymmetric horn and hybrid metamaterial by exciting with the
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simulated far-field sources: (a) model of offset-fed reflector feed by the proposed feeder and (b—g) show excitation sources for the
primary reflector in both planes at frequencies 1,030 MHz, 1,090 MHz, and 1,300 MHz. (a) Perspective view and (b, d, g) side

views, and (c, e, f) top views.
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Fig. 20. Comparison of simulated radiation patterns of an offset-
fed reflector antenna excited by an asymmetric horn with-
out/with the hybrid metamaterial structure. (a) Elevation
angle for E-plane of 1,060 MHz, (b) azimuthal angle for
H-plane of 1,060 MHz, (c) azimuthal angle for E-plane
of 1,300 MHz, and (d) elevation angle for H-plane of
1,300 MHz.

nal asymmetric horn. The gain enhancement of the target de-
tection beam at the operating frequency of 1,300 MHz with
horizontal polarization was achieved by using the property of
the woodpile EBG structure. The wire medium structure im-
proved the gain of the IFF beam at frequencies of 1,030 MHz
(Tx) and 1,090 MHz (Rx), respectively, with vertical polariza-
tion. The simulated and measured results for the asymmetric
horn without/with the proposed hybrid metamaterial structure,
such as the gains, radiation patterns, and reflected power, were
in good agreement. Importantly, the proposed hybrid met-
amaterial structure can improve the gains of both beams by
slightly more than 3 dB and retain the direction of both beams
with reference to the original beam directions obtained from the
reference horn modelled.

This work was supported by the Research Department in-
stitute of Engineering, Suranaree University of Technology,
Nakhonratchasima, Thailand.
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