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Abstract — This article presents a novel decoupling
technique for the circularly polarized multiple-input-
multiple-output (CP-MIMO) system composed of Guo-
shaped patch antennas. A comparative study has been
conducted on antenna performance as a function of
packing distance before and after applying the technique.
A prototype of two-element Guo-shaped patch MIMO at
a small inter-element spacing of 12.5 mm has devised
aiming for the 5G new radio n38 (2.57-2.62 GHz)
applications. Simulation reinforced with experimental
results confirmed the effectiveness of the proposed
technique, whereas the two Guo-shaped patch elements
packed in such small spacing can be operated
independently. Both the envelope correlation coefficient
and diversity gain are approaching their ideal values.

Index Terms — Antenna isolation, artistic patch antenna,
Chinese-character-shaped patch antenna, CP-MIMO,
decoupling technique.

I. INTRODUCTION

Multiple-input-multiple-output (MIMO) antenna
system becomes the key technology in current wireless
communications addressing the demands of high
channel capacity and anti-multipath interferences [1].
The circularly polarized (CP) antennas play a crucial
role in space and indoor communications owing to
the advantages of non-line-of-sight, better mobility and
robust to polarization mismatching as compared with the
linearly polarization (LP) counterparts [2-3]. As a result,
the CP-MIMO antenna systems have been investigated
and become popular in recent years. It has demonstrated
that the achievable channel capacity of CP-MIMO
outperforms the LP counterparts, especially when
antennas are not perfectly aligned. Moreover, CP-MIMO
allows yielding superior performance when its 3-dB

Submitted On: March 29, 2021
Accepted On: September 2, 2021

axial-ratio beamwidth coverage reaches ~40° [4].
Suppression techniques of mutual coupling between
antennas have long been the research topics in antenna
array systems [3, 5-9]. Decoupling or isolation necessity
is the primary design goal in MIMO systems. In [3],
angular offset elements were used to reduce the mutual
coupling and gain enhancement, this type of method is
classified as the self-decoupled method. Various types
of defected ground structure (DGS) [5-7] were employed
to enhance the isolation between elements, whereas
a wheel-like metamaterial decoupling structure was
presented in [8]. In [9-12], different insertion techniques
were used to enhance the isolation of MIMO antennas.
For the aim of mutual coupling reduction, radial stub
loaded resonator [9] and 3-D metamaterial structure [10]
were inserted respectively in between the two elements
of MIMOs. Also, the multi-layer electromagnetic bandgap
structure and the single-layer metamaterial superstrate
were added into the two-element source antennas in [11]
and [12], respectively. In the recent CP-MIMO designs,
a simple microstrip line was used as the decoupling
structure [13], whereas a hybrid technique of parasitic
patch with diagonal position of dielectric resonator
antennas was presented for WiMAX application [14].
For 5G millimeter-wave bands, a high-gain wideband
CP antenna with MIMO capabilities based on Fabry-
Perot resonant cavity was proposed in [15], wherein
a single-layered dielectric slab of half-wavelength
thickness was utilized as a partially reflecting surface so
that a high isolation of higher than 20 dB was obtained
for an interelement spacing of half-wavelength. A dual
CP-MIMO antenna using a hybrid technique was
also reported in [16], wherein three grounded stubs
plus mirrored F-shaped DGS were included between
microstrip-line fed near-square-patch antennas to
achieve high isolation. However, the use of DGS creates

https://doi.org/10.47037/2021.ACES.J.360901
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backward radiation leading to low forward directivity.
The inclusions of additional resonators and or reflecting
(metamaterial) surface may increase the antenna volume
as well as the insertion loss.

In this article, a novel decoupling technique is
proposed for the isolation enhancement of a closely
packed Guo-shaped patch antenna array, wherein the
two Guo-shaped patch elements are placed at a center-
to-center (C2C) distance of 80 mm (0.69 free-space
wavelengths at 2.6 GHz). The technique uses no
additional resonator(s), no defected ground structure(s)
and or metasurface/metamaterial. Instead, we altered one
of the L-shaped feeds with its position and orientation
central-symmetrically with respect to the original one.
The results demonstrated that the proposed technique
is able to enhance the isolation by 5 dB at a shortest
C2C distance of 70 mm. Therefore, the axial ratio and
broadside gain can be independently established without
mutually deteriorated by strong mutual coupling. The
2.6-GHz CP-MIMO is devised for use at 5G NR n38.

I1. CLOSELY PACKED TWO-ELEMENT
GUO-SHAPED PATCH MIMO ANTENNAS

A. Geometry of CP Guo-shaped patch antenna

This section introduces the geometry of the Chinese
character-shaped patch antenna, which is a modification
of the Guo-shaped patch [17] for left-hand CP (LHCP)
propagation. Figure 1 shows the top- and side-view
geometry, where a L-shaped feeding probe is placed at a
coordinate (m, n) with respect to the patch center and
its arm is faced downward for LHCP generation. The
geometrical parameters are summarized in Table 1.

Table 1: Geometrical parameters (unit: mm)

L M w H a
71.8 67.5 35.5 15.5 10.5
b G d e f
9.1 8.9 6.7 7.7 6.2
g m n Fy I
8.6 20.0 13.4 13.5 11.5
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Guo-shaped Patch
v

0.5Imm-R0O4350B H
0.8

Ground

u

(b)

Fig. 1. Geometry of CP Guo-shaped element: (a) top
view and (b) side view. The dielectric layer is 0.51mm
thick RO4350B.

B. Impedance matching

Here, we present the effects of mutual coupling (MC),
using Microwave Studio CST [18], when two identical
Guo-shaped patch elements are closely packed at a C2C
distance of D, namely, at an inter-element spacing of g, as
shown in Fig. 2 (a). That is, when D is set at 70, 80, 90 and
100 mm, g is 2.5, 12.5, 22.5 and 32.5 mm, respectively.
It is expected that the MC is very strong while the two
elements are placing closely, say 70 mm, as a result, the
impedance matching in terms of reflection coefficients
(IS11] and |S22]) of both the elements deteriorated as shown
in Figs. 2 (b) to 2 (e). At D =70 mm, the very strong MC
causes Sy and Sy, in dB to increase and be unequal. The
mutual coupling logically reduced with D increasing. At
last, the effect becomes minimal when D= 100 mm so that
the Si; and Sy, curves have overlapped each other.

]\
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-10 e 10% e
8.\ 7 Y Vi
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Fig. 2. Mutual coupling effect versus D.



C. Axial ratio and broadside gain performance

Strong MC not only affects the impedance matching
but also the axial ratio (AR) and broadside gain (BG)
performance of CP antennas. However, these were
seldom fully addressed in the previous studies. Figure 3
demonstrates the comparison of AR and BG under two
separation cases of 80 and 100 mm, respectively. At
D = 80 mm, both the AR and BG curves deteriorated
particularly, the deteriorations on the right-hand-side
element (AR-R and BG-R) are more serious than the left-
hand-side ones, which is attributed to the closer feed next
to the left-element. Until the separation away at 100 mm,
the situations are observed to be relieved. Therefore, a
technique must be used to mitigate the mutual coupling
effects at the closing space. An exploration of
optimization issue arising during the modeling of Guo-
shaped patch. The AR performance is very sensitive
with the feed-probe location and orientation as compared
with the BG and S-parameter performance. Therefore,
a systematic tuning was used to obtain the best feed
location by firstly aiming at AR performance.

Axial Ratio (d8)
O
RN

Fig. 3. Simulated performance of axial ratio and broadside
gain for (a) D =80 mm and (b) D = 100 mm.

I1. CENTRAL-SYMMETRICAL TECHNIQUE
APPLIED FOR TWO-ELEMENT ARRAY

It is known that most of single-feed CP patch
antennas have more than one optimal feed location to
achieve the same sense (handedness) of CP operation
at the broadside direction [19]. In particular, when the
patch antenna has a symmetrical geometry [20]. Here,
we make use of this knowledge and move one of the
feeding probes of closely packed elements in such a way
that the two probes are central-symmetrically (CS) placed,
as shown in Fig. 4. Note that the probe orientation of the
horizontal arm is also placed CS.

¢ CS probe

Fig. 4. Central-symmetrical technique is applied in the
right-hand side element.

CHUNG, CUIL, MA, FENG, LI: DECOUPLING TECHNIQUE FOR CIRCULARLY-POLARIZED MIMO SYSTEM

A. Effects on impedance matching

Figures 5 (a) to 5 (d) show the impedance matching
in terms of S1; and Sy, after applying the CS technique.
As compared with Fig. 2, better reflection coefficients
are obtained, particularly, in the closely packed case of
D =70 mm. One can see that the two elements are now
almost isolated from each other. Besides, the mutual
coupling reduced to below -20 dB for all separations.

-10 \ N 7 10 ‘l\ o . s
8. VN p g Y\ 7
- \ 7 A \ 7
20 R T /a. 820 \/ y
7 WA e -
3 R Y e YA Am—
Y Y g v
2.-30 — 30— Y
0w I Y -1 I <
B "7 3B ==S21
40 D=70mm, CS * --S22 D=80mm,CS  --S22
22 24 26 28 3 32 4037 24 26 28 3 32
Frequency (GHz) Frequency (GHz)
20} 2N / ,/
P4 \ 7 - 7
sl z
& .20 \W/ &
T 1]
..........
525 TR e i
3 g | et ST T
& 30~ —s11] & i —s11
3 ==821 354 =821
0 D=90 mm, CS -=822 w0 “.‘ D=100 mm, CS --S22
22 24 26 28 3 32 22 24 26 28 3 32
Frequency (GHz) Frequency (GHz)

Fig. 5. Mutual coupling effects on reflection coefficients
(S11, S22) as a function of separation D, after CS technique
applied.

B. Isolation enhancement

The positive value of MC is the isolation between
two input ports of the Guo-shaped patch element. We
extracted that from Figs. 2 and 5, and make a comparison
as a function of D, as shown in Figs. 6 (a) and 6 (b),
respectively. Without using CS technique, the smaller
the separation gives the more fluctuation on the isolation
curves in the frequency range of 2-3 GHz. At the center
frequency of 2.6 GHz, the isolation drops below 18 dB
at 70 mm separation and enhanced to 23 dB at 100 mm.
After applying CS, the isolation between Guo-shaped
patch antennas is enhanced from 18 dB to a minimum of
22 dB at D = 80 mm across the whole frequency range.
The simulated surface current distributions of the two
closely packed Guo-shaped patch elements at 2.6 GHz
shown in Fig. 7 are used to study the decoupling
mechanism. In either case, the associated current with
the L-probes are observed to be minimum.

w2 70 mm
—80 mm
= 90mm
34 == 100 mm

212223 242526272829 3
Frequency (GHz)

(@) (b)

212223 242526272829 3
Frequency (GHz)

Fig. 6. Isolation comparison (a) before and (b) after applying
central-symmetrical feeding for a number of separations.

1127



1128

Fig. 7. Surface current plots when (a) left-element is
excited, and (b) right-element is excited.

C. Axial ratio and broadside gain performance

After applying the central-symmetrical technique,
Figs. 8 (a) and 8 (b) show the simulated AR and BG
for the two cases, D = 80 and 100 mm, respectively. With
reference to Figs. 4 (a) and 4 (b), both the AR and BG
improved significantly. In particular, the performance of
the right-hand-side element has almost the same as the
left-hand-side element in both the cases. These validate
the effectiveness of the CS technique in the far-field
performance.

(@B)

Axial Ratio

BN oo

[ p=80mm(cs)
22 24

D =100 mp (CS)
26 28 3 22 24
Frequency (GHz)

26 28 3
Frequency (GHz)

@) (b)

Fig. 8. Simulated on-axis axial ratio and broadside gain
after applying CS technique: (a) D =80 mmand (b) D =
100 mm.

1. FABRICATION AND EXPERIMENTAL
VERIFICATION

A. S-parameter performance measurement
Prototypes of closely packed Guo-shaped patch
antennas at D = 80 mm (g = 12.5 mm, 0.10%o) with and
without central-symmetry decoupling were fabricated
and measured. A photograph of the prototype is depicted
in Fig. 9, whereas their measured S-parameters are
shown in Fig. 10. It can be seen that the measured mutual
coupling (Sz1) is suppressed to —25 dB at 2.6 GHz whereas
the reflection coefficients of both antennas (Si1, S2)
are almost identical. This means that the Guo-shaped
patch antennas now own sufficient isolation that can
be operated without mutual affections. When further
comparing with the simulated results shown in Fig. 5 (b),
we can conclude that excepting the minor frequency
shifts of S11 and Sy, curves, the experimental results have
validated the effectiveness of the CS technique.

ACES JOURNAL, Vol. 36, No. 9, September 2021

Fig. 9. Photograph of CP MIMO with closely packed
(D = 80 mm) Guo-shaped patch antennas.
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Fig. 10. Measured S-parameters of closely packed (D =
80 mm) Guo-shaped patch antennas after applying CS
technique.

B. Measured axial ratio and broadside gain

The measurement of MIMO far-field performance
was conducted inside a near-field SATIMO chamber,
as depicted in Fig. 11. Besides, Fig. 12 displays the
comparisons on AR and BG for both the left- and right-
element. As verified before, the isolation is sufficiently
high to cause the closely packed antennas to work
independently. Both the ARs and BGs now also had very
close performance. The measured 3-dB AR bandwidth
is 2.56-2.64 GHz (3.1%), whereas the BG recorded as
6.5 dBic at 2.6 GHz. Moreover, the measured radiation
patterns of both Guo-shaped elements at 2.6 GHz are
plotted as shown in Fig. 13. As seen, the beam diversity
can be achieved by using such novel probing technique.

Fig. 11. Far-field measurement undertaken inside
SATIMO.
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Fig. 13. Simulated and measured envelope correlation.

C. MIMO performance verifications

The envelope correlation coefficient (ECC) is
known as a primary diversity performance metric of the
MIMO antenna system. When all elements are excited,
ECC indicates the level of mutual influences and the
far-field correlation among antenna elements, which is
expressed in terms of S-parameters as [21]:

S11512+53152212
(1-181112-182112)(1-1S2112~152212) '

ECC =

M

the value of diversity-gain (DG) can then be obtained by
using (2),

DG = 104/1 — (ECC)2. (2)
x10°
15 A 10
80 mm CS c
L e e —19.9 %
%) —Sim ECC O
>
2 ==-Mea ECC =
—DG o
5~y "1 9.8 7
TNy eﬂ/\/
o e 9.7
2 2.2 24 2.6 2.8 3
Frequency (GHz)

Fig. 14. Simulated and measured envelope correlation
coefficients (ECCs) after applying CS technique.
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Figure 14 shows the comparison of measured and
simulated ECCs after using CS. As the ECCs are really
small (0.002), the figure also shows that the diversity
gains reach the upper limit of 10. Again, these values
validate the effectiveness of the decoupling technique.

V1. CONCLUSION

A central-symmetrical technique is proposed for
element decoupling in this paper. Two Guo-shaped patch
elements, which were closely packed in a CP MIMO
system at 2.6 GHz, were investigated. Simulated results,
in terms of S-parameters, axial ratio and broadside
gain have demonstrated that the proposed technique can
effectively enhance the isolation so that the elements can
be activated independently. Moreover, experimental
results show that even at a small inter-element spacing
of 12.5 mm (0.108%, at 2.6 GHz), the measured ECC and
DG approaching the ideal values of 0 and 10, respectively.
Importantly, the technique uses no extra resonators or
defected ground structures to achieve the results.
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Abstract —In a reverberation chamber, analytical
solutions exist in very limited scenarios for the
distribution of the boundary fields. For arbitrary-shaped
objects, analytical solutions may not exist. To solve this
problem, a general numerical method is proposed to
obtain the mean field distribution near arbitrary-shaped
objects in a random diffused-wave environment. The
proposed method combines the full-wave method and
the Monte-Carlo method; the numerical results are
validated and compared with that from analytical
equations. The proposed method can be applied to
arbitrary-shaped objects with general material properties.

Index Terms — Boundary fields, Monte-Carlo simulation,
plane wave model, reverberation chamber.

I. INTRODUCTION

Reverberation chambers (RCs) have been widely
used in electromagnetic compatibility (EMC) [1] and
over-the-air (OTA) testing [2-5] in recent years. New
applications include antenna measurement [6], radar
cross section measurement [7], and channel emulation
[3]. Ideally, a statistically homogeneous and isotropic
random multipath environment can be created in an RC.
When the field point is far from the boundaries and
stirrers (typically larger than A/4 [1]), the field can be
considered statistically uniform and isotropic. However,
because of the boundary conditions (e.g., the tangential
component of E-field is nearly zero E, =0 on the
metallic boundaries), the field statistics close to the
boundaries deviate from ideal values and is no longer
uniform and isotropic [1, 3]. Generally, how the power

Submitted On: July 29, 2021
Accepted On: August 22, 2021

density ({|E,[?), (|Ey|2) or {|E,|?)) distributes around
an arbitrary-shaped object remains unsolved. This paper
is aimed to solve this problem by applying the plane
wave model (PWM) directly [3, 8].

Luckily, typical boundary fields such as planar,
right-angle bend and right-angle corners have analytical
solutions [9, 10]. In these cases, the distribution of the
mean value of the boundary fields can be expressed
analytically as a function of (x,y,z) coordinates. At
high frequency limit, a very efficient model is proposed
in [11, 12] by using the diffusion equation to obtain a
system-level description. In this paper, we apply the
PWM using the full-wave simulation and combine the
results using the Monte-Carlo method [13-16]; the
method is a direct method from the first principle and can
be applied to arbitrary-shaped boundary shapes and
material properties.

O

N N SN

TN XK >
% ﬁ stlrrers
arbitraQ! shﬁ&% >
object
g Tx Ant <\

T -

Fig. 1. An arbitrary shaped object in a random field
environment (reverberation chamber).

The algorithm is detailed in Section Il and the

https://doi.org/10.47037/2021.ACES.J.360902
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simulated results are validated in Section IlI, general
scenarios are investigated in Section 1V and conclusions
are summarized in Section V.

I1. ALGORITHM
For an arbitrary-shaped object in an RC in Fig.
1, when the RC is well stirred, the random wave

environment can be modeled using multiple plane waves.

Each incident plane wave can be expressed as:

E, = AjeJkiTi, (1)
where i represents ith incident wave, k is the wave
number, 7 = (x, y, z)" represents the field point and 4;
is a complex vector which represents the amplitude and
initial phase of the plane wave. For many random

incident waves we have [13]:
N

N

Einc = Z E = Zjie_jkiﬂ: (2)
i=1 i=1 R

where the amplitude and phase of A; are Rayleigh and

uniform distributed, respectively. When the plane wave

number N approaches to infinity, (2) is the well-known

PWM which is also written as [3]:

Be = [[ A@) 700, ©
41
where ff4n[-] dQ means the integral over a unit sphere.

As we can only simulate finite N numerically, we start
from (2) to detail the algorithm.

V

Fig. 2. Angle definitions of an incident plane wave.

For each plane wave, the wave propagation
direction can be expressed as:
ky; = —sin(8;) cos (¢;)
k,; = —sin(6,) sin (¢;)
kyi = —cos(6,), 4
and the E-field direction can be expressed as:
E,; = cos(¢;) cos(8;) cos(a;) — sin(e;) sin («;)
E,; = sin(¢;) cos(8;) cos(a;) + cos(¢;) sin (a;)
E,; = —sin(0;) cos(a;), ©)
where 8; and ¢@; are the polar angle and azimuth angle
respectively, a; is the polarization angle. The definitions
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are illustrated in Fig. 2. Only two « values (0° and 90°)
are necessary which represents TE and TM waves
respectively.

For each incident wave E;, the scattering problem
can be solved by using the Finite Integral Time Domain
(FITD) method in CST, the E-field in the solving volume
can be solved as Em,t (normalized to 1 V/m incident
wave). Simulations using FDTD and TLM method for
RC performance analysis have been detailed in [17-21].
When the system is linear, the total field in the solving
volume can be obtained as E;o; = X, A; exp (j8;)Eiror
for N plane waves incident simultaneously with random
amplitude A4; and §; phase. By repeating this process M
times with Monte-Carlo simulations, the mean value of
the square of the total fields (power density) can be
obtained. The probability density function (PDF) of the
power density is still exponential distribution but with
different mean parameters, thus we focus on the mean
values in the simulation.

Monte-Carlo loop
m=12..M

i=12,..N
Generate plane waves with random
amplitude and phase 4;exp(jd;)

v

Synthesis
Eror = Zi\;l A;exp(J6;)Eiror

i<N

Fig. 3. The workflow of the full-wave Monte-Carlo
simulation.

Table 1: Simulation scenarios

Scenarios Simulation Time
FW+MC (hours)
Wtical Vacuum cube 13.2+3.9
Analytica Right-angle bend 6.1+3.9
scenarios -
Right-corner 6.4+3.9
Avrbitrary-angle 6.443.9
bend
General Dielectric cube 17.8+3.9
scenarios | Receiving antenna 6.4+3.9
Half-space 4.6+3.9
aperture
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The workflow of the full-wave Monte-Carlo
simulation (FWMC) is illustrated in Fig. 3. Note that the
FITD simulation only needs to be performed for N
times, each Em,t is saved in memory and no full-wave
simulation is necessary in the Monte-Carlo simulation.

In the next section (Section IlI), we validate the
proposed method using models with have analytical
solutions. In Section 1V, we apply the FWMC method to
general scenarios. The simulation scenarios are given
in Table 1, in which FW and MC represent full-wave
simulation and Monte-Carlo simulation respectively.
Since we use the same sampling number for E;p in all
models, the MC simulation time are the same.

I11. VALIDATIONS

In the FWMC simulation, we use 642 sets of (6;, ¢;)
(illustrated in Fig. 4) for k vectors and each incident
wave has two polarizations with « = 0° and a = 90°,
thus N = 1284 incident waves are simulated (the
magnitude of the incident wave is normalized to 1 V/m).
After each simulation, the total fields in the solving
volume are saved as Ey ot (X, ¥, 2), Eyiror (%, y,z) and
E,irot(x,y,2) . After the full-wave simulation, the
Monte-Carlo simulation in Fig. 3 is performed with M =
10000. The M value can be understood as the number of
independent stirrer positions in an ideal RC, as for each
value of M, a new set of A; and §; are generated.

Fig. 4. 642 incident wave directions on a unit sphere are
used in the full-wave simulation.

To normalize (|E,r..|?) to 1 at fields far from
boundaries, the magnitude of the incident plane wave A;
has a Rayleigh distribution and the PDF is [3]:

x _x*
pa(x) = € 202, x =4, (6)

with ¢ = ,/3/2/~+/N. The initial phase &; has a uniform
distribution in (0, 2m]. To verify the proposed method
we simulate a vacuum cube, a right-angle bend and a
right-angle corner as they have analytical solutions.

A. A vacuum cube
We first use a vacuum cube in Fig. 5 (a) to validate
the method, the electrical dimensions are 4A X 4A X 4A.
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Since there is no scatter in the solving volume, the error
can be explained as the numerical noise level. The
simulated (| E,ro¢|?) is illustrated in Fig. 5 (b), as can
be seen, the values are very close to 1 and the relative
standard deviation (which is also the field uniformity
(FU)) is about 1% (0.05 dB). This agrees well with the
theoretical value from the central limit theorem which is
1/+/M. This also means that the statistical noise level is
about -20 dB for M = 10000. The FU in the simulation
volume is given in Fig. 6 for different M and N values.
The unit sphere is decomposed uniformly with 471 x
10+ 2 (p = 1,2, ...) points, and the plane wave number
is 4771 x 20 + 4. The theoretical curve of 10log,,(1 +
1/VM) is also given. As can be seen, very good
agreement is obtained; the FU is dominated by M and is
not sensitive to N in free space.

1.05

Z (wavelength)
Ob b Ao e ow

N

0.95

5 3
X (wavelength) 1 5N ~ 12
3 327"

(b)

Fig. 5. (a) A vacuum cube, and (b) simulated (| E,r.. %),
the plots for (|Eym|2) and (|E o, |2) are similar.

09
Y (wavelength)

1.4 t‘zzqr N=51 o N=24
128 x N=84
1 =5 = V| o N=32
17 + N=1284
Bos —10log,(1 + 1/vVM)
2
206
0.4/
0.2
0
10° 10° M 10° 10*

Fig. 6. Simulated FU with different M and N values.

B. A right-angle bend

A right-angle bend with two finite plates are
presented in Fig. 7 (a), the edge length is 4A. Note that
when the plates are infinitely large, analytical solutions
exist [3]:
(|E;roc (x,y, 2)I?) =

EZ

= [1=pe@) - pe20) + o (25 +57)]. (1)
(|Exror (x,y,2)1?) =

2 yz

E
?0 [1-p.Q2y)+p(2x) — mpt(zv x?+y?)

~E L ®)



where p,(+) and p,(+) are defined as:
3 [sin(kr) 1 (sin(kr)

pe(r) = 2 ke (kr)? kr
3 in(k
p(r) = W [smk(r r) - Cos(kr)].

The simulated results are illustrated in Figs. 7
(b)-(d). Comparisons between numerical and analytical
results along the radial direction (x =y, z=10) are
given in Fig. 7 (d). As expected, the simulated results
agree well with the analytical results, and the negative r
represents the other side of right-angle bend. The plot for

(|EyT0t|2) is not shown as it is similar to {|E 7 |2).

— cos(kr))] ,(9)

(10)

Y (wavelength)

Y (wavelength)

0 2 3 4 -2 -1 0 1 2 3 4 5 6
X }wavelength) r (wavelength)

(©) (d)

Fig. 7. (a) A right-angle bend, (b) simulated (|E,,.|?),
(c) simulated (|E,r,. %), and (d) a comparison between
results from FWMC and analytical equation.

5 0

C. Aright-angle corner
A right-corner with 4-wavelength length is shown
in Fig. 8 (a). When the plates are infinitely large, the
analytical solution for (|E 7. 1%} is [3]:
(lEzzTot(x'y' Z)|2> =
E
S [1=p20) = pe(2) + ¢ (2v%7+7?) + p(22)
x? z?
“ZT 2P (2 x? +ZZ) e (2 x? +Z2)

2 2
y Z
—mpt(z y2+22)—mpz(2 y2+22)
x? +y?
+—x2+y2+zzpt(2 x2+y2+22)

2
+—x2 Ty 2 P (2 x2+y? +22)]. (11

We apply the FWMC simulation and the results are
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illustrated in Fig. 8 (b). Comparisons between numerical
and analytical results along the radial direction (x = y =
z =r/+/3) are given in Fig. 8 (c). Not surprisingly,
good agreement is obtained. The plot for {|E,,.|?) and
(|Eym|2) are not shown as they are similar. It is
interesting to note that for negative r close to 0, the field
strength varies drastically because of the sharp corner.

r (wavelength)

©

Fig. 8. () A right-angle corner, (b) simulated {|E 7, 1%),
and (c) a comparison between results from FWMC and
analytical equation, note that because of the finite mesh
resolution, small error exist when r is close to zero.

We have verified the numerical results in three
specific scenarios and the results are correct. In the next
section, we apply this method to more general scenarios.

1V. GENERAL SCENARIOS
In this section we apply the FWMC method to
general scenarios, in which four types of models are
demonstrated: arbitrary angle bends, dielectric objects, a
receiving antenna and a half-space aperture.

A. Arbitrary angle bends

For a right-angle bend, analytical solution exists.
For a bend with an arbitrary angle y, the results can
be obtained by using the FWMC method which are
illustrated in Figs. 9 (a)-(g). The simulation model is
given in Fig. 9 (a) and the plots for {|E 7o, %), (|Eym|2)
and {|E,r.¢|?) in the cut plane z = 0 are illustrated in
Figs. 9 (b)-(d) and Figs. 9 (e)-(g) with y = 30° and
y = 60° respectively. Not surprisingly, when y becomes
smaller, the FU in the corner becomes poorer.
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Y (wavelength)

0 1 2 3
X (wavelength)

©)

Y (wavelength)

Y (wavelength)
L4 o =+ N oW »

Y (wavelength)

L o a4 N w &
Y (wavelength)

L o0 a4 N w s

o

<10 1 2 3 4
X (wavelength)

5

J )g(wavzeleng?h) 4

® (@)

Fig. 9. (a) A bend with angle «, (b) simulated {|E,7,:1?),
¥ = 30°, (c) simulated (|EyTot|2), ¥ = 30°, (d) simulated
(|Er0¢ 1), ¥ = 30°, (e) simulated (|E,,.]?), ¥ = 60°,
(f) simulated (|EyTot|2), y =60°, and (g) simulated
<|EzTot|2>: y = 60°.

B. Dielectric objects

A dielectric block is shown in Fig. 10 with relative
permittivity €., the dielectric block is placed in an
ideal multipath environment. The simulated (|E,,.|?)
are illustrated in Figs. 10 (b)-(d) fore, =2, 5 and 10
respectively. Because of the symmetry, only {|E,r,.|?)
are plots in Figs. 10 (b)-(d). The fields on the line y = 0,
z =0 are extracted and given in Fig. 10 (e). It is
interesting to note that the field inside the dielectric is
not statistically uniform although the environment is
statistically uniform. When ¢, increases, both the inside
E-field and the nonunifomity increases. This model can
be used to simulate the heating power distribution of an
arbitrarily shaped object inside a microwave oven.

An interesting example is the sparking of grapes in
a household microwave oven [22]. A similar model in
[22] is shown in Fig. 11 (a) with two dielectric spheres
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gapped with Imm. The power density of {|E,r.|%) is
illustrated in Figs. 11 (b) and (c). The interesting effect
as in [22] is observed, the power density is enhanced
greatly (more than 100 times) between the two spheres.

Z (wavelength)
LY Y -~

-1 2

1

0
o -1
2 -2 Y (wavelength)

0 -
X (wavelength) 1

Z (wavelength)

Z (wavelength)
B L4 o a4 N

-1
o ! 0
X (wavelength)' 3 0  X(wavelength) 1

4 -
-2 Y (wavelength) 2 -2 Y (wavelength)

© (d)

-2 -15 -1 -0.5 0 05 1 1.5 2
X (wavelength)

©)

Fig. 10. (a) A dielectric block with relative permittivity
&,, simulated (|E,,.|?) for (b) &, =2, (c) & =5, (d)
& = 10, and (e) extracted plots on the line y = 0, z = 0,

(|Eyror] ?) are not shown as they are the same as (| .y, 12).

C. Areceiving antenna

A horn antenna working in receiving mode is shown
in Fig. 12 (a). The simulated mean power densities
are illustrated in Figs. 12 (b)-(d). Since the horn antenna

. . 2 .
is y-polarized, (|Eym| ) gives smaller values than
(|Exroe1?) and (| E ¢ 1?) in the horn.

D. A half-space aperture

When two RCs are contiguous or nested in to
measure the shielding effectiveness of a planar material,
we have a half-space aperture model. A half-space
aperture with dimensions of 2A x 2A is shown in Fig. 13
(a). The random incident waves are from +z half space.
In the FMW(C simulation, we only need to generate half
number of plane waves in Fig. 4. The simulated mean
power densities are illustrated in Figs. 13 (b)-(c) in which
we can identify how random waves diffused through
an aperture and apply this method to arbitrary shaped
apertures [23].
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Fig. 11. (a) Two spheres gapped with 1 mm, the material
is set as sea water, (b) simulated (|E,r.:|?), and (c)
extracted plots on the line y = 0, z = 0.
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Fig. 12. (a) A horn antenna, (b) simulated {|E,7.1%), (c)
2
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V. CONCLUSIONS

We have proposed the FWMC method in this paper
and validated the results with analytical equations. The
method is from the first principle of PWM and has been
applied to general scenarios with arbitrary angle bends,
dielectric materials, a receiving antenna and a half-space
problem.

For the models in this paper, the simulation time for
each plane wave incident is less than 2 minutes and the
total simulation times for 1284 incident waves are less
than 43 hours (on a computer workstation). The Monte-
Carlo simulation consumes less than 4 hours for M =
10000. Since each plane wave is independent with
others, the parameter sweep process (for each plane
wave) can be parallelized with more computers.

Compared with the diffusion equation model,
although the accuracy of this method is very high, the
memory consumption for electrically large objects is
significant. However, for waves far from scatterers, the
mean power density becomes uniform in a well-stirred
condition and the simulation could be unnecessary. A
typical distance of at least A/4 from any scatterers
is suggested for EMC applications [1]. For non-ideal
reverberant environment, this method could be combined
with the diffusion equation model to provide more
accurate boundary conditions.
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Abstract — Multiple-input-multiple-output (MIMO) over-
the-air (OTA) testing has been seen as a promising
solution for evaluation of the radio performance of
MIMO devices. In this work, we compare the accuracy
of two channel emulation methods, i.e., the prefaded
signal synthesis (PFS) and the plane wave synthesis
(PWS), in two-dimensional (2D) uniform and 3D sectored
multi-probe anechoic chamber (MPAC), respectively.
The PWS method is proven to be more accurate than the
PFS for 2D uniform MPAC system. However, for 3D
sectored MPAC system, the PFS method emerged to be
better than the PWS method. To explain these seemingly
contradicting findings, both the required number of
active probes and the leakage of power spectrum are
considered in this paper. It is found that the PWS method
has higher emulation accuracy than the PFS method when
the number of active probes becomes sufficiently large,
whereas the PFS is more robust to the undersampling due
to the limited number of active probes in practical 3D
sectored MPAC system. Moreover, when the number of
active probes is particularly small (less than the number
of clusters in the probe panel), the emulation accuracy of
the PWS method outperform its counterpart.

Index Terms —Multi-probe anechoic chamber (MPAC),
over-the-air (OTA), pre-faded signal synthesis (PFS),
plane wave synthesis (PWS).

I. INTRODUCTION

Multiple-input-multiple-output (MIMO) as the
core technology of the new generation of mobile
communication has been proposed and applied to long-
term evolution (LTE), fifth generation (5G) and other
wireless technologies [1]. Furthermore, with the
application of millimeter wave (mm-Wave) and the
reduction of antenna size, massive MIMO (M-MIMO)

Submitted On: March 30, 2021
Accepted On: May 16, 2021

is widely used as a promising technology in 5G
communication systems [2]-[5]. Before a MIMO device
is put into use, it is important to test whether its radio
performance meets the certification requirements. OTA
testing has become the only feasible solution especially
for mmWave M-MIMO devices. In recent years, three
mainstream MIMO-OTA testing methods have been
formed, including the multi-probe anechoic chamber
(MPAC) method [6],[7], the reverberation chamber (RC)
method [8],[9], and the radiated two-stage (RTS) method
[10],[11]. The multi-probe anechoic chamber (MPAC)
method, which is standardized by CTIA [12], can
accurately reproduce various standard 2D radio
propagation channels [13]-[15].

The main idea of the MPAC is to control the
physical position and signal intensity of the probe
antennas, so that the transmitted signals of multiple
probes superimposed in the test area are consistent with
the characteristics of the target channel [16],[17]. There
are two common channel emulation methods, which are
usually adopted in channel reconstruction of MPAC, i.e.,
the prefaded signal synthesis (PFS) and the plane wave
synthesis (PWS) [18]. The basic idea of the PFS method
is to reproduce the spatial characteristics of the target
channel environment in the test area by controlling the
power weights of the probe antennas, whereas the PWS
method assigns appropriate complex weights to the
probe antennas to synthesize a static plane wave field in
any direction in the test area.

In this work, we make a comprehensive comparison
of the emulation accuracies of the PFS and PWS
techniques for both two-dimensional (2D) user equipment
(UE) MIMO OTA testing and 3D massive base station
(BS) OTA testing. The results show that in the traditional
2D MPAC setups, the PWS method has higher emulation
accuracy than the PFS method, which is consistent with

https://doi.org/10.47037/2021.ACES.J.360903
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the findings in [19]. However, when it turns to the 3D
sectored MPAC system with limited active probes [20]-
[22], the PFS method emerges superior performance
compared to the PWS method. Then both the required
number of probes and the leakage of power spectrum are
considered to explain this contradicting finding. It is
demonstrated that the number of active probes plays a
key role in this problem. The PWS method can show
superior emulation performance if there are enough
required probes. In the case of limited probes, the PFS
method is more accurate than the PWS method. However,
when the number of probes is extremely small, the PWS
method has better emulation accuracy than the PFS
method again. The findings of this work not only explain
contradicting finding in the literature, but also provide
insight into optimal design of the 3D sectored MPAC
system.

II. METHOD

A. Configuration of MPAC setups

Figure 1 illustrates the MPAC setup for the 2D UE
OTA testing. The device under test (DUT) is located in
the center of the anechoic chamber, surrounded by a
horizontal ring composed of uniformly distributed probe
antennas. The BS emulator generates the original test
signal, which is transmitted to the channel emulator. The
channel emulator simulates the multipath environment,
including Doppler spread, delay spread and fast fading.
Power amplifiers are necessary to compensate the path
loss between the probe antennas and the DUT.

Uplink signal
BS Emulator

l

3

- >
Channel
Emulator

Power
Amplifiers

EAMAAAAAAA

Anechoic chamber
Fig. 1. Illustration of the 2D MPAC OTA setup.

Generally, the purpose of OTA testing is to
accurately reproduce the power angular spectrum (PAS)
of the target channel model. However, the actual PAS of
the target is continuous while the emulation PAS is
discrete, which is problematic to use PAS to evaluate the
performance of OTA testing. The spatial correlation can
be obtained from the PAS through the Fourier transform,
so the spatial correlation metric can be used to evaluate
the PAS indirectly [19]. In the sequel, the spatial
correlation is used to evaluate the emulation performance
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of the PFS and PWS methods in the case of 2D UE OTA
testing.

For the massive BS OTA testing, a 3D sectored
MPAC setup was proposed [20], as shown in Fig. 2. The
setup consists of an anechoic chamber, a DUT (i.e., a
BS array), a probe panel covering a certain angle area, a
switching network for selecting a specific number of
active probe antennas from the probe panel, channel
emulators, and UE emulators.

Anechoic chamber

VYYVVVVVVVVYVY

> -

|- -

E e o . o
E/’ | p ai Switch Kk Channel — UE

E| i ! network emulator emulators
> 1 144

22

[ Probe pan

distance R
Fig. 2. Tllustration of the 3D sectored MPAC OTA setup.

Different from the 2D UE OTA testing, the total
variation distance of the PAS [20] is chosen as the
evaluation metric to estimate the emulation performance
of the PFS and PWS methods in the 3D BS OTA testing.
The metric directly evaluates the ability of the two
channel emulation methods to reproduce the target PAS
under the 3D sectored MPAC setup.

B. Prerequisite

The spatial correlation is the second moment of the
random wave field, which is defined as the statistical
similarity between two signals received by two different
antennas. For better illustration, we assume vertical
polarization throughout this work, while the results can
be readily extended to dual-polarized channels. The
target spatial correlation can be expressed as:

Pro=| a@P@)a" @0, (M)
where a(Q) is the steering vector of the antenna array at
the solid angle QQ (which reduces to the azimuth angle in
the 2D case), P(Q) is the continuous PAS of the target

channel, and the superscript H denotes conjugate transpose.
For simplicity, both probes and DUT antennas are
assumed to be isotropic. For the PFS method, the
corresponding spatial correlation of the MPAC based
emulated channel can be expressed as:

Pors = 2 AQW(Q,)A" (Q,), @)

k=1
where K is the total number of the active probes connected
to the channel emulators and W(Q2, ) is the power weight
of the kth active probe. The power weights of the K probes
can be expressed as a vector W=[W(Q,), -, W(Q,)] -
Then the power weight vector W can be obtained by



solving a convex optimization problem [23]:
arg min "pTar ~ Pprs (W)"z . (3)
stfw], =1,0 <w(Q)) <1(Vie[L,K])

For the PWS method, the corresponding spatial
correlation of the MPAC based emulated channel can be
derived as [19]:

where M is the number of subpaths; F (€, ) is the field

K
Pows =
k=

F(Q)o, > F Qe 4
K'=1

> |-

patterns of the DUT antennas; @_, is the complex weight

K

of the kth active probe for the mth subpath:

b= \/Z Z F(Q) @y«

is the normalization factor. In this work, the least square
technique is used to calculate the complex weights.

Furthermore, the classic Bartlett beamformer [24] is
utilized to estimate the PAS (for it is robust to channel
emulation errors):

U(Q)=a" (Q)p,,aQ)
U(Q) =a" (Q)pora(©Q)
where U (Q) and U(Q) are the estimated PASs of the

target channel and emulation channel, respectively, and
Pora Tepresents p,.. and pg,. , respectively. In this

o %)
> FQ)ao,

k'=1

(6)

work, our main target is to optimize the weights of the
OTA probes to reconstruct the spatial channel as close
as possible to the target channel, i.e., porg = Prar and
U(Q) ~ U(Q). Moreover, as mentioned before, the total
variation distance of the PAS was chosen to evaluate the
PAS similarity between the emulated and target channels.
This metric reflects the PAS, as well as the size and
resolution of the DUT. The Bartlett beamformer and the
assumed DUT array are used to estimate the PAS, which
is equivalent to observing the power angular distribution
of the channel through the limited aperture of the DUT
array. The total variation distance of the PAS is

calculated as:
1 U@ Ui
DDZ_J A(.),— (,),
27 |[u@)da IU(Q)dQ‘

that ranges from 0 (identical) to 1 (complete dissimilar).

dQ, ()

II1I. SIMULATION AND RESULTS
In the 2D UE OTA testing, the 16 probes are evenly
distributed in the horizontal ring. The target channel is
set to have two clusters with angle of arrival (AoA) of 0°
and 11.25°, respectively. As shown in Fig. 3, when the

HUANG, CHEN, PEI, LI: ACCURACY COMPARISONS OF CHANNEL EMULATION METHODS FOR ANECHOIC CHAMBER

A0A is set to 0°, there is exactly a probe located at this
angle (i.e., the best case), whereas when AoA is set to
11.25°, the incident wave is in between two adjacent
probes (i.e., worst case). The angular spreads of arrival
(ASA) of each cluster varies from 5° to 35° with 10°
steps, and 20 subpaths are generated by each cluster with
equal power. The performances of the PFS and PWS
methods are evaluated by comparing the similarity of the
spatial correlations between the emulated channel and
the target channel.

.
ﬁ‘“' . x:0TA probes

s 0" sor
AoA=0"

Fig. 3. OTA probe configuration for channel emulation.

The spatial correlations of the target channel and the
emulation channel in the two cases are shown in Figs. 4
(a) and (b), respectively. It can be seen that with 16
probes, the test zone size can reach 1.6 A (where A is the
operation wavelength). In both cases, the PWS method
matches the spatial correlation of the target channel well,
while the PFS method has poor emulation performance.
Nevertheless, with the increase of the ASA, the deviation
of the PFS method will gradually decrease, which
indicates that the PFS method has poor regeneration
ability for clusters with smaller ASA. Furthermore, in the
case of large ASA, the spatial correlation of the two
methods both well match the target channel, such as
25° and 35°. The results are in accordance with [19].
Therefore, we can speculate that, in the UE testing, the
ASA is relatively large due to the abundant scatterers
around. As a result, it can be considered that the
emulation accuracy of the PFS and PWS methods are
roughly the same in this case. However, for the BS
testing, the ASA is relatively small because there are not
too many scatterers around the BS. Therefore, the PWS
method has better emulation performance than its
counterpart.

Next, we extend the above analyses to the 3D
massive MIMO OTA testing, as shown in Fig. 5. The
DUT is assumed to be an 8x8 uniform square array with
an inter-element spacing of 0.5 A. The closest distance
between the probe panel and the DUT is set to 2 meters.
The probe panel contains 16 evenly distributed probes,
and the angular spacing between the probes is 22.5°
(which is the same as the 2D case). Figures 5 (a) and (b)
correspond to the best case and worst case in the 2D
scenario, respectively. Figure 5 (c) shows the four
clusters in the best case. Here, the angular spread (AS)
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of the elevation and the AS of the azimuth of each cluster
are set to 2° and 3°, respectively (corresponding to the
CDL-C model [25]).
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Fig. 4. Spatial correlations of the target and emulated
channels when (a) AoA =0° and (b) AoA =11.25° (with
different ASAs).

The total variation distances of the PAS of the PFS
and PWS methods of the three cases (shown in Fig. 5)
are listed in Table 1. The results show that, for both the
best case and the worst case, the advantage of the PWS
i1s obvious in the case of small AS. Moreover, if the
angular spacing between the active probes is large, the
increase of cluster will not change the observation that
the PWS method is better than the PFS method.

More generally, the sectored MPAC setup is widely
used in the 3D massive MIMO OTA testing, as shown in
Fig. 2. As mentioned before, the DUT is assumed to be
an 8 x 8 uniform square array with an inter-element
spacing of 0.5 A and the shortest distance between the
probe panel and the DUT is set to 2 meters. The probe
panel contains Q = 629 probes, covering 135° in azimuth
and 60° in elevation (with a uniform angular spacing of
3.75°). Furthermore, to consider the influence of the
leakage of power spectrum, we add another case where
the probe panel contains Q = 1241 probes, covering 270°
in azimuth and 60 ° in elevation. Figures 6 (a) and (b)
show examples of these two cases with K = 16 active
probes. In this work, the 3GPP clustered delay line (CDL)
C model [25] has been chosen as the target channel
model. Moreover, the spatial angle mapping (SAM)
method [20] is taken as the probe selection scheme.
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Fig. 5. Illustration of the OTA probe configuration for
the PAS of different clusters: (a) the best case; (b) the
worst case; (c) four clusters in the best case. White
circles represent the active probes.

Table 1: Total variation distances of the PAS of the PFS
and PWS methods in the three cases (shown in Fig. 5)

Case 1 Case 2 Case 3
PEFS 0.1628 0.7590 0.1211
PWS 0.1233 0.6826 0.0846
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Fig. 6. Illustration of the probe selection for the PAS of
the target channel: (a) the general scenario; (b) the full



coverage scenario. White circles represent the available
probes and white dots denote the selected active probes.
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Fig. 7. Deviations of the PAS between PFS and PWS in
(a) the general scenario and (b) the full coverage scenario
with different number of active probes.

Figure 7 shows the results of the total variation
distance of the PAS with different number of active
probes of the two scenarios. As can be seen in Fig. 7 (b),
when the number of active probes is extremely small
(e.g., less than the number of clusters in the probe panel),
the PWS method exhibits better performance than the
PFS method. This is due to the small AS, which makes
up for the disadvantages caused by the number of active
probes (it can also be said that the performance of PFS is
worse in this case), so that the PWS method has better
emulation performance than PFS when the number
of probes is particularly small (consistent with the
conclusion in Table 1). However, with the increase of the
number of active probes (exceeding the number of
clusters in the probe panel), as shown in Figs. 7 (a) and
(b), the advantages due to the small AS can no longer
make up for the disadvantages due to the small number
of active probes. Therefore, the PFS method shows better
performance than the PWS method. In addition, as the
number of active probes continues to increase, the
emulation errors of the PFS and PWS methods become
smaller, and then the PWS shows better performance.

To further confirm this finding, more simulations
are carried out with K =629 and K = 1241 active probes
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of the whole probe panel for the two scenarios. The
results show that, in the general scenario, the total
variation distance of the PFS is 0.0347, while that of the
PWS is 0.0016. In the full coverage scenario, the total
variation distance of the PFS is 0.0062, while that of the
PWS is 0.00078. Thus, it is safe to conclude that the
number of active probes plays a key role in the
performance comparisons of the PFS and PWS methods
compared with the leakage of the power spectrum. This
is easy to understand, since it can be seen from Fig. 6 (a)
that the clusters in the probe panel already contain more
than 80% of the total power of the target model, so the
angle selection of the probe panel in the general scenario
is appropriate.

IV. CONCLUSION

In this paper, we studied the performance of two
channel emulation methods in 2D uniform MPAC and
3D sectored MPAC, respectively. It is found that in the
case of the traditional 2D MPAC, the PWS method has
higher accuracy than the PFS method. In the case of 3D
sectored MPAC, however, the results get complicated. It
is proved that, compared to the leakage of the power
spectrum, the number of active probes plays a more
critical role in the performances of the PFS and PWS
methods. Furthermore, it can be found that when the
number of active probes is less than the number of
clusters in the probe panel, the emulation accuracy of the
PWS method is better than that of the PFS method. As
the number of active probes increases to be greater than
the number of clusters in the probe panel, the PFS
method then shows better performance than the PWS
method. As the number of active probes continues to
increase, the deviation of the PFS and PWS methods
gradually decrease, and then the PWS method becomes
superior to the PFS method.
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Abstract — All of the test cases in the current version of
TR 38.810 in 3GPP and CTIA millimeter-Wave (mm-
Wave) test plan are limited to the free space configuration.
However, the truly free-space condition does not exist
for mm-Wave testing of 5G user equipment since no
device can float in the air. Mounting fixtures and
supporting structures are needed to fix the device under
test (DUT) and move it in two axes. The influence of
mounting fixture on 5G mm-Wave wireless device
performance is analyzed in this paper. First, a common
4x1 patch array at 28 GHz is simulated as the performance
baseline. Various mounting fixture thickness & various
spacing between the DUT and the mounting fixture are
simulated to get a quick understanding of the mounting
fixture’s influence on DUT performance. In different
configurations, the working frequency of the antenna
would have different degrees of deviation, while the gain
could decrease or increase accordingly. Then, to explain
these phenomena, an equivalent circuit is extracted
utilizing the transmission line theory. Finally, according
to the findings, it is recommended that the thickness of
the mounting structure should be equal to an integer time
of 0.5 Ag to minimize the impact of the fixture for
practical mounting structure design.

Index Terms — 5G, effect, millimeter-wave, mounting
fixture, OTA.

I. INTRODUCTION

The technology of mm-Wave is the key contributor
to achieve high-data-rate transmission in 5G. The high
channel capacity resulting from the high frequency could
support the enhanced mobile broadband (eMBB) scenario
[1-2]. Antenna size is inversely proportional to the
frequency, thus high-gain phased array antennas with
small element-element spacing can be tightly packed
within the 5G mm-Wave wireless device. Note that
completely integrated solutions with modems, antenna
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and radio frequency (RF) front-end become the
cornerstones of 5G deployment [3-4]. Nevertheless, the
antenna is inaccessible for connecting any physical cable
to the test equipment due to the high level of integration
[5-6]. Therefore, over-the-air (OTA) testing becomes
mandatory for all 5G FR2 wireless devices.

Given the system constraints for both direct far field
(DFF) and compact antenna test range (CATR) methods,
the majority of mm-Wave OTA measurement systems
are combined-axis systems which require a fixture to
mount and rotate the device under test (DUT) to perform
full spherical scans. For traditional sub-6 GHz OTA
testing where the integrated power metrics of total
radiated power (TRP) and total isotropic sensitivity
(TIS) are the key performance indicators (KPIs) of
interest, the impact of the mounting fixture can be
ignored as long as it is made of low dielectric materials.
For mm-Wave bands, cellular phones realize isotropic
spherical coverage by using several beam-forming
antenna modules, the OTA testing process and KPIs will
be considerably different from that for traditional sub-6
GHz OTA testing. Since the size of the fixture is
comparable with the wavelength in mm-Wave band,
even if the mounting fixtures can be assumed to be
lossless, the phase change introduced by propagating
through even several millimeters of dielectric material
can result in a significant change of the measured pattern.
Due to the significantly different electromagnetic
behaviors in mm-Wave band from those in LTE or sub-
6 GHz ones, the current common dielectric materials
used as “RF transparent” support structures should be
rechecked and redesigned so that accurate measurements
can be obtained. Typical KPIs for 5G mm-Wave wireless
devices include radiation pattern, effective isotropic
radiation power (EIRP), TRP, and effective isotropic
sensitivity (EIS). These metrics are closely related.

In this paper, we mainly analyze the influence of
mounting fixture on 5G mm-Wave wireless device

https://doi.org/10.47037/2021.ACES.J.360904
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performance. The combination of various thicknesses
and space between DUT and the mounting structure are
simulated and the impacts of which are compared. The
influence mechanism and principle are also explained in
detail.

I1. IMPACT ANALYSIS OF MILLIMETER-
WAVE DUT MOUNTING FIXTURE

To analyze the impact of the mounting fixture on the
mm-Wave DUT radiation performance, a common 4x1
patch antenna array working at 28 GHz is designed in
Fig. 1 (b) as the performance baseline representing typical
array sizes expected to be implemented in common
cellular phones specified in 3GPP TR 38.810. The
simulated antenna array is printed on a Rogers RO4003
substrate with the thickness of 0.35mm and size of 40x40
mm2. The center-to-center spacing between adjacent
elements is set to half wavelength in free space (FS) at
28 GHz. A layer of medium with the same size as
the array substrate and the dielectric constant of 3.0
is introduced to imitate the mounting fixture material
so that the material loading effect on the radiation
performance can be well investigated. Fixture and the
gap between the fixture and the mm-Wave antenna can
be modeled as 2-layered dielectric materials from Fig. 1
(a) with the thickness of T and D, dielectric constant of
el and €2, respectively.

Combinations of various medium thickness and
spacing between the antenna array and the fixture are
considered and simulated for analysis. For better
understanding, the fixture thicknesses (T) are set to 1.55
mm, 3.1 mm, 4.65 mm, and 6.2 mm, corresponding to
0.25Xg, 0.52g, 0.75 Ag and 1 Ag at 28 GHz, respectively.
The spacing (D) is set to 0 mm, 2.68 mm, 5.35 mm, 8.0
mm, and 10.17 mm, corresponding to 0, 0.25 10, 0.5 A0,
0.75 20 and 1 A0 at 28 GHz, respectively. The phased
array is set to radiate only in its normal direction for
simplicity.

The reflection coefficients and radiation patterns for
different thicknesses (T) and spacing (D) are shown in
Figs. 2-6. The performance metrics in FS application,
i.e., without the medium material, are also calculated,
serving as the baseline for further comparison.

For the close contact scenario (D = 0), the loading
of dielectric material shifts the resonant frequency of
the array antenna to a lower frequency. The bigger the
thickness, the larger the resonant frequency shifts. Hence,
the degradation in radiation patterns can be observed in
Fig. 2 clearly.

For most material loading scenarios, when the
thickness of the material is approaching or equal to odd
times of 0.25 Ag, i.e., T=0.25 and 0.75 Ag in this study,

ACES JOURNAL, Vol. 36, No. 9, September 2021

there are obvious shifts in the resonant frequencies,
degradations in the realized gain and distortions in the
radiation patterns compared with those of FS scenarios.

4
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Fig. 1. (a) Schematic diagram of the fixture and DUT,
and (b) tiled view of the antenna array and the fixture.

The material thickness around integer times of
0.5 Ag, i.e., T=0.5 and 1 Ag in this study, can result in
resonant frequency and realized gain performance very
close to those of FS scenarios.

There is also a very interesting phenomenon for the
case of spacing between the array antenna and dielectric
material approaching integer times of 0.5 Lo, i.e., D=0.5
and 1 Ao, and the thickness of the material is approaching
or equal to odd times of 0.25 Ag, i.e., T = 0.25 and 0.75
Ag in this study, the focusing effect of noticeable higher
realized gains and narrower main beams than those of
FS case can be observed clearly. This can be explained
that most rays emanating from the DUT going to free
space will bend on the interface of different media and
superpose in certain directions by proper arrangement of
the layer parameters according to Snell’s law.

The above findings can be extended that not only in
the broadside direction, but in any direction satisfying
the corresponding combination conditions, changes in
radiation performance can be observed. The specific
reasons for the above conclusions refer to the next
section.
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II1. PRINCIPLE OF FIXTURE AFFECTING
MILLIMETER-WAVE DUT BASED ON
TRANSMISSION LINE THEORY

To further understand the impact of the fixture on
mm-Wave DUT radiation performance, this section
analyzes its principle based on transmission line theory.

I
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Fig. 7. Schematic diagram of the equivalent cascade
transmission line.

Electromagnetic waves could propagate in the
medium with a certain wave impedance which depends
on the characteristic parameters of the medium (dielectric
constant and permeability). The wave impedance of
air is 377 Q. The whole propagation process can be
equivalent to the cascade of several transmission lines
with different characteristic wave impedances as can be
seen from Fig. 7. The load impedance ZL is equal to the
wave impedance Z0 in FS.

Cascade transmission lines can be regarded as a
multistage impedance converter. According to the theory
of transmission line, when the length of a transmission
line is T and the characteristic impedance is Z1, the input
impedance Zin1 of the transmission line terminated with
load ZL = Z0 could be calculated by:

7 =2 Z,Cos(AT) + iz sin(AT) o)
Z,co8(/T) + jZ, Sin(5T)
It can be derived:
T=2k-114, Z, =2, &)
T=(2k-1)-4/4, Z, =22 1Z,, ®)

where B is a propagation constant, k is a nonzero integer.
If the electromagnetic wave could propagate forward
completely through the mounting structure and produce
zero reflection, it is necessary to ensure impedance
conjugate matching, that is, to meet the condition of
Equation (2). At this time, the influence of the fixture on
the electromagnetic wave is reduced to the minimum.
Therefore, it is necessary to ensure that the electrical
length of the transmission line is an integral multiple of
m, that is to say, the thickness of the fixture (T) should
be an integral multiple of the half dielectric wavelength,
and the minimum thickness should be the half dielectric
wavelength. This is consistent with the above simulated
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results in Section I1. Based on this, we recommend that
for practical mounting fixture design, the thickness of the
fixture should be integer times of 0.5 Ag.

When the length of T satisfies Equation (3), namely,
T is odd times of 0.25 Ag, the fixture could transform 377
Q to Z12/Z0. At this time, the condition of impedance
matching is no longer satisfied, that is to say, the fixture
has a reflection effect on the electromagnetic wave
greatly. The electromagnetic wave reflected by the
antenna surface experiences a 180° phase shift due to the
fixture, which greatly affects the working frequency and
radiation pattern of the mm-Wave antenna. Therefore,
when the thickness of the material is approaching or
equal to odd times of 0.25 Ag, the working frequency
deviated seriously and the radiation pattern deteriorated
clearly:
Z,,cos(SD) + jZ,sin(4D)

Z.= . 4
=507 os(D) + 12y, SIN(/3D) @

It can be calculated:
D=2k-1/4, Z.,=7,, (5)
D=(2k-1)-1/4, Z,,=221Z,,. (6)

If the spacing between the array antenna and fixture
(D) as well as the thickness of the fixture (T) are set to
integer times of 0.5 A (meet Equations (2) and (5) in this
case), under the condition of antenna resonance, each
transmission component of the electromagnetic wave has
the same phase value after passing through the fixture,
which realizes in-phase superposition and continuous
enhancement. At the same time, the reflection component
decreases with the increase of reflection times due to the
inverse effect [7-8].

We also analyze the phenomenon of antenna gain
improvement (focusing) when the spacing between the
array antenna and fixture (D) is integer times of 0.5 Ao
and the thickness of fixture (T) is odd times of 0.25 Ag
(meet Equations (3) and (5) in this case), which is
obtained in Section Il. Since the air layer between the
antenna and the fixture is an integral multiple of the half
wavelength, this is equivalent to the case where there is
no air layer between the antenna and the fixture and is
close to each other. Importantly, it should be mentioned
that there is no gain improvement in FS when D equals
zero. Only when D is integer times of 0.5 Ao and T odd
times of 0.25 Ag, can the gain improvement be achieved.
However, it should be noted that this is a test error
and does not represent the true gain of the antenna.
This configuration should be avoided. The reason is like
Fabry-Perot cavity antenna theory which is explained as
follows:

Assuming that the reflection coefficient of the
fixture is pejo, the radiation pattern of the DUT is f(a),
n is the number of reflections, & is the total phase
difference between the beam reflected n times and the
initial beam. If there is no loss in the transmission
between the fixture and the DUT, the amplitude of the
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electric field at the far field should be the vector
superposition of multiple transmitted waves:

E=Y f (@B, e ©

Therefore, for the electromagnetic wave of antenna
resonance frequency, the reflection is very small and the
energy is almost transmitted. This phenomenon could
improve the antenna gain, which could be applied to the
design of high-gain antennas [9-12].

1V. CONCLUSION

To sum up, a truly FS configuration does not exist
for 5G mm-Wave device OTA testing because they can’t
be floated in the air. It can be found that not only the
property of the dielectric material imitating mounted
fixtures, but also the spacing between DUT and fixtures,
or the combination of them, will affect the measurements.
We suggest that maybe white-box measurements are
needed for mm-Wave DUTSs in which the locations of
mm-Wave modules are declared by manufacturers and
the scanning ranges of which should not be covered or
blocked by mounting fixtures. In addition, based on the
findings in this study, for practical mounting fixture
design, the thickness of the mounting structure should be
close to integer times of 0.5 Ag to minimize the impact of
the fixture on DUTSs. These proposals are for the original
entrusted manufacturers (OEMs) and DUT mounting
fixture vendors.
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Abstract —With decades of development, the  testing in 1968 [1]. The electromagnetic (EM) fields

reverberation chamber (RC) has been proven to be a
popular facility to determine antenna efficiency. One-,
two- and three- antenna methods have been proposed
to measure antenna efficiency without the need of a
reference antenna. Due to the stochastic nature of RC-
based measurements, the statistical analysis of the
uncertainty is indispensable. Recently, the statistical
uncertainty models for the one- and three-antenna
methods were derived, however, the statistical model for
the two-antenna method is still unknown to date. In this
paper, the statistical uncertainty model of the two-
antenna method is proposed. The approximated relative
uncertainty is also given. The derived statistical
uncertainty is verified by both simulations and
measurements. It is experimentally verified that the
statistical model can cope with hybrid stirring and assess
the measurement uncertainty with and without frequency
stirring in an efficient and convenient way.

Index Terms — Antenna efficiency, measurement
uncertainty, reverberation chamber, two-antenna method,
hybrid stirring.

I. INTRODUCTION
The reverberation chamber (RC) is an electrically
large and highly conductive enclosure, which is initially
proposed for electromagnetic compatibility (EMC)

Submitted On: April 13, 2021
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within the RC can be regarded as a superposition of
resonant cavity modes with different weights [2].
Various stirring techniques (e.g., mechanical stirring,
source stirring, and frequency stirring) [3]-[5] are usually
adopted to stir (redistribute) the EM modes, resulting
in different combinations of the weights. From the
viewpoint of statistics, the EM field averaged over all
stirring states can be considered as uniform, isotropic,
and homogeneous. Owning to RC’s particular properties
(e.g., cost-effectiveness, good repeatability, and high
efficiency), its application has extended from EMC
testing to other areas, including over-the-air (OTA) testing
(e.g., total radiated power, total isotropic sensitivity,
throughput, and adjacent channel leakage power ratio) [6]-
[9], antenna measurements (e.g., free-space S-parameter
[2], [9], efficiency [1], [10]-[13], radiation pattern [14]-
[16], and diversity gain [17]) , material characterization
(e.g., absorption cross section, permittivity, and shielding
effectiveness) [1], [2], etc. In this work, we focus on the
antenna efficiency measurements.

In order to determine the antenna efficiency in a
more convenient and accurate way, a few RC-based
methods have been proposed. Most of these methods
need a reference antenna with known efficiency [1]. A
reference antenna covering the desired band of interest
may not be always available in practice, thus, three non-
reference antenna methods, i.e., one-, two-, and three-

https://doi.org/10.47037/2021.ACES.J.360905
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antenna methods, were proposed in [10] to overcome this
problem. Knowing the enhanced backscattering effect in
the RC [1], [10], meanwhile, utilizing the relationship
between the quality factors in time-domain (Qp) and
frequency-domain (Qrp), the antenna efficiency can be
determined without the need of a reference antenna. Due
to the stochastic nature of RC-based measurements,
the statistical analysis of measurement uncertainty is
necessary and beneficial. The statistical uncertainty
models of the standard reference antenna method and
two non-reference antenna methods (i.e., one- and three-
antenna methods) were presented in [18] and [19],
respectively. However, the statistical uncertainty model
of the two-antenna method is still unknown to date. It is
worth stressing that these three non-reference antenna
methods have different prerequisites and expressions,
further different measurement uncertainties. Therefore,
to achieve a rigorous uncertainty assessment, the
statistical analysis must be performed independently for
each non-reference antenna method.

In this paper, the statistical uncertainty model of
the two-antenna method is proposed. The approximated
relative uncertainty (when the number of independent
samples is large) is also given. Simulations and
measurements are performed to validate the proposed
uncertainty model. Moreover, hybrid stirring (i.e.,
mechanical stirring and frequency stirring) is considered
based on the proposed uncertainty model. Analytical and
empirical uncertainties with and without frequency
stirring are analyzed. Good agreements are observed.

The rest of this paper is organized as follows:
Section 1l gives a brief introduction to the two-antenna
method and exhibits the derivation of the statistical
uncertainty. Simulations and measurements are conducted
in Section Il and 1V, respectively. Hybrid stirring and
comparisons of three non-reference antenna methods
are also discussed in Section IV. Section V draws the
conclusion.

Il. THEORETICAL ANALYSIS

A common setup for antenna efficiency measurement
using the two-antenna method is depicted in Fig. 1. Two
antennas under test (i.e., Antenna 1 and Antenna 2) are
both connected to the vector network analyzer (VNA).
The mechanical stirrers are driven and controlled by
the motor controller. At each stirring state, all the S-
parameters are collected and stored by the VNA.

According to [10], once the measurement procedure
is completed, the antenna efficiencies can be determined

by:
2 2
= ’CRC<|811,5 ) n, = CRC<|822,5 ) (1)
' ebQTD L ebQTD ’

where C.. =167V /A%, Vis the inner volume of the RC
and A4 isthe wavelength, Q;, = wr,. with @ being the
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angular frequency and 7. being the chamber decay
time. S, =S; —(S;) (i=1,2)denotes the stirred part of
S, , and (e) represents the ensemble average over all
stirring states. e, represents the enhanced backscatter

coefficient, which can be calculated using [10]:

s Msay "

o sup

Antenna 2 Antenna 1

_— _

& vna b | - -
Port 2 Port 1 Computer Controller

Fig. 1. Setup for antenna efficiency measurement using
the two-antenna method.

Note that the measured antenna efficiencies of
Antenna 1 and Antenna 2 have similar expressions,
therefore, the statistical uncertainties should also be
similar. For the sake of conciseness, we focus on 7, here.

To exhibit the analysis of the uncertainty clearly and
2) and Y =e¢, . In this

intuitively, we denote X =(S;,,
way, (1) can be rewritten as:

_ [Cee [X
n= QTD\E' (3)

It should be stressed that X and Y are random
variables (RVs) following the distributions below [1],
[19], [20]:

N

N
f(x) = —x"Texp(-=Nx/x,) , 4
Yo 3N 3N 1. ys 3N,
f R NPT sy F Ty v v, o F -
(y) yN+11_,(N)3|:2 1( 2 2 2 4y2) ( 2 )
3N+13N+13 y2.y, .3N+1,|
—.F _,_;_;_0 200(——=
2Fi( 2 > 7 4y2) y ( 5 )
©)
where X, = (| Sy, ; ") =2Q, /Cqc and y, =2 denote x and

y in an ideal RC, respectively. ,F, (a,,...,a,:b,,...,0,;X)

is the generalized hypergeometric function [21], T is the
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Gamma function. N represents the number of independent
mechanical stirring samples. The standard deviations
(STDs) of X and Y can be calculated using [19], [20]:

STD(X) =~ 6)

N

_ 4
STD(y) = Yo [n? N-1 T(N +J/42) _ ™
N -1 N-2 T'(N)
According to the law of propagation of uncertainty
[22], the uncertainty of 7, i.e., u(r,), can be estimated

as.
u(m)=J[%u(x>j +(%u(y)] o ®

Substituting (3), (6), and (7) into (8), we have:

u) _ [L, 1 ((2N-1 T(N+12)") o
m AN 4N -1) '

N-2 r(N)*
When N is large, we have:

m I'(N +tt) _ (10)
Further, Eq. (9) can be approximated as:
. Cou(p) 1

limu,, () = lim —== = N (11)

N—w 771
It should be stressed that Eq. (9) is the analytical
expression of the relative uncertainty, which is applicable
for any value of N. By comparison, Eg. (11) is an
approximation of the relative uncertainty, which is more
concise yet only suitable for the cases of large N. As will
be shown and discussed in Section Ill, the gap between
Egs. (9) and (11) diminishes rapidly as N increases, and
becomes negligible when N is large.

1. SIMULATIONS
In order to verify the derived uncertainty model, Monte
Carlo simulations are employed. For simplicity and without
loss of generality, the true antenna efficiency is assumed
to be 100% (7, =100% ) in this section. For each number

of independent samples N and each random variable,
we randomly generated 1000 x N samples following
the exponential distributions with different distribution

parameters, i.e., |Sn_52,|822‘52~Exp(CRc/2Q) and

|SZLS ‘o Exp(Cq:/Q) . Note that Y =e, can be obtained

based on the generated samples by utilizing Eq. (2).
Figure 2 shows the simulated, analytical, and

approximated relative STDs as functions of N. The STD

from the Lindeberg-Levy central limit theory (1/\/W)

is also presented in the figure for comparison. The
analytical relative STD does not exist when N is equal to
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1 and 2. For a unified comparison of different STDs, all
the STDs are plotted when N >3.

It can be seen from Fig. 2 that both analytical and
approximated relative STDs are in accordance with the
simulated ones. It should be noted that the approximated
relative STD is obtained under the assumption of
large N. Surprisingly, the approximated relative STD
outperforms the analytical one even when N is small.
As N grows larger, the gaps between the simulated,
analytical and approximated relative STDs decrease
rapidly. Moreover, these three relative STDs become
indistinguishable as N further increases. Therefore, the
approximated one is preferred in practice for its
concision. The same as the analytical and approximated

relative STDs, 1/ JN also provides an overestimation.
However, discrepancies can still be observed when
N =1000 . This indicates the factor of 1//2 cannot be

omitted for a rigorous STD assessment of measured
efficiencies using the two-antenna method.

—Simulated
[ A— Analytical (9)

- - - Approximated (11)
\ .......... 1/sqrt(N)

Relative STD (dB)
o

Fig. 2. Simulated, analytical and approximated STDs as
functions of N. The curve of 1/JW is also presented as
a reference.

1IV. MEASUREMENTS AND RESULTS

Extensive measurements are also performed to
verify the derived statistical model in an RC (as shown
in Fig. 3). The inner size of the used RC is 1.50 x 1.44
x 0.92 m® The RC contains two mechanical stirrers
(one vertical and one horizontal) and one platform. Two
double-ridged horn antennas (Antennas 1 and 2) are
adopted as antennas under test. Antenna 1 is mounted on
a trestle with adjustable height and orientation, while
Antenna 2 is located in the corner of the RC and oriented
to the horizontal stirrer.

Key parameters for assessment of the relative
uncertainty of antenna efficiency measured using the
two-antenna method are shown in Table 1. Considering



that the lowest usable frequency (LUF) of the RC is
about 0.87 GHz and the operating frequency range of the
two horn antennas is 0.8 GHz - 4.6 GHz, in order to have
a better field uniformity and ensure the antennas perform
well, the testing frequency range is selected as 2 GHz -
3 GHz (which is the center operating frequency range of
the antennas). Another frequency range can be used.
Yet the main purpose to experimentally validate the
uncertainty model, while the specific frequency range is
less important. The platform rotates with 36° per step. At
each platform rotation state, two mechanical stirrers
rotate with 72° per step simultaneously. It has been
verified that these 50 samples are independent to each
other [19]. At each stirring state, all the S-parameters
are sampled and stored by the VNA with a frequency
interval of 1 MHz. In order to characterize the statistics
of the measured antenna efficiencies, the nine-case
assessment method [23]-[24] is adopted here. Specifically,
the trestle used to support Antenna 1 is adjusted to three
heights, and at each height Antenna 1 is oriented to three
directions. To ensure the independence of these nine
measurements, the distance between any two adjacent
heights is set to 15 cm (which is larger than half-
wavelength at the lowest testing frequency) and the
selected three orientations are orthogonal to each other.

Once the whole measurement procedure is completed,
nine sets of antenna efficiencies can be determined using
Eg. (1), and the empirical relative uncertainty can be
further calculated. Note that N =50 is known.
Therefore, the analytical and approximated relative
uncertainties can be directly calculated using Eqgs. (9)
and (11), respectively.

Fig. 3. Photograph of the experimental RC setup for
antenna efficiency measurement using the two-antenna
method.
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Table 1: Key parameters for assessment of the relative
uncertainty of antenna efficiency measured using the
two-antenna method

Parameter Value
Frequency range 2GHz -3 GHz
Number of frequency points 1001
Calibrati 100 H
IF bandwidth arbration 2
Measurements 1 kHz
VNA output power level -10 dBm
Stirrer and platform step size o o
(S x P) 72° x 36
Number of stirring positions 5x10
Number of locations of Antenna 1 9

A. Analysis of measurement uncertainty

The empirical, analytical and approximated relative
STDs are shown in Fig. 4. Noting that N =50, the
analytical and approximated relative STDs are very close
to each other. Good agreements between the empirical,
analytical and approximated relative STDs can be
observed; and the approximated relative STD seems to
provide a better estimation. By comparison, there exist

obvious discrepancies between 1/ JN andthe empirical

STD, which is in accordance with the theoretical analysis.

It should be stressed that both the analytical and
approximated relative STDs provide good estimation
of the relative STD. Therefore, it is more convenient
and efficient to use the approximated STDs in practice.
Moreover, the approximated STDs provide a better
estimation regardless of N.

1.2
Empirical
1F Analytical (9)
= | Approximated (11)
S o8t —1/sqrt(N)
@]
'_
0.6
[
=
© -
° 0.4
o
0.2
0 . . . .
2 2.2 2.4 2.6 2.8 3

Frequency (GHz)

Fig. 4. Empirical, analytical and approximated relative
STDs when N = 50. The curve of 1/+/N s also presented
as a reference.

B. Hybrid stirring
Multiple stirring techniques are commonly adopted
to achieve a better uniformity of the EM field within
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the RC. Therefore, hybrid stirring is considered here to
increase the usability of the statistical uncertainty model.

The coherence bandwidth (Bc) is defined as the
frequency shift ( Af ) when the magnitude of the complex

autocorrelation function (|p(Af)|) drops from 1 to

0.5 [23]. The complex autocorrelation function can be
calculated using:

o, (Af) = (SZl(f)521(f;LAf)>N
(S ()
where * denotes the conjugation operator.
It is known that measurements performed at
frequencies separated by more than one coherence
bandwidth can be treated as independent. Thus, the
number of independent frequency samples can be

determined by [23]:

, (12)

_ BW
"B

where BW is the bandwidth of frequency stirring, (B.)
denotes the coherence bandwidth averaged over BW.
We have calculated |,of (Af )| over the whole testing

bandwidth, and found (B.) ~ 2.5 MHz.

(13)

1.2
Empirical
1r —— Analytical (9)
- | - Approximated (11)
Tosf —— 1/sqrt(N)
a
'_
0.6
()
=
©
o 0.4
[he
0.2
0 . . . .
2 2.2 2.4 2.6 2.8 3
Frequency (GHz)
@)
1.2
1k Empirical
s — Analytical (9)
% sl T Approximated (11)
— —1/;
a sqrt(N)
o
9 0.6
)
=
©
o 0.4
o
0.2F
0 . . A A
2 2.2 2.4 2.6 2.8 3
Frequency (GHz)
(b)

Fig. 5. Empirical and analytical relative STDs with: (a)
5 MHz and (b) 10 MHz frequency stirring when N = 50.
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Taking N into consideration, the number of
independent samples should be NxN_ (where N

represents the number of independent mechanical
stirring samples). In other words, the parameter N in the
statistical uncertainty model should be modified as
N x N when frequency stirring is utilized.

For hybrid stirring, frequency stirring with two
different bandwidths, i.e., a 5 MHz frequency stirring
(Ng =2)anda 10 MHz frequency stirring (N =4), are
considered. Corresponding empirical and analytical
relative STDs are shown in Fig. 5. As expected, all
STDs decrease when the frequency stirring bandwidth
increases from 5 MHz to 10 MHz. It can be seen that
the analytical relative STDs are in accordance with the
empirical ones for both frequency stirring situations.

Moreover, in accordance with previous findings, 1/ IN

possesses relatively large estimation error. Nevertheless,
the statistical model is applicable to not only single
mechanical stirring, but also hybrid stirring.

C. Comparisons of three non-reference antenna
methods

In order to exhibit a comprehensive and intuitively
comparisons of three non-reference antenna methods,
more simulations and measurements are performed. For
the one- and three-antenna methods, the corresponding
relative uncertainties can be easily derived based on the
statistical models [19]. Figure 6 (a) shows the analytical
relative STDs of three non-reference antenna methods

when N €[1,10%]. It can be seen that the one-antenna

method possesses the lowest uncertainty regardless of
N, while the other two methods provide comparable
performance. Intuitively speaking, this is easy to
understand. Suppose that we are measuring 7, and all

the prerequisites of corresponding methods are satisfied,
the analytical uncertainty comes from: S;; for one-
antenna method, Si1, Sz2 and Sy for two-antenna method,
S21, Sz1 and S, for three-antenna method. Obviously, the
one-antenna method is associated with only one random
variable, while two- and three-antenna methods are
associated with three random variables. However, it is
worth stressing that the uncertainty may be different in
practical measurements.

Figure 6 (b) shows 7, measured using three non-

reference antenna methods when N = 50, corresponding
analytical values are also plotted for a convenient
comparison. As can be seen, the empirical relative
STDs of one- and three-antenna methods show good
agreements with the corresponding analytical ones.
Meanwhile, the empirical relative STD of two-antenna
method is comparable with that of three-antenna method,



which is in accordance with analytical analysis. However,
the empirical STD of one-antenna method is far larger
than the analytical one. This is mainly due to the
inconsistence between the measured and assumed e, [10],
[19]. For two-antenna method, the uniformity of e, may
not be well in accordance with assumption, however, the
uncertainty of ey, is already considered in the theoretical
analysis. As a result, the empirical and analytical STDs
show good agreement. Nevertheless, the uncertainty
models of two- and three-antenna methods seem to be
more stable than that of one-antenna method.

----- One-antenna Method
\ —Two-antenna Method
\ - - -Three-antenna Method

251

Relative STD (dB)

1.2 T . . r
Empirical for one- ——Analytical for one-
1F— Empirical for two- ——Analytical for two- |
Empirical for three- —— Analytical for three-

Relative STD (dB)

2 2.2 2.4 2.6 2.8 3
Frequency (GHz)

(b)

Fig. 6. Comparisons of relative STDs of one-, two-, and
three-antenna methods: (a) Analytical relative STDs when

N €[1,10%], and (b) analytical and empirical STDs when
N =50.

V. CONCLUSIONS

In this paper, the statistical uncertainty model of the
two-antenna method was proposed. Both Monte Carlo
simulations and RC measurements were performed to
verify the proposed statistical model. Good agreements
between the analytical and empirical relative uncertainties
were observed. Hybrid stirring was also investigated.
Corresponding measurement results were in accordance
with the theoretical analysis, indicating that the
statistical model could also be applicable to analysis of
measurement uncertainty when frequency stirring was

XUE, REN, CHEN, WANG, LI, HUANG: MEASUREMENT UNCERTAINTY OF ANTENNA EFFICIENCY

adopted. Moreover, it was theoretically and experimentally
verified that the approximated relative uncertainty was

1/J/2N (instead of 1/</N ). In practical measurements,

the approximated relative uncertainty is an efficient and
convenient way to assess the measurement uncertainty.
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Abstract — A novel synthesis method is proposed to
design multi-band bandpass filters (BPFs) using an
L-C ladder prototype lowpass filter loaded with two
symmetric shorted stubs. The transmission zeros (TZs)
are produced by the shorted stubs, which are used to
realize multiple passhbands. By controlling the number of
the open stubs loaded on the shorted stub, the number of
TZs is exactly determined. Therefore, multi-band BPF is
easy to be obtained by increasing the number of the open
stubs. The TZs can be adjusted by optimizing the L-C
values of the equivalent circuit of the proposed filter
to tune the center frequencies of each passband
independently. The proposed BPF also has wide upper
stopband. For demonstration, an octa-band BPF is
designed and manufactured. The measured results show
good agreement with the simulated ones.

Index Terms — Bandpass filters, multi-band, octa-band,
transmission zeros, wide upper stopband.

I. INTRODUCTION

With the rapid development of modern
communication system, multi-band microwave bandpass
filters (BPFs) have gained increasing attentions [1-14].
In order to obtain multiple passbands, multiple single-
passband resonators are coupled in parallel with large
size [1]. In [2-6], multi-mode resonators (MMRSs) have
been used to reduce the size. The MMRs use the
configuration of stepped-impedance resonator (SIR) or
short/open-circuited stubs loaded SIR. Therefore, when
the BPF has more passbands, the MMRs have complex
structures to excite multiple resonant modes. Another
widely used method for designing multi-band BPFs is
to synthesize transmission poles (TPs) in passband and
transmission zeros (TZs) in stopband or introduce signal-
interference to form multiple passbands [7-16]. A tri-
notch-band is introduced into a ring-stub multimode
resonator to realize multi-band BPF [7]. When the
number of the passband grows, more layers of the
vertically expendable low-temperature cofired ceramic
structure are needed, which increases the fabrication
complexity [8]. The tunable TZs in [9-14] can divide one
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passband into multiple passbands with center frequency
and bandwidth adjusting easily. However, the coupling
matrix between the resonators are complicated when the
number of passband is increased. The in-series cascade
of different reflective-type transversal filtering sections
shaped by two in-parallel unequal length transmission
line segments are proposed in [15], the structure has a
large size when the number of passband increases.

Furthermore, in order to realize wide upper stopband
performance, bandstop filters are usually cascaded with
BPFs to suppress the spurious response, which are
harmful to communication systems [16,17]. Meanwhile,
open/shorted coupled lines and transversal signal-
interaction concepts are usually adopted to improve the
stopband performances [18,19]. However, the sizes are
increased and the structures are complicated. Recently,
the SIRs in [20,21] with different impedance ratios are
presented with compact sizes.

This paper presents a novel synthesis method for
designing multiple passbands BPFs by using controllable
TZs. Following our early work [22], the theoretical
analysis of the TZs and the transmission poles (TPs) is
shown in this paper for designing BPF with more
passhands. With more degrees of the middle L-C section,
more TPs can be positioned in the passbands, which
can realized wide passhands. Furthermore, the upper
stopband have been also extended with more degrees of
middle L-C section. Since the TZs can be independently
controlled, the center frequencies (CFs) of each passbhand
can also be independently controlled. However, the
bandwidth of each passhand cannot be tuned
independently. The proposed method for designing
multi-band BPF is simple and effective. Due to the filter
structure loaded with shorted stubs, the proposed BPF
has a wide upper stopband. For demonstration, an octa-
band BPF has been designed and fabricated to verify the
proposed concept.

I1. SYNTHESIS ANALYZE
The proposed multi-band BPF network is shown in
Fig. 1. The transmission network can be divided into
three sub-networks, which is symmetrical. The middle
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section is formed by a lowpass filter (LPF), the
equivalent circuit of which is shown in Fig. 2. The
middle section consists of five-order LPF. The shunt
admittance section is composed of a short-circuited stub
loaded with eight open stubs, which is shown in Fig. 3.
The equivalent circuit of the shunt stub is shown in Fig.
4, where the loaded open stubs can be equivalent to
capacitors and the separated short transmission lines
with high characteristic impedance Z; can be equivalent
to inductors.

[ e I— —|—O
YYM‘S LPF K ns
o— 1 | T

Fig. 1. The proposed multi-band BPF network.
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Fig. 2. The equivalent circuit of the middle LPF section.
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Fig. 3. The shunt admittance section composed by a
short-circuited stub loaded with eight open stubs.

le LSZ LSB Ls()

Cr ==,
T

Fig. 4. The equivalent circuit of the parallel stub.
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The shunt impedance Zins can be expressed by the
lumped elements in Fig. 4 as follows:
(5)= a,s" +a,s®+-- +a555+a353+a15 )
Zi b,s" +b,s" +---+b,s* +b,s* +b,
where a and bi (i = 0, 1, , 16) are the constant
coefficients, s = jw is the radius frequency variable.
The coefficients of the numerator and denominator
polynomials of equation (1) are all positive real numbers,
which can be calculated by the positive L-C values in
Fig. 4. The degree of the numerator is 17, which is the
number of all the L-C elements. The number can be
calculated by the number of the loaded open stubs n,
2n + 1 = 17, where n = 8. Meanwhile, the numerator
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polynomial only has odd degree terms.

When the shunt impedance Zi,s equals to zero, it
introduces short-circuiting effect between the input and
output ports, which produces TZs in the frequency
response. Therefore, the TZs can be determined by the
parameters of the shunt stub. The number of the TZs are
the same as that of the numerator degree. Since the
numerator polynomial only has odd degree terms, one of
the TZs is located at the zero frequency, which is also the
direct-current (DC) frequency, and the other sixteen TZs
are conjugated and positioned on the frequency axis. As
aresult, the shunt stub inserts 9 TZs into the LPF positive
frequency response and realizes eight passband.

The TPs can be calculated by the approach in [22].
Due to the symmetry of the proposed filter structure, the
LPF section parameters are also symmetrical, where
Cs = Cz and Ls = L. The TPs can be calculated by the
transmission matrix cascaded by the three section in Fig.
1. The degree of the polynomial is the sum of the degree
of the two shunt stubs and the degree of the LPF section,
which is 2(2n +1) + 5= 4n +7. From the analysis in [22],
the polynomial has one root at origin, two symmetric real
roots, and the remaining 4n + 4 roots are conjugate and
symmetrical on the imaginary axis or in four quadrants.
Therefore, the BPF has 2n + 2 TPs at most.

Since the equations for the calculation of TZs and
TPs are nonlinear, the optimization algorithm is adapted
to calculate the L-C values for design octa-band BPF.
Differential evolution algorithm is used in this paper.
The optimization goal consists of the positions of TZs
and the return losses of each passhand, which are set
to be larger than 10 dB for easy implementation. After
obtaining the L-C values, the electrical length of the
open stub 6, and the electrical length 6 in Fig. 4 are
calculated at the center frequency of the first and last
passhand fo = (fo1 + fos)/2, where fo1 and fog are the CFs of
the first and eighth passband [23]:

”fo L0|
> ) )

1

0, =arcsin(——=

0, =arctan[Z,, 27 f,C,; — Zg tan( S') Za — tan(—=— i -
Z 27 7, 2
®)

The design guidelines can be described as follows.

1. Due to the specifications of the octa-band, the
TZs are determined by the locations of the CFs and the
bandwidths, which are positioned nearly at the center of
the two adjacent CFs.

2. The values of all L-C elements are optimized by
satisfying the return losses (RLS) in each passband.

3. After the equivalent circuit calculation, the
physical parameters of the microstrip transmission lines
are firstly determined by the equivalent L-C values,
and finally optimized by the electromagnetic simulation
software HFSS.
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I1l. OCTA-BAND BPF DESIGN

An octa-band BPF is designed to demonstrate the
design method. The CFs of the octa-passband are 0.6,
1.6, 2.6, 3.4, 4.0, 4.6, 5.0 and 5.9GHz, respectively.
Therefore, the TZs are preset as 0, 0.98, 1.97, 2.81, 3.74,
4.46, 4.99, 5.45, and 7GHz. The optimized L-C values
are: Ls1=0.9981, Lsy = 3.2471, Ls3= 2.6099, Lss= 3.3404,
Lss = 2.6263, Lss = 2.6421, Lsy = 2.9019, Lsg = 2.9040,
Lso = 3.512, L; = 2.5879, Lz = 3.8654 (unit in nH),
Co01=0.6963, Coz = 1.0725, Coz = 1.1104, Cos = 1.1445,
Cos=1.2021, Cos=1.1491, Co7=1.3274, Cog= 1.3596,
C, = 0.6755 (unit in pF). The TZs and TPs are drawn in
Fig. 5. The radian frequency variable s is calculated in
unit GHz with facility.

8 : E Youl

el e
7 6 5 4 3 -2 1 0 1

frequency [GHz]

Fig. 5. The calculated TZs and TPs by the equivalent L-
C circuit.

All TZs are symmetrical and double values. The
4n+7 roots related to TPs are conjugate and symmetrical
on the axis or in four quadrants, which are consistent
with the theoretical analysis in Section Il. Three of
the roots are real numbers, one of which is at the origin.
The remained 4n+4 roots are distributed symmetrically
beside the y axis. Therefore, each passband could have
2 TPs as shown in Fig. 5, and there are still 2 ((4n+
4)/2—2n = 2, where n = 8) roots that can be located
freely. One of the remained 2 roots in Fig. 5 is positioned
in the eighth passband, while the other one coincides
with the fourth TZ.

From Fig. 5, the roots related to TPs in the second
and third passbands are two conjugate roots. The related
S-parameters calculated by the optimized L-C values are
shown in Fig. 6. Therefore, the second and third passbands
do not have two TPs as shown in Fig. 6. The eighth
passband has three TPs in Fig. 6 as described in Fig. 5.
The frequency response in the negative region is not
drawn, which is symmetrical to that of the positive
region.

w
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Fig. 6. The calculated S-parameters by optimized L-C
values.

IV. EXPERIMENTAL RESULTS

The BPF is simulated and fabricated on a substrate
with & = 2.65, tand = 0.003, and h = 1 mm. Here we
choose 117.8 Q high-impedance line and 50 Q low-
impedance line, which have the line-width of 0.5 and
2.73 mm, respectively. All the lumped element values
are represented by microstrip distributed elements using
some equations in [23] at frequency (fox + fos)/2, where
for and fog are the CFs of the first and eighth passbands,
respectively. The configuration of the proposed BPF is
shown in Fig. 7. The small part between the two ports is
the lowpass filter section as shown in Fig. 1. The two
symmetrical shorted stubs are connected to the input and
output ports, respectively. The configuration is arranged
as a circle to share the same grounded via hole. As shown
in Fig. 7, the line width of the open stub which acts as a
capacitor is tapered. The characteristic impedance is
calculated by the waist width of the taper. Due to the
discontinuity of the microstrip line and the minor coupling
between the open stubs, the final dimension parameters
are optimized by the full-wave electromagnetic simulation
software HFSS. The circuit size is about 0.12 14 x 0.12 /g,
where g is the guided wavelength at fos.

Figure 8 shows the simulated and measured S-
parameters. The wideband response view and the
photograph of the designed filter are shown in Fig. 9 and
Fig. 10, respectively. The measured results are in good
agreement with the simulated ones. The discrepancies
between the simulated results and the measured results
may be due to the ignorance of transmission line
discontinuity and fabrication tolerances. The measured
CFs, fractional bandwidths (FBWS), insertion losses
(ILs), and out-band suppressions (OBSs) are listed in
Table 1. As shown in Table 1, the proposed octa-band
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BPF with simple circuit topology has advantages such as
low IL, wide FBW, and wide upper stopband.
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Fig. 8. The passband response view of the designed octa-
band BPF.
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Fig. 9. The wideband response view of the fabricated
filter.

Fig. 10. The fabricated octa-band BPF photograph.

ACES JOURNAL, Vol. 36, No. 9, September 2021

Table 1: Comparisons of proposed filter with related
works

CF GHz)/ | 1L Size

Ret. | Eawo6) | @B) | %5 | o)
0823, | 2.9
1229, | 23,

1433, | 26, 0.76 x

U1 18m2 | 22 - 0.06
220, | 27,

2502 26
0.63/29.7. | 05,
13485, | 13,
20327, | 19, | 1.2fs | 0.013

[21 | 273554, | 14, | >10dB | x0.055
3.44/6.25, | 12,

3999 | 1.1
0.63/285. | 04,
1210, | 0.9,

3] | 187136 | 11, i’llo:fé Oc')lfsx
25148 | 2 :
3.46/42 | 2.55
077102, | 13,

21132, | 06,
32113, | 08, | 15fs | 0.16x

41 | 4581, | 1.1, | >15dB | 0.09
5882 | 14,

7/4.3 2.2
0.6/1152, | 01,
16375, | 0.3,
255/196, | 0.6,

This | 3.4/14.4, | 03 | 31fs | 012x

work 4.1/10.3, 0.4, >19dB 0.12
46067, | 0.6,

549, | 05,
59144 | 03

V. CONCLUSION
An octa-band BPF is designed by the method of
independently controlling TZs. By optimizing the
equivalent circuit lumped elements value, the center
frequencies of the octa-passband can be controlled
flexibly, making the filter obtain wide passband and
wide upper stopband performances. With simple filter
structure and good performance, the proposed method is
attractive for designing more multi-passband BPFs to

apply in modern high data-rate system.
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Abstract — This work presents a wideband hybrid-fed
+45° linear dual-polarized patch antenna design for sub-
6 GHz 5G base stations. Two polarizations are created
by a slot-coupling with rectangular H-slot (+45°) and
a capacitive coupling with modified L-probe (-45°).
Antenna exhibits wideband —10 dB impedance bandwidths
of 40.7% and 35.6% for slot-fed and probe-fed ports,
respectively. Due to the special design of suspended
stacked patches with hybrid-fed excitations, high port
isolation (< —47 dB) and high cross-polar discrimination
(> 38 dB) are achieved. Symmetric and directional
radiation patterns with stable gain are obtained in E
and H planes for each polarization. Compared to its
bandwidth, antenna is low-profile (10.6 mm) with
front-to-back ratio greater than 22 dB. Simulations and
experimental results are reported and discussed.

Index Terms— 5G hase station, cross-polar discrimination,
dual-polarization, hybrid feeds, isolation, low-profile,
massive MIMO, sub-6 GHz, wideband patch antenna.

I. INTRODUCTION

Dual-polarization (+45° or Vertical/Horizontal (V/H))
is commonly employed in base station antennas since
it helps to fight against multipath and increase
in capacity by polarization diversity [1-2]. Moreover,
today’s base station antennas require wide impedance
bandwidth (IBW), good matching level (|S11], [Sz2| < —15
dB), high port isolation (|Sx»| < =20 dB), high front
to back ratio (FBR > 20 dB), and high cross-polar
discrimination (XPD > 15 dB within + 30° of boresight).
Hence it is not easy to meet all these requirements
simultaneously in the same design. With the advent of
5G technology, massive multiple-input multiple-output
(mMIMO) has been one the key enabling technologies
to reach the goals of 5G. High isolation and high XPD
are more desirable in mMIMO array than in conventional
(2G/3G/AG-LTE) base station antennas to make full use
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of it, especially for low envelope correlation coefficient
(ECC) [3]. In space-limited applications such as
mMIMO arrays with huge number of antenna elements,
compactness and low-profile of the antenna are also
preferable. Therefore, design of a dual-polarized antenna
element with high isolation and high XPD satisfying all
above requirements facilitates mMIMO array to reach
desired performance since it is a building element of that
array.

Crossed-dipoles [2,4,5] and patch antennas [5-14]
are used in base stations in dual polarization configuration
with a pair of feeds. Crossed-dipole antennas are good
in terms of wide IBW, high isolation and high XPD.
However, they have complex feeding structure with
balun and high profile. Moreover, they are not easy
to be integrated with planar circuit elements for
mMIMO applications. Patch antennas can be preferred
in mMIMO arrays owing to their compactness, low-
profile, and lightweight. However, they have suffered
from narrowband operation, and many efforts on
different feeding techniques [5-14] have been developed
to improve their performance.

In dual-polarized patch antennas, feeds excite the
patch and creates desired fundamental modes and
undesired higher order modes. Currents of flowing on
the feeds-ground plane whose interactions with patch
and with each other are the main factors determining the
isolation and XPD. Hence, feeding structures and feed
types play an important role in the design. A variety of
techniques [3, 15-23] for high isolation and high XPD
have been developed for patch antennas. For the same
type of feeds (slot-slot, probe-probe), differential feeding
[3,15,16], which utilizes 180° phase difference between
feeds to suppress higher order modes, helps to improve
isolation and XPD. However, differential feeding may
bring complexity in feeding network and sometimes
difficulty in obtaining wide IBW. Moreover, in slot-
slot configuration, an additional reflector plate which
increases antenna profile, may be required to reduce back
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radiation of slots for high FBR. But the ground plane and
reflector plate may form a waveguide and some modes
may propagate inside this causing again deterioration of
isolation and XPD. Then hybrid feeds (slot-probe) may
be employed as a solution for high isolation and high
XPD since probe feed (capacitively coupled) has almost
no coupling current on the ground plane and hence
coupling and cross polarization between slot-probe will
be eliminated on the ground plane. Furthermore, the
mechanism for tuning and radiation of hybrid-fed
antenna will be totally different for slot-fed and probe-
fed ports, and this property may be used as an advantage
for high isolation and high XPD. On the other hand, this
brings difficulties in achieving separate designs which
satisfy all performance requirements for each feed
(polarization) utilizing the same radiating patches of
hybrid-fed antenna.

In literature, several dual-polarized hybrid-fed patch
antenna designs [17-23] have been reported. Two hybrid-
fed designs with slot-probe feeds are proposed in [17,18]
achieving high isolation and high XPD but they operate
in 2.2-2.6 GHz with 14% IBW. [19] presents a circular
patch antenna with conical (omni) and broadside modes
using hybrid feed network of H-slot and probe feeds. The
goal of [19] is to have different characteristics (radiation
pattern, gain, S-parameters) in each polarization and to
utilize them as multifunction and diversity antennas.
However, this is not the case for 5G mMIMO arrays
which require similar characteristics and performance
for both polarizations in order to achieve low ECC [3].

Table 1: Comparison of related works (NG: Not Given)
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In [20], a hybrid-fed dual-polarized patch antenna has
been introduced but it is very narrow band. Moreover,
its isolation and XPD levels are not satisfactory. [21]
implements hybrid-fed antenna with a pair of hook shaped
probes with 180° phase difference for one polarization and
magnetic-coupled metallic loop for the other polarization.
Its performance is good in many aspects but does not
cover sub-6 GHz 5G spectrum (3.3-3.8 GHz) completely.
In [22], a balanced-probe feed and a slot feed is
implemented for V/H polarizations for meteorological
radar which requires high isolation and high XPD.
Another novel hybrid-fed patch antenna with electric-
coupled and magnetic coupled feeds has been reported
in [23]. Recently, a meta-material based decoupling
structure in X-band for high isolation has also been
introduced in [24]. Performance summary and comparison
of similar works are given in Table 1.

To the best of authors” knowledge, hybrid-fed patch
antenna design for sub-6 GHz 5G applications has not
been investigated sufficiently yet. Therefore, this study
deals with design of a low profile, wideband, dual-
polarized hybrid-fed patch antenna with high isolation
and high XPD. Although it is intended to operate in
3.3-3.8 GHz, slot feed (port-1) and probe feed (port-2)
exhibits much more wider IBW. Proposed antenna
provides similar s-parameter performance, gain and
broadside radiation patterns in principal planes for both
polarizations. The antenna can also be assumed to be
low-profile (10.6 mm) with its IBW and operating band
when compared to similar works in Table 1.

IBW Matching Isolation |FBR |XPD | Dimensions
Ref. A”te””a_a”d Fe_eo' Typ_e (GHz, %) ||Sul, |S2| (dB) ||S (dB) |(dB) | (dB) (mm)
[3] | Crossed d:‘zglﬁ;‘g'ffere“t'a' 3.23-5.27, 48% <10 <-55 | >22| >35 | 90x90x19.5
atch-differential feeding .84-2.73, 38.7% <= <= > > x105x19.
[15] | Patch-diff ial feedi 1.84-2.73, 38.7% 10 40 12 24 | 105x105x19.6
[16] | Patch-differential feeding | 3.16-3.74, 17.2% <-10 <-38.5 | >18 | >33 80x80x5.8
Patch-hybrid fed 1.64-1.88, 13.6% _ _
[17] (slot/probe coupled) 1.57-2.02, 25% <10 <32 NG | >27 | 100x100x14.4
Patch-hybrid feeding 2.27-2.62, 14.2% _ -
[18] (slot/probe coupled) 2.24-2.6, 14.5% <10 <40 >12/| >35 | 150x150x13.1
Patch-hybrid feeding 2.16-2.72, 23% _ -
[19] (slot/probe coupled) 2.14-2.64, 20.5% <10 <40 >12 | >21 | 100x100x10.5
Patch-hybrid feeding 2.36-2.38, 0.94% _ _
[20] (slot/probe coupled) 2.35-2.38, 1.33% =1 <24 >15 ) >15 80x80x1.5
Patch-hybrid feeding 2.45-3.7, 40.7% _ _
[21] (probe/magnetic coupled) | 2.6-3.85, 38.7% <10 <40 >20 | >30 | 100x100x17
Patch-hybrid feeding 2.58-2.91, 12% _ -
[22] (slot/probe coupled) 2.51-2.9, 14.4% <10 =4 >25 | >32 60x60x7.8
Patch-hybrid feeding 1.63-2.78, 52% -
[23] (electric/magnetic coupled) | 1.68-2.72, 47.3% <10 <265 | >16 | >23 | 170x170x25.3
Patch-hybrid feeding 2.95-4.46, 40.7% - _
Pro. (slot/probe coupled) 3.2-4.59, 35.6% <10 =47 >22 | >38 | 110x110x10.6
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I1. ANTENNA DESIGN

A. Geometry and configuration

Figure 1 displays structure of the proposed antenna
while Table 2 provides its physical parameters and
dimensions. The antenna is comprised of a feedline
substrate and two square patches (main and parasitic
patch), all separated by air. Suspended stacked patches
are adopted to have wide IBW. Dual-polarization (+45°)
is implemented in hybrid configuration by a slot feed
(port-1) and a probe feed (port-2) as shown in Figs. 1-3.
Capacitive coupling is realized by a modified L-probe
and slot coupling is carried out by a rectangular H-slot.
Substrate for the feedline is FR4 (&= 4.4, tand = 0.02,
h = 1.6 mm). The patches are copper sheets of 0.25 mm
thick whose lengths are denoted as Ly and Lp,. They are
suspended over the feedline substrate at heights of hy
and hp. The bottom of the feedline substrate contains
feeding network for slot feed (port-1) and a ground pad
for port-2 while probe feed (port-2) resides on its topside
together with the H-slot etched on the common ground.
The ground pad and the common ground are connected
by four conducting posts so that outer conductor of
SMA connector touches the ground plane. Air gaps are
realized using separators of appropriate heights. Finally,
the feedline substrate and the patches are assembled by
plastic screws. The feeding network of port-1 (+45°) is
depicted in Fig. 2. It consists of two parts: (i) matching
section and (ii) branch lines. The slot is excited by
two parallel 100 Q microstrip branches separated by
a distance of Lg. L-shaped stubs are used to terminate
the branches and compensate the reactive part of the
input impedance of the patch. A T-junction connects
the branches to the matching section which provides
wideband matching between the patch and port-1. It
includes a two-section binomial transformer. Length of
the sections are approximately A¢/4 (Lu, Lp) at the
center frequency of the intended band, f.=3.55 GHz
(A = 84.55 mm, 4y = A/Ner = 40.31 mm) where Jq is
guided wavelength. As for port-2 (—45°), a 50 Q coplanar
feed line of length Lmp is connected to the modified
L-probe whose topside is triangular as shown in Fig. 3.

Table 2: Physical dimensions of the proposed antenna
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Fig. 1. Antenna configuration and geometry.
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Fig. 3. Capacitively coupled probe feed (port-2).

Description Parameter Dimensions (mm)
Ground plane (square) / ground pad (square) Lgi/ Ly 110/12.4
Main patch (square) / parasitic patch (square) Lpi/ Ly 32.5/28
Lower/upper air height hp /hp2 5/4

Slot dimensions / vertical slot width

Ls, Lsha, Lsn2 / Lsi 20.4,0.9,2.3/3.2

1%t and 2" binomial section length/width

Ltl, Ltz, Wi1, Wi2 11.78, 11.08, 1.32, 1.65

Branch lines separation / branch line length, width

La / Lp, Wo 6.53/15.48, 0.67

50 Q line width / co-planar feedline width, length, gap

W1/ W3, Lmp, 9 2.94/3,10.75, 0.35

Probe height / probe offset / probe head

hmp / d / mel, me2 375/ 1 / 10, 20




B. Working principles

Electromagnetic power is coupled to patches
through slot and probe, and +45° dual polarizations
are created. Dimensions and placement of the patches
at proper heights are of critical importance for good
wideband matching, isolation, and FBR. Although the
main patch has dominant effect in total design, parasitic
one must also be considered in combination with it. The
lower hp: makes efficient coupling from slot to the patch
easier, hence resulting in good FBR. However, this lower
hp: makes broadband operation difficult. On the other
hand, the higher hy: facilitates broadband operation but
efficient coupling from slot to the patch becomes more
difficult and hence resulting in poor FBR. After setting
the design of slot feed (port-1) as explained above, the
probe feed (port-2), which capacitively couples the
energy to the patch, is designed with proper placement
of the probe (Lmp, hmp). The parasitic patch provides
further tuning for each port simultaneously. Existence of
the parasitic patch also modifies the current distribution
on the main patch, and vectorial combination of currents
flowing on the two patches has a total effect of
improving the isolation and XPD. Although parasitic
patch partially increases the overall antenna profile, it is
necessary for design since desired technical performances
cannot be obtained by only main patch. However, one
can still keep the antenna low-profile.

Figure 4 plots current distributions on the patches,
as the antenna is excited from port-1 and port-2 separately,
at lower and higher frequency limits of 3.3-3.8 GHz band.
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E
1, 2E0

2
£x
£
£
£
€

[Fsurs tam)
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When excited from port-1 (Figs. 4 (a)-(b)), currents are
established symmetrically around —45° diagonal line on
the patches. At 3.3 GHz, amplitude of currents on the
main patch gradually increases towards radiating edges,
whereas the currents on the parasitic patch are weaker
and possess uniform distribution. At 3.8 GHz, stronger
coupling is observed between two patches; thus,
amplitude of the currents flowing on the parasitic patch
increases. This phenomenon leads to resonant behavior
around 3.8 GHz. Note that a small portion of the slot is
beneath the modified L-shaped probe and this slightly
disturbs the current distribution. However, it does not
affect the symmetry of the radiation patterns in principal
planes as shown later in Fig. 12. Similarly, when excited
from port-2 (Figs. 4 (c)-(d)), currents are established
symmetrically around +45° diagonal line on the patches.
And the antenna again demonstrates its resonant
behavior through the parasitic patch at 3.8 GHz. The
symmetric characteristics of each polarization along
+45° diagonal line and different distributions of currents
(high amplitudes of port-1 and low amplitudes of port-2)
for each port reduces the coupling between ports and
hence they provide high isolation and high XPD.
Moreover, Fig. 5 illustrates simulations of electric field
radiated by the slot and coupled to the main patch and
the probe. It can be observed that most of the electric
field is coupled to the main patch while it is very
weak on the probe. This shows that interaction of feeds
themselves are reduced by hybrid feeds and it also helps
high isolation and high XPD.

Fig. 4. Current distributions on the patches when the antenna is excited from port-1 at (a) 3.3 GHz and (b) 3.8 GHz;

from port-2 at (c) 3.3 GHz and (d) 3.8 GHz.
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Fig. 5. E-field distribution when the antenna is excited from port-1 (a) 3.3 GHz and (b) 3.8 GHz.

I11. NUMERICAL STUDIES 1S4 (dB)

The proposed antenna is modeled in Ansoft HFSS. A 0
two-stage parametric calculation is carried out in order to
obtain optimum electrical performance. In the first stage,
slot feed (port-1) is optimized for wideband matching.
Then in the second stage, probe feed (port-2) is tuned
to give the best matching while checking the isolation
performance between the ports. Parametric calculations
have been done by sweeping one parameter at a time
within a specified range, while keeping the rest unchanged.

/]

4 45 5
Frequency (GHz)
A. Slot feed (Port-1)

Owing to simple structure, effect of only one

parameter regarding slot feed is reported here. Despite the
fact that many other physical aspects (e.g., slot length,
stub length, etc.) are also analyzed, they either have minor
effects on the antenna performance or none. Patch heights ~ -10 N 7
(hp1 and hy) significantly affect wideband matching at
port-1. Figure 6 plots |Syi| as a function of 4, while it is
swept within 4 mm — 6 mm range by 1 mm step. As it is
shown, although the IBW is almost the same for all values,
hp1 =5 mm yields |Sy;| <—18 dB along 3.3-3.8 GHz band,
which is better than the others. After fixing /4, at 5 mm, -50 — ‘ :
hp2 1s swept from 3 mm to 5 mm by 1 mm step and their 25 3 35 4 4.5 5
effects are depicted in Fig. 7. The antenna has its largest Frequency (GHz)
—15 dB IBW when /4, = 3 mm and exhibits the best
impedance matching level in 3.3-3.8 GHz band when
hy> =5 mm. Here, we decide to select intermediate value 1S, (dB)
of hp; = 4 mm, since it results better matching than /,; =3
mm and still wide enough IBW although it is less than that
of i =5 mm.

Fig. 6. [Sii| as a function of hy (port-1).

IS,,| (dB)

Fig. 7. |Su| as a function of hy, (port-1).

B. Probe feed (Port-2)
After the patch heights are fixed for port-1, tuning of

-30 —hmp:3-25 mm ></

the probe feed (port-2) is mainly realized by adjusting the 40| hmpi3'75 m

height of the modified L-probe, /. Figure 8 illustrates — Npp™4-25 Mm

how A affects wideband mathcing at port-2. As can be '5%_5 3 35 4 45 5
seen, the antenna attains the best impedance matching Frequency (GHz)

when /ipp = 3.75 mm, i.e., |Sz2| <21 dB in 3.3-3.8 GHz
band and it has wide enough IBW. Fig. 8. |Sx] as a function of hmp (port-2).



C. Isolation

Finally, with the incorporation of the both feeds
described and fixed above, the isolation performance
between the ports (|S21]) has been checked and obtained to
be below —47 dB as shown in Fig. 9. However, it is less
than —50 dB in the desired intended band (3.3-3.8 GHz).

1S5] (98)

0 e e
-

25 3 3.5 4 4.5 5
Frequency (GHz)

Fig. 9. Simulated port isolation of the antenna.

IV. MEASUREMENT RESULTS
The proposed antenna is prototyped (Fig. 10), in
accordance with design descriptions given in Section
2 with FR4 (g = 4.4, tans = 0.02) of height 1.6 mm.
Galvanized metal sheets of 0.25 mm thickness are used
for patches. The overall size of the antenna is 110 mm x
110 mm x 10.6 mm with profile being 10.6 mm.

©) (d)

Fig. 10. Prototype antenna (&) slot-probe feeds, (b)
feedline layer for slot and SMA connector for probe, (c)
top view, and (d) side view.

To prove the proposed design, S-parameters (|S],
|S22|, and |S21]) and radiation patterns (co-pol and cross-
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pol) have been measured. S-parameters of the antenna
are measured by HP-8720D vector network analyzer and
results are given in Fig. 11 in parallel with simulations.
The lower and higher limits of the intended operating
band (3.3 GHz and 3.8 GHz) are indicated by vertical
dashed lines. It must be noted that the discrepancies
between them are mostly caused by imperfect assembly
and soldering of the components, especially for the
modified L-probe (port-2). As shown in Fig. 11, slot feed
(port-1) exhibits 40.7% IBW for |S11| < —10 dB whereas
probe feed (port-2) exhibits 35.6% IBW for |Sx|< —10
dB. The isolation (|Sz1|) between the ports is less than
—47 dB. However, in the operating band (3.3-3.8 GHz),
[S11] and |Szz| are < —15 dB and S| is < -50 dB.

18] and IS, (98)

I S
s
o

- - |S11l sim. f-_.|szz| sim.

2.5 3 3.5 4 4.5 5
Frequency (GHz)

(@)
_ Bl

L —|821| meas.

75+ - - |821| sim.

2.5 3 3.5 4 4.5 5
Frequency (GHz)

(b)
Fig. 11. S-parameters (a) |S11, |S22|, and (b) |Szi].

The normalized radiation patterns have been
measured at 3.3 GHz and 3.8 GHz for both polarizations
and plotted in Fig. 12 together with simulations. They
are symmetric and directional in broadside. Half power
beamwidths (HPBWS) are 50°-60° and 57°-62° for port-
1 while they are 56°-64° and 59°-62° for port-2 in E and
H planes, respectively. Gain of the antenna varies in 8.5-
9.0 dBi for port-1 and in 8.0-8.6 dBi for port-2 as shown
in Fig. 13. From radiation patterns, it can also be inferred
that XPD levels are greater than 38 dB and 40.5 dB for
port-1 and for port-2 respectively, which are measured
withing +30° of boresight. That means a very high XPD
has been achieved between two polarizations. High
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isolation and high XPD performance are due to very low
coupling between the feeds and the patches as explained
in Section 11-B. In addition, a good FBR is also obtained
as 22 dB and 25 dB for port-1 and for port-2 respectively.

3.8 GHz

3.3 GHz

90
120
21 1
210 180 150 0 180 50
—Co-Pol(meas.) - - - Co-Pol(sim.)
—X-Pol(meas.) -~ X-Pol(sim.)
(@)
3.3GHz 3.8 GHz
60
90
120
210 150 210 150
180 180
——Co-Pol(meas.) - - - Co-Pol(sim.)
—X-Pol(meas.) -~ X-Pol(sim.)
(b)
3.3 GHz 3.8 GHz
60
90
120
210 150 210 150
180 180
—Co-Pol(meas.) - - -Co-Pol(sim.)
——X-Pol(meas.) -~ X-Pol(sim.)
(c)
3.3 GHz 3.8 GHz
300 60
270 90
240 120
210 150 210 150
180 180
——Co-Pol(meas.) - - - Co-Pol(sim.)
——X-Pol(meas.) ---- X-Pol(sim.)
(d)

Fig. 12. Radiation patterns at 3.3 GHz and 3.8 GHz in (a)
E-plane for port-1, (b) H-plane for port-1, (c) E-plane for
port-2, and (d) H-plane for port-2.
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Fig. 13. Gain of the antenna (a) port-1 and (b) port-2.

V. CONCLUSION

In this study, a low-profile, wideband, hybrid-fed
dual-polarized suspended stacked patch antenna with
high isolation and high XPD has been introduced to be
used in mMIMO arrays of sub-6 GHz 5G base stations
(3.3-3.8 GHz). +45° slant linear polarizations are established
by using a slot-coupled feed and a capacitive-coupled
probe feed. All performance specifications regarding
wide IBW, good matching level, high isolation (< —47
dB), and high XPD (> 38 dB) have been obtained by
a special design of stacked patches with hybrid feed
excitations and making the coupling and interactions
feeds and patches as low as possible. Measured patterns
have symmetric, stable and broadside radiations with
sufficient gains. Proposed antenna does not use any
additional reflector plate to reduce back radiation. Hence,
it is low-profile (10.6 mm) and has still good FBR (> 22
dB). In addition to desired high isolation and high
XPD in 5G massive MIMO arrays, similar and stable
characteristics (S-parameters, radiation patterns, gains)
of each polarization port are necessary to have low ECC.
Specifically, gain difference between each polarization
port must be small (< 1 dB). In proposed design, this
is achieved by gain difference of 0.5 dB, which is
acceptable. Comparison of proposed work with similar
ones in Table 1 also demonstrates superior and
competitive features of the proposed antenna. As a result,
it can be used as an antenna element in mMIMO array
design in order to facilitate mMIMO array to reach its
full performance.
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Abstract — For linear frequency modulation (LFM)
pulse radars, dense false targets generated by new
system jamming seriously damage the performance of
such radar systems. In order to avoid the influence of
dense false target jamming, an anti-jamming strategy
combining waveform design and sparse decomposition
are proposed. Specifically, the radar system transmits
a random pulse initial phase (RPIP) signal, and uses
peak detection method to detect the deception jamming.
The phase distribution of the RPIP signal is partially
randomly perturbed for a jamming, and we use
optimization algorithm to design a phase perturbed LFM
(PPLFM) signal with good autocorrelation characteristics.
Using the correlation function of the designed signal,
the target sample set and the jamming sample set are
constructed, and the target echo and the jamming signal
are separated using designed dictionary learning method
to achieve suppression of dense false target jamming
and range side-lobes. The effectiveness of the proposed
method is verified by numerical simulation, and the
results proved that this proposed method maintains
good anti-jamming performance under low signal-to-
noise ratio (SNR).

Index Terms — Anti-jamming, dense false target
jamming, dictionary learning, jamming detection,
waveform design.

I. INTRODUCTION

In recent years, the development of radar electronic
countermeasures (ECM) technology has made military
radars face new challenges. In particular, the rapid
development of digital radio frequency memory (DRFM)
technology has further promoted the implementation of
active deception jamming [1]. Among them, new system
jamming such as chopping and interleaving (C&I) and
smeared spectrum (SMSP) has the advantages of
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deception jamming that makes it difficult for LFM radar
system to distinguish true or false targets, and saturate
radar data processing severely destroys the radar's
ability to detect and track targets [2-4].

In response to the influence of sliced jamming (C&l
and SMSP), some electronic counter-countermeasures
(ECCM) strategies are proposed. Among them, typical
methods can be divided into two categories. The first
category methods use pulse diversity technology. In
[5], a jamming cancellation method based on temporal
pulse diversity has been reported for suppressing slice
jamming. The waveform design algorithm based on a
priori information of electronic jamming in the radar
environment knowledge base proposed by [6] achieves
suppression of SMSP and C&I jamming. It is worth
noting that when there is strong jamming in the radar
echo, the higher range side-lobes of the orthogonal signal
or quasi-orthogonal signal after matching filtering will
still affect the radar's detection performance for real
targets. The second category of method is anti-jamming
signal processing algorithms. For example, some
scholars have used compressed sensing theory and blind
source separation technology to achieve the separation
of target echo and jamming signals [7, 8]. Paper [9]
proposes a countering SMSP jamming method based on
jointing time-frequency distribution and compressed
sensing. In [10], the authors studied distributed radar to
suppress SMSP jamming, and proposed a framework
based on joint blind source separation (JBSS). Since
noise energy has a great impact on the source method, it
makes the jamming suppression performance worse at
lower SNR.

In view of the above problems, we consider
waveform design to weaken the influence of side-lobes.
Since the signal has good sparsity under the adaptive
dictionary, we combined the dictionary learning method
and sparse decomposition theory to achieve jamming

https://doi.org/10.47037/2021.ACES.J.360908

1054-4887 © ACES

1173



1174

suppression. Because the agile radar system transmits
multiple RPIP signals in a coherent processing interval
(CPI), the jammer requires a certain processing time for
the radar signal. According to the difference in the
initial phase between the jamming signal and the radar
emission signal, the proposed peak detection method
uses a wavelet transform algorithm to estimate the phase
difference of the pulse compression (PC) signal in two
adjacent PRIs so as to achieve detection of radar
deception jamming. When jamming is detected in the
radar echo, the radar system starts to perform phase
perturbation processing on the RPIP signal. Then, the
integrated auto-correlation side-lobes energy (IASE) of
the transmitted signal is minimized as the criterion for
waveform design. We use genetic algorithm (GA) to
design the parameters of the phase perturbed term
and get a series of PPLFM waveforms with good
autocorrelation characteristics. In addition, there are
many studies on the identification and feature parameter
extraction of C&l and SMSP jamming [11, 12]. We
assume that the modulation parameters of electronic
jamming are known to construct a mathematical model
for the jamming signal. Next, the target sample set is
constructed using the autocorrelation of the designed
PPLFM signal, and the cross correlation between the
designed PPLFM signal and the jamming model is
used to construct the jamming sample set. Finally, the
dictionary learning method proposed in our research
work is used to suppress the jamming of dense false
targets.

I1. SIGNAL MODEL
The RPIP agile waveform is that the radar
transmits M-pulse signal with different initial phases in
a CPI, and the pulse signal transmitted in the m-th PRI
is S, (t):
Sn(t) = el “Siem (t) = exp( jmut? + j(/’m) ) @
where x=B/T is chirp rate, B is pulse bandwidth, T
is pulse duration. ¢, is the initial phase of the radar
signal, and it follows uniform distribution on [-x, 7].

Assuming that the amplitude and delay of the
target echo remain unchanged within a CPI, then, the
target echo can be modeled as:

T, (t)=0 e s (t-7 ), (2
where o, and 7, denote the amplitude and time-delay

of the target echo, respectively.
The mathematical model of C&I jamming can be

written as:
T
=) @

C&i

L-1
in®=>C, (t—l
=0 L
where L and n., represent the sampling interval and
the number of sub-pulse repetitions, respectively:
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ﬂ} . @

where rect(t) is rectangular function, 7, is the sub-

pulse width.
The model expression forming the SMSP jamming
is given as follows:
pm=Yc (t—(i _1)L], ®)
i=1

n,

'smsp

where n

smsp

Co(t)=exp(janggt®), 0<t<T/ng,.  (6)

Due to the radar transmission signal intercepted by

the DRFM jammer is modulated as a jamming signal, it

requires a certain processing time. As the agile radar

with RPIP waveform is the active side, the jammer

becomes the passive side. Then, the jamming signal for

the m-th PRI received by the radar can be expressed as:

. =0, e ji(t-1)), k=12, (7)

where | is the number of PRIs for the jamming signal
lagging the transmitted signal.

Then, the radar echo signal received by the radar
receiver in the m-th PRI is:

L) =T, (0 + 3,0+ N, (1), (8)

where N, (t) is white Gaussian noise.
Finally, the radar echo r, (t) is transmitted to a filter
with a matching coefficient of h_(t) =S, (-t). Then, the

PC of the m-th radar echo signal after matching filter
can be written as:

Y () =1, () @, ()

=0 Ry (t—7;) 46" -0 Ry, (= 7,) +W,, (1)
where ¢. =@, —¢,_, is the phase residual, W, (t) is
white Gaussian noise. R, (t) is the autocorrelation

is the number of sub-pulse repetitions,

©)

function of signal s, (t), Ry, (t) is the cross-

correlation function between signal s, (t) and jamming
in (1)

1. JAMMING SUPPRESSION STRATEGY

The strategy proposed in this paper can both realize
the detection of deception jamming and suppress the
jamming. Figure 1 shows the workflow of the agile LFM
radar against slice jamming. First, the radar transmits
RPIP agile pulse signals and uses the peak detection
method to determine whether there is jamming in the
radar echo. If there is no jamming, the radar system
directly detects the real target. If there is a jamming, the
agile radar changes to transmit a quasi-RPIP (Q-RPIP)
signal. Then, according to a certain process, the peak
detection method is used to estimate the lagging | value,
and the coding sequence of the phase perturbed term in



the jamming signal is obtained. After that, the agile
radar changes to transmit a PPLFM signal via optimized
design. We perform autocorrelation processing on the
optimized signal, and cross-correlation processing
between the optimized signal and the jamming signal,
and then, the target sample set and the jamming sample
set are constructed in a range gate, respectively. Finally,
the sample set of the two signals is used to separate the
target and the jamming through the dictionary learning
method so that the radar can detect the real target.

I'ransmit RPIP Pulse
Peak Detection Mcthod

Judge if JTamming Exists

Yes

Transmit Q-RPIP Pulse
Peak Detection Method

Target Detection

Sparse Decomposition based on
Dictionary Learning

0,.(q) T T

Jamming Target
Sample Set Sample Set
I'ransmit Optimized T T
PPLI'M Pulsc D, D,

Fig. 1. Agile LFM radar against slice jamming workflow.

A. Detection of deception jamming

This section introduces the basic principle of the
peak detection method to detect radar active deception
jamming. The radar system transmits the RPIP agile
waveform, and the received echo is processed by
matched filtering to obtain pulse compression signals

y,(t) and y,.,(t) inthe two adjacent PRIs. As shown

in Fig. 2, the red dotted line represents SMSP jamming,
the blue solid line represents the target echo, and the
black dotted line represents noise signal. It is understood
from equation (9) that the jamming signal is affected
by random initial phase changes, resulting in unequal
initial phases of the jamming signals in two adjacent
PRIs. In other words, the phase difference of the two
jamming signals is non-zero, and the phase difference
of the target echo is zero. Therefore, according to this
difference characteristic, we intercept the segment of
the PC signal with a large peak position and estimate
the phase difference of the intercepted signal fragments.
If the estimated phase difference is zero, the signal
segment is the target signal. If the phase difference is
not zero, it means that this signal segment is a jamming
signal.

We use the wavelet transform algorithm to estimate
the phase difference of the signals in the two adjacent
PRIs. According to the definition of wavelet transform,

the continuous wavelet transform of signal s(t) is:
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« =D

W, (a,b) = SO¥ ()t (10)

i*j”
Ja s,
where a is scale factor, b is displacement parameters, *
represents conjugate, function W (t) is a basic wavelet.

In this paper, Morlet wavelet is used as the continuous
wavelet transform.

Fragment interception
I

Target signal
- -+~ Jamming signal|
- — — Noise signal

Amplitude (dB)

1000 1200 1400 1600 1800 2000

Fig. 2. Schematic diagram of peak detection method.

Intercepting the time series Yy, (t) and vy,.,(t) of

the PC signal in the range gate, and defining the cross
wavelet transform is given by:

W, =W, W,

Y+ Yme1 m Yma

(11)
where W, and W,, ~are wavelet transform for y; (t)
and v, ,(t), respectively. The corresponding cross
wavelet power is |Wy'm,y/m|- The estimated phase difference
is:

(Dy;nyy’m (a' b) =arg [Wy’m,y;m (a* b)} ' (12)
where arg[e] is used to calculate the complex angle

with range of [-7,7].

Radar transmitting phase ¢,

|¢1=¢ r/)z=0|¢;=0 |<0.=0 9 =0 Py =0 r/)M=0|
Jammer emission phase @,,_,

[4;:”72 =0’¢{,H =0| @, =0 | o =¢ | ¢,=0 ] - I%,,a =010y =0|
phase residual 6, =9, -9, ,

[ oo oo g o]+ Joilo

Phase difference estimation 6, =6, -6,

6= |0.=0] ~ [0.-¢] |

6.0 0.9 0.=2

Fig. 3. Schematic of estimated jamming at lagging I.
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Next, the peak detection method is used to estimate
the jamming lagging I. As shown in Fig. 3, the LFM
pulse radar transmits the Q-RPIP waveform set. The
initial phase of the first signal in the waveform set is
set to ¢, =¢, while the initial phase of the other signals
is ¢,=0(m=2,---,M). Assuming that the jamming
lagging | is 3, then the initial phase of the fourth pulse
signal in the waveform set emitted by the jammer is
@, =¢. Then, the phase residuals of the first pulse
signal and the fourth pulse signal after pulse compression
processing are 6, =¢ and 6, =—¢, respectively. Finally,

the peak detection method is used to estimate the phase
difference between the first PC signal peak and the
subsequent M-1 PC signal peaks. The phase difference

estimated in the third detection is 9113 = 2¢, and the other

phase differences are estimated to be él,m = g@(m = 3).

In this way, it is determined that the number of PRIs for
the jamming signal sent by the jammer lagging the
transmitted signal is 3.

B. Optimized design of PPLFM waveform

The PPLFM signal constructed using partial
random perturbance to the phase distribution of the
RPIP signal to get:

Po(®) =S, (1) P (1)
= exp(j;rut2 +j0,(t)+ jgom) 7
where  p,, (t)=exp(j6,(t)) is the random phase

(13)

perturbed term in the PPLFM signal.
Generally, random signals &, (t) can be expressed

6,(t)= i:ﬁm (q)-[u (t-at,)-U (t—(q—l)tp)] . (14)

where the pulse signal in the time domain is divided
into Q=T/tp sub-pulses, t, is the width of each sub-

pulse in the time domain. U (t) is the step function,
o

waveform in the waveform set with ¢, (q) e[, 7].
In order to avoid high range side-lobes jamming,
the 1ASE of the transmitted signal P, (t) is minimized

as basic criterion for waveform design. The calculation
of IASE for P, (t) is:

(q) is the phase coding sequence of the m-th

IASE, = [ R, (1) e,
tesidelobe

where R, (t) is the autocorrelation function of the m-th

(15)

transmitted signal P, (t).
According to the above-mentioned waveform
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design criteria, the waveform design problem model is
constructed as follows:

min CF = IASE, . (16)

GA is used to solve the optimal solution of the
above expressions to minimize the autocorrelation
side-lobes energy. The obtained solution is used as the
coding sequence of the phase perturbed term.

C. Dictionary learning method to separate target
echo and jamming signal

Calculate the autocorrelation function R, (t) of

the optimized PPLFM signal, and construct the target
sample set as:

D, ={DJ (t)=R (t-7,), n=12-N}. (17)

Then, according to the coding sequence 6, _, (q)
obtained by the peak detection method, the cross-
correlation function R, ,(t) between the jamming

signal and the optimized signal is calculated, and the
jamming sample set is created as:

D, ={Dj (t)=R, , (t-7,), n=12,-N}, (18)
where N is the number of all possible echoes within the

detection range of the radar range gate. According to
the radar range gate width range [d,,.d,.] and the

minimum resolution distance d, the number of atoms
in the dictionary is determined as N =(d,,, —d,;, )/d.

Time-delay 7, can be written as:
~2(d, +n-d)

n

C

where C is the speed of light.

The atoms in the sample set (initial dictionary) D;

and D, are converted into autocorrelation matrix

diagonal vectors, and then normalized to construct new

dictionaries G; and G, , respectively. After that, we

use the adaptive dictionary learning method to construct

the approximate Q-KLT basis of the target and the
jamming signal.

The specific steps to achieve the separation of

the target echo and the jamming signal under the
approximate Q-KLT basis are described below.

(1) Calculate the autocorrelation matrix R, of the

T , (19)

PC signal y in the radar range gate and the
diagonal vector d, .

(2) We use OMP algorithm to iterate the input signal
d, and the joint dictionary G, =[G;,G, ], and

unit

obtain two output results (Subset G, ~ of union

dictionary G, , sparse projection vector », —of

unit



signal d, under dictionary G, ). The atoms in
Gunit
is from G, denoted as g~,g,---, g, while the

can be divided into two groups, one of which

other is from G, denoted as g',g', --,g¥. The
-,GTk’ in
7|uni( IS deSIQnatEd as }/kl’ykg’”.’}/kj" and the

coefficient corresponding to g, g,--

coefficients corresponding to g%, g',---, g in
Vi A€ Vi Vim0 Vi

(3) Select the atom corresponding to gy, 3., -, ngJ'
from the dictionary D; to generate the template

unit

R%,R%,...,RY, and select the atom
corresponding to g¥,g%,--,g¢ from the
dictionary D, to generate the template

R, R ... RS,
(4) Calculate the approximate autocorrelation matrix
of the target and jamming:

. ]

R = zykn Rﬁ" ' (20)
n=1

R, =27 R (21)
n=1

(5) Perform eigenvalue decomposition on R, and
R, to find the approximate Q-KLT basis U7’
and U! of the target echo and jamming signal.

(6) The basis pursuit algorithm is used to solve the

estimate @, of the sparse representation of the

target echo under U;', and the estimate @, of

the sparse representation of the jamming signal
under U},

(7) Reconstructed to separate target echo Y, =U, @, ,
and jamming signal Y, =U,®, .

IV. SIMULATION RESULTS AND
ANALYSIS

A. The simulation results of detection of deception
jamming

In this paper, the radar operating at X-band is
considered, the time width of LFM signal is 10us, the
bandwidth is 10 MHz, PRI=200 us, CPI=64. The
number of C&Il jamming and SMSP jamming sub-
pulses is 20, and the number of repetitions is 5. We
assume that the target echo time-delay is 125 us, and
the jamming time-delay is 125.5 us. The jamming lag
I is 10. The SNR is set to 10 dB and the jamming to
signal ratio (JSR) is 30 dB.
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Fig. 4. Detection probability of jamming signal.
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Fig. 5. Estimation of I.

In order to verify the performance of the peak
detection method for slice-type interference detection,
C&l and SMSP jamming signals are detected by
employing the proposed peak detecting method. Figure
4 shows the results of detection probability of jamming
signal. It can be seen that as the SNR decreases, the
detection probabilities of both jamming signals show a
downward trend. Under the same detection threshold,
the peak detection method has a higher detection
probability for C&I jamming. When SNR=-10 dB, the
jamming detection probability remains around 0.9. The
simulated results in Fig. 4 demonstrate the effectiveness
of the proposed peak detection method for slice-type
interference detection.

When the jamming signal is estimated, the number
of the period of the signal transmitted by the radar is
needed to be determined. Figure 5 is the simulation result
of the peak detection method to estimate the lagging I.
It can be seen that the corresponding phase difference at
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I=10 is twice that of other elements, which shows that
for the slice jamming, the peak detection method can
effectively estimate the lagging I. The results also can

be as the prior information for the anti-jamming method.

B. The simulation results of the optimized design of
PPLFM waveform

According to the optimized design of the PPLM
waveform, the simulated result is presented in Fig. 6.
Figure 6 shows the relevant characteristics of the
optimized PPLFM. The code length Q=100 of the phase
perturbed term in the PPLFM signal. The GA parameters
are set as follows: the maximum number of iterations is
600, the number of populations is 200, the crossover
probability is 0.9, and the mutation probability is 0.1. It
can be seen from the Fig. 6 that the auto-correlation
(AC) and cross-correlation (CC) of the green dotted
LFM signal are the same, and the peak of the auto-
correlation side-lobe reaches -13.5 dB. The solid blue
line represents the auto-correlation of the optimized
PPLFM signal. The auto-correlation side-lobe peak
reaches -22.18 dB, which is more conducive to the
detection of real targets for radar under strong jamming
and low SNR conditions.

0

LFM AC/CC
—— PPLFM AC
----- PPLFM CC

-13.50dB

20F A

Amplitude (dB)

-40

1 1 , I

9 10 11

Time (us)
Fig. 6. Related characteristics of PPLFM signals.

C. The simulation results of the dictionary learning
method to separate target echo and jamming signal

The effectiveness of the peak detection method is
verified under both C&I and SMSP jamming signals in
section A. The designed transmitted signal is also given
in section B. In this section, the simulation results of the
dictionary learning method to separate target echo and
jamming signal will be presented.

Figure 7 depicts the results of sliced jamming
suppression. The red dotted line represents the result of
matched filtering processing of the fixed LFM signal
transmitted by the radar. It can be seen that the dense
false targets formed by these two sliced jamming
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completely overwhelm the real targets. In this paper,
the agile radar transmits the optimized PPLFM signal,
and the solid black line represents the target echo
separated by the dictionary learning method. It can be
seen that the proposed strategy effectively suppresses
the sliced jamming.
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Fig. 7. Suppression results of sliced jamming.

In order to analyze the impact of different JSR and
SNR on our strategy to separate signals, we use the
gini coefficient to measure the sparsity of the projected
vectors of the target and jamming signals under
approximate Q-KLT basis. Among them, the gini sparse
range is [0, 1], the larger the value, the stronger the
sparsity. Figure 8 shows the results of 100 Monte Carlo
simulations.

Figure 8 (a) shows that with the improvement of
JSR, the sparseness of the target projection vector tends
to be stable, and the gini coefficient remains around
0.75. It shows that the sparseness of the projection
vector of the target signal under the approximate Q-
KLT basis is not affected by the jamming intensity. The
sparsity of the target projection vector in Fig. 8 (b)



increases with the increasing of SNR, showing that
SNR affects the sparsity of the target projection.
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Fig. 8. Gini coefficient versus JSR and SNR.

Next, we evaluate the impact of JSR and SNR
on the peak side-lobes ratio (PSLR) after jamming
suppression. Figure 9 shows the results of 100 Monte
Carlo simulations. Figure 9 (a) shows that the PSLR
after this strategy suppresses sliced jamming maintaining
around 21.75 dB, which is similar to the gini coefficient
of the target projection vector in Fig. 8 (a). Therefore, it
is further verified that the PSLR of this strategy is not
affected by the jamming intensity. Figure 9 (b) shows
that the PSLR decreases as the SNR decreases, and
the change trend is still the same as the target gini
coefficient change in Fig. 8 (b). And when SNR=-10
dB, the PSLR after interference suppression reaches
18.31 dB, but it shows that the proposed strategy can
maintain high anti-jamming performance under low
SNR.
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Finally, we compare the anti-jamming ability of
the proposed strategy with the JBSS method in [10].
Taking SMSP jamming as an example, set JSR=20 dB.
We carried out 100 independent trials for Monte-Carlo
simulations under the same conditions of other
parameters. Figure 10 shows the comparison results of
PSLR after jamming suppression for the two methods.
It can be seen that the PSLR of the proposed strategy
after jamming suppression is better than the JBSS method,
and the strategy still maintains good performance under
low SNR. The PSLR of the JBSS method drops sharply
with the SNR decreases. Since the principle of the JBSS
method in [10] is based on the independence between
the target and the jamming signal and the correlation
between the target signals in different receivers, it will
be affected by noise energy. Based on the good sparsity
of the PC signals of target and jamming under their
respective adaptive dictionaries, these signals can still
be well separated under low SNR conditions.
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Fig. 9. PSLR after the jamming suppression versus JSR
and SNR.
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V. CONCLUSION

This paper studies the problem of agile LFM radar
against dense false target jamming. According to the
RPIP signal transmitted by the radar system, we use the
peak detection method to detect deception jamming.
Then, we construct the target sample set and the
jamming sample set, and we implement the separation
of the target echo and the jamming signal via the
adaptive dictionary learning and the optimized PPLFM
signal to achieve the range side-lobes suppression.
Finally, simulation experiments are given, the results
show that the proposed strategy can effectively detect the
presence of jamming and suppress such slice jamming.
In addition, the anti-jamming performance is not affected
by the jamming intensity. Compared with the JBSS
method, it can be concluded that the strategy can still
maintain good anti-jamming performance under low
SNR conditions. To further improve the performance
of the radar, the matched filter can be considered by
employing adaptive filter algorithms [13-22] in the
future work.

ACKNOWLEDGMENTS
This work was supported by the Fundamental
Research Funds for the Central Universities

(3072021CF0804) and Funding of Key Laboratory of
Advanced Marine Communication and Information
Technology, MIIT, China (AMCIT2101-03).

REFERENCES

[1] Q. Shi, N. Tai, C. Wang, and N. Yuan, “On
deception jamming for countering LFM radar based
on periodic 0-phase modulation,” AEU-International
Journal of Electronics and Communications, vol.
83, pp. 245-252, Jan. 2018.

[2] K. Olivier, J. E. Cilliers, and M. D. Plessis,
“Design and performance of wideband DRFM for

(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

ACES JOURNAL, Vol. 36, No. 9, September 2021

radar test and evaluation,” Electronics Letters,
vol. 47, no. 14, pp. 824-825, July 2011.

P. Lei, J. Wang, P. Guo, and D. Cai, “Automatic
classification of radar targets with micro-motions
using entropy segmentation and time-frequency
features,” AEU-International Journal of Electronics
and Communications, vol. 65, no. 10, pp. 806-
813, Oct. 2011.

N. Tai, H. Han, C. Wang, X. Xu, R. Wu, and Y.
Zeng, “An improved multiplication modulation
deception jamming method for countering ISAR,”
AEU-International Journal of Electronics and
Communications, vol. 110, article number: 152853,
Oct. 20109.

G. Lu, S. Liao, S. Luo, and B. Tang, “Cancellation
of complicated DRFM range false targets via
temporal pulse diversity,” Progress in Electro-
magnetics Research C, vol. 16, pp. 69-84, Sept.
2010.

S. Lu, G. Cui, X. Yu, L. Kong, and X. Yang,
“Cognitive radar waveform design against signal-
dependent modulated jamming,” Progress in
Electromagnetics Research B, vol. 80, pp. 59-77,
Mar. 2018.

Z. Liu, J. Sui, Z. Wei, and X. Li, “A sparse-driven
anti-velocity deception jamming strategy based
on pulse-doppler radar with random pulse initial
phases,” Sensors (Basel), vol. 18, no. 4, Apr. 2018.
B. Zhou, R. Li, W. Liu, Y. Wang, L. Dai, and
Y. Shao, “A BSS-based space-time multi-channel
algorithm for complex-jamming suppression,”
Digital Signal Processing, vol. 87, pp. 86-103,
Apr. 2019.

Y. Lu, M. Li, R. Cao, Z. Wang, and H.
Chen, “Jointing time-frequency distribution and
compressed sensing for countering smeared
spectrum jamming,” Journal of Electronics and
Information Technology, vol. 38, no. 12, pp.
3275-3281, Dec. 2016.

G. Cui and L. Kong, “Main lobe jamming
suppression for distributed radar via joint blind
source separation,” IET Radar, Sonar & Navigation,
vol. 13, no. 7, pp. 1189-1199, July 2019.

Y. Li, X. Ying, and B. Tang, “SMSP jamming
identification based on Matched Signal transform,”
2011 International Conference on Computational
Problem-Solving (ICCP), Chengdu, China, pp.
182-185, Oct. 21-23, 2011.

A. Aubry, A. D. Maio, M. Piezzo, M. M. Naghsh,
M. Soltanalian, and P. Stoica, “Cognitive radar
waveform design for spectral coexistence in
signal-dependent jamming,” 2014 |IEEE Radar
Conference, Cincinnati, OH, USA, pp. 0474-0478,
May 19-23, 2014.

Y. Li, Z. Jiang, W. Shi, X. Han, and B. Chen,
“Blocked maximum correntropy criterion algorithm



JIANG, YU, XING, XIA, DU, LI, ZHI, ZHAO: DESIGN FOR DENSE FALSE TARGET JAMMING SUPPRESSION

[14]

[15]

[16]

[17]

[18]

for cluster-sparse system identifications,” IEEE
Trans. Circuits Syst. Il, Express Briefs, vol. 66,
no. 11, pp. 1915-1919, Nov. 2019.

W. Shi, Y. Li, and Y. Wang, “Noise-free maximum
correntropy criterion algorithm in non-Gaussian
environment,” IEEE Trans. Circuits Syst. Il Express
Briefs, vol. 67, no. 10, pp. 2224-2228, Oct. 2020.
W. Shi, Y. Li, and B. Chen, “A separable
maximum correntropy adaptive algorithm,” IEEE
Trans. Circuits Syst. Il, Express Briefs, vol. 67,
no. 11, pp. 2797-2801, Nov. 2020.

Y. Li, Y. Wang, and T. Jiang, “Norm-adaption
penalized least mean square/fourth algorithm for
sparse channel estimation,” Signal Processing, vol.
128, pp. 243-251, 2016.

W. Shi, Y. Li, L. Zhao, and X. Liu, “Controllable
sparse antenna array for adaptive beamforming,”
IEEE Access, vol. 7, pp. 6412-6423, 2019.

X. Huang, Y. Li, Y. V. Zakharow, Y. Li, and B.

[19]

[20]

[21]

[22]

Chen, “Affine-projection Lorentzian algorithm for
vehicle hands-free echo cancellation,” vol. 70, no.
3, pp. 2561-2575, 2021.

T. Liang, Y. Li, W. Xue, Y. Li, and T. Jiang,
“Performance and analysis of recursive constrained
least Lncosh algorithm under impulsive noises,”
IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 68, no. 7, pp. 2217-2221, 2021.
T. Liang, Y. Li, Y. V. Zakhrow, W. Xue, and J.
Qi, “Constrained least Lncosh adaptive filtering
algorithm,” Signal Processing, vol. 183, 2021.

Y. Liand Y. Wang, “Sparse SM-NLMS algorithm
based on correntropy criterion,” vol. 52, no. 17,
pp. 1461-1463, 2016.

Y. Li, C. Zhang, and S. Wang, “Low-complexity
non-uniform penalized affine projection algorithm
for sparse system identification,” Circuits, Systems,
and Signal Processing, vol. 35, no. 5, pp. 1611-
1624, 2016.

1181



1182

ACES JOURNAL, Vol. 36, No. 9, September 2021

A New Mode Stirrer Design for the Reverberation Chamber

Jiazhi Tang?, Furong Li?, Junhao Zheng?, Xiaoming Chen?, Yingsong Li?3, and Juan Chen*

1School of Information and Communications Engineering
Xi’an Jiaotong University, Xi’an, 710049, China
furong.li@xjtu.edu.cn

2 College of Information and Communication Engineering
Harbin Engineering University, Harbin, 150001, China

3 Key Laboratory of Microwave Remote Sensing
National Space Science Center, Chinese Academy of Sciences, Beijing, 100190, China

# Shenzhen Research School
Xi'an Jiaotong University, Shenzhen, 518057, China

Abstract — In this paper, a mode stirrer composed of
random positioned metal plates is proposed for
reverberation chamber. The designing procedure of
the mode stirrer is presented. The designed stirrer is
compared with the common Z-shaped stirrer in both
simulation and measurement. It is shown that in general
the proposed stirrer outperforms the common Z-shaped
stirrer with the same sweeping volume. Nevertheless,
the measurement results show that the performance
improvement of the designed stirrer becomes insignificant
at higher frequencies with additional platform stirring.
Albeit the difference, the stirring improvement of the
designed stirrer is clearly demonstrated at low frequencies,
which is more important due to the inherent low mode
density at low frequency.

Index Terms —Independent sample number,
measurement uncertainty, mode stirrer, reverberation
chamber.

I. INTRODUCTION

The reverberation chamber is a shielded room with
various stirring mechanisms for over-the-air (OTA) and
electromagnetic compatibility (EMC) tests [1]. Whether
the electromagnetic fields are statistically homogeneous
and isotropic or not is of great importance to the
reverberation chamber testing. Due to the stochastic nature
of reverberation chamber measurements, measurement
uncertainty analysis is of great importance for EMC/OTA
tests in the reverberation chamber [2]-[7]. Experimental
evaluation of the measurement uncertainty dictates many
independent and repeated measurements. To avoid the
time-consuming uncertainty characterization, one can
resort to the equivalent number of independent samples
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N., , which is related to the standard deviation
(uncertainty) o as a:l/./de [6]. The advantage of
using N, is that, instead of conducing many sets of

independent measurements, one can estimate N, , from

one set of measurement [2],[6]. The measurement
uncertainty and the field uniformity are equivalent for
evaluating the stirring performance of the reverberation
chamber. As a result, many studies use the number of
independent samples (or a slightly different form of it) to
evaluate the stirring performance in the reverberation
chamber, e.g., [7]-[11]. Hence, we will use the same
performance indicator in this work.

There are complicated factors affecting the
electromagnetic field distribution in the reverberation
chamber, including mode stirrer, turntable platform, and
scatters on the metal walls. Many works are carried out
to optimize these factors to reduce the measurement
uncertainty, e.g., stirrer [12],[13], diffusors [14],[15],
turntable platform [16] or source stirring [17],[18],
metasurface for changing the cavity boundary condition
[19]-[21].

In this work, we use a random optimization
algorithm to optimize the mode stirrer. The optimized
stirrer is fabricated and measured in a reverberation
chamber. Superior performance to the conventional Z-
shaped stirrer is observed by both simulation and
measurement. This is especially true at low frequencies.
However, it is shown from measurement result that with
platform stirring, the superior performance of the designed
stirrer vanish at higher frequencies. Explanation and
verification are given. Nevertheless, since the inherent
mode density of the reverberation chamber increases
with frequency, it is more important to improve the

https://doi.org/10.47037/2021.ACES.J.360909
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measurement uncertainty at the lowest usable frequency.
Therefore, the designed stirrer proves to be useful for
practical reverberation chamber measurements.

I1. DESIGN OF STIRRER

There are in general two types of mode stirrers:
rotating stirrer and translating stirrer. It was found that
the rotating stirrer not only enjoys simpler motor
structure but also has better stirring performance as
compared with the translating stirrer, provided that the
sweeping volume of the two types of mode stirrers are
the same [15]. Therefore, this work focuses solely on the
rotating stirrer.

The (rotating) stirrer in a reverberation chamber is
usually composed of a central axis, several metal plates,
and an electric motor. It can be seen in Fig. 1 (a) that the
metal plates of Z-shape stirrer are stitched one by one
with a uniform 120 degree flare angle (except at the top
and bottom). Note that each metal plate shall be no less
than one quarter of the wavelength at the lowest usable
frequency [2].

For comparison fair in this work, we set the sweeping
volume of all the stirrers to be 0.2 m x 0.2 m x 1.2 m.
The initial state of the stirrer to be optimized is shown in
Fig. 1 (b). There are in total 196 metal plates each with a
size of 10 mm x 10 mm. Obviously, the stirrer shown in
Fig. 1 (b) will be inefficient for mode stirring in a
reverberation chamber due to its symmetry around the
rotating axis. Hence, for optimal stirring performance,
we should make it asymmetric and irregular.

(a) (b) (©)

Fig. 1. Models of stirrers: (a) Z-shape stirrer, (b) initial
state of the stirrer to be optimized, and (c) optimized stirrer.

By applying the genetic algorithm (GA) [12] to
optimize the stirrer, the final design of the stirrer is
depicted in Fig. 1 (c). Such an irregular design can be
intuitively explained via Fig. 2, from which it can be seen
that merely several metal plates can form different metal
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structures. Under different incident wave directions,
different metal structures result in different wave
reflections and diffractions. Therefore, the whole stirrer
can be designed by using many such metal cavities with
random positions. In order to simplify the design
procedure, coding ideas are applied. According to the
binary theory, the 196 metal plates are converted into
a 196-bit code composed of 1 and 0 codes. When
constructing the stirrer, 0 means that the corresponding
position of the stirrer is empty, while 1 means that there
is a corresponding metal plate at that position.

. Metal plate

= P
o5

Fig. 2. Different metal plate structures with different
incident wave directions.

Ist
Generation

| (1)
Optimal Good
Stirrer Stirrer

2nd
Lol Section 1 Section 2 Section 3 Section 4 [eliif {14
Generation |

Optimal Good
Stirrer Stirrer

Nth
Generation

Fig. 3. Optimization process of stirrer through the
genetic algorithm.

The optimization process is accomplished through
co-simulations with Matlab and CST full wave simulation
software, where the evaluation of each stirrer is carried
through in CST and all the data processing as well as
the optimization algorithm are conducted in Matlab. The
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whole procedure is depicted in Fig. 3, which mainly
demonstrates how the first generation evolves into the
second generation. Note that in the optimization algorithm
the stirrer is regarded as the chromosome while the
196 metal plates are the genes. At the beginning of
the procedure, 50 stirrers that are randomly generated
constitute the original group (cf. orange color box) and
there are 5 steps in its evolution into next generation
(cf. green color boxes): 1) evaluate all members in the
original group ranking from the best to the worst, where
the optimal stirrer is the top one, the good stirrers are the
2nd-10th members in rank and the other stirrers are the
rest; 2) the optimal stirrer is chosen directly as section 1
of the offspring; 3) two individuals from good stirrers are
selected as parents according to probability (calculated
from the rank) and provide their genes (half of each
one's genes for crossover) to form one offspring. 19
new stirrers are constructed like this in section 2; 4) there
are 20 new stirrers born in section 3 and every offspring
get its genes as in step 3), whereas 5% of its genes are
chosen to mutate (random gene locations); 5) 10 stirrers
are randomly generated in section 4 to maintain the
population diversity. Finally, in total 50 offspring from
the four sections become the second generation. In fact,
these steps are the so-called evaluation fitness, natural
selection, mate selection, mutation and offspring
generating in the GA. When repeating the 5 steps, the
second, third and Ny generation with 50 stirrers can be
acquired until the optimization is converged [12]. Next,
the evaluation process will be illustrated in the following
paragraph.

To evaluate the performance of the coded stirrer,
a top view of schematic diagram is shown in Fig. 4.
The stirrer (blue square) is located in the center and
spherical uniform incident wave (grey dotted circle line)
is generated impinging on it. Field probes are set
surrounding the stirrer to observe the reflected wave. E
and H field values recorded by the probes are used to
calculate the average angle of the Poynting vector

Orve_poyniing » Which signifies a measure of the ability of

changing the electromagnetic field distribution. Through
the GA algorithm optimization in Fig. 3, the proposed
stirrer can be obtained and the comparison of the mean
angle of the Poynting vector has been exhibited in Table
1. As can be seen, the optimized stirrer (cf. Fig. 1 (c)) has
the highest value, whereas the initial state of the stirrer
(cf. Fig. 1 (b)) has the lowest value as expected. From
Table 1, it can be inferred that the optimized stirrer has
the best stirring performance. By applying this stirrer
in a reverberation chamber, the electromagnetic field
will be stirred more efficiently and its distribution can
become more uniform from a statistical point of view.

ACES JOURNAL, Vol. 36, No. 9, September 2021

Top View of the Simulation

7~
7~
7~

7 Probe
Incident .
wave 2 S
\ v
N +

.
\ N 4
p
:

77 Reflected
wave

Fig. 4. Model to evaluate the stirrer.

Table 1: Average angle of the Poynting vector

Stirrer 6Ave7 poynting
Z—shape 7.64
Original 5.25
Final 12.73
1. SIMULATIONS

The reverberation chamber used for simulation has
a size of 1.44 m x 0.92 m x 1.5 m as shown in Fig. 5.
The dimensions are chosen to be the same as the
reverberation chamber in the Lab. In this model, the
transmit antenna is a discone antenna (red color) placed
in the corner, while the stirrer is located vertically around
the z-axis. Furthermore, the working volume is set as
0.4 m x 0.52 m x 0.3 m with 8 field probes (black cross
figure) at its 8 vertices to sample the electric field.
(Each probe can sample three orthogonal rectangular
components of the E field.) The testing frequency range
is from 1 to 2 GHz. Given the chamber's dimensions, one
can readily find out that the lowest usable frequency of
the reverberation chamber is around 1 GHz [2].

The simulation is also carried out in the CST full
wave simulation software. During the simulation, the
proposed stirrer rotates stepwise around the vertical axis
with an angular step of 6°. The 8 electric probes record
the rectangular components of E field at each rotation
angle of the stirrer. After 60 rotations, the sampled data
of probes are collected and analyzed. To evaluate the
stirrer’s stirring performance, the number of independent
samples of test is calculated by the auto-correlation
function (ACF) method [6]. According to the ACF method,
the n-th auto-correlation coefficient is calculated by:

Ni(xj =(3)) (X0 =(x))
A [N e ' @




where x is the recorded data, o2 is the variance of x:
1 7.22
:g(l_ No.mj’ 2)
where e is the base of the natural logarithm function
(ex2.7183) [2] and r is the threshold of the auto-
correlation coefficient of the measured samples [7] and
often equal to 0.37. The offset number N, ; is determined

from the ACF using the threshold. The number of

independent samples of the data is then determined as:
Ning i :l’ (3)

’ NA,i

where i ranges from 1 to 24 (8 probe locations x 3

electric field rectangular components) and N = 60 is

the whole rotation sample number. Finally, the averaged

number of independent samples over all the probes N,

is calculated as:
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Fig. 5. Simulation model of stirrer in reverberation
chamber.

The simulation procedure is repeated for the
optimized stirrer and a common Z-shaped stirrer,
respectively. For fair comparison, the sweeping volume
of the two stirrers are set to be the same. Their stirring
performances are compared in Fig. 6. The black
line represents the number of independent samples
corresponding to the Z-shaped stirrer, while the red color
line stands for the number of independent samples
corresponding to the optimized stirrer. Note that due to
the stochastic nature of the reverberation chamber, both
curves are fluctuated and a 50-MHz smoothing windows
is applied to make them more readable [6]. Nevertheless,
it is obvious that the value of the red line apparently
larger than that of the black line over the entire frequency
range. This implies that the optimized stirrer clearly
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outperforms the common Z-shaped stirrer.

20 T T T T
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Fig. 6. Comparison of numbers of independent samples
of simulated reverberation chamber with the two different
stirrers.

(b)

Fig. 7. Measurement setup of reverberation chamber
with: (a) Z-shaped stirrer and (b) optimized stirrer.

1IV. MEASUREMENTS

The wused reverberation chamber for actual
measurements is located at the Xi’an Jiaotong University,
Xi’an, China. The proposed stirrer is manufactured and
installed in the reverberation chamber as shown in Fig.
7. The reverberation chamber is mainly equipped with a
turntable platform, a transmit antenna, and a receive
antenna. In the measuring process, the stirrer and
turntable platform are controlled by a personal computer
(PC). A vector network analyzer is used to collect the
data from the two antennas. The sampling number of
the test is 100 (10 stirrer rotation angles x 10 platform
rotation angles).

Figure 8 shows the estimated numbers of independent
samples (solid curves) with the Z-shaped stirrer and the
optimized stirrer together. As can be seen, the number of
independent samples of optimized stirrer is larger than
that of the Z-shaped stirrer below 1.6 GHz. Above
1.6 GHz, the two stirrers have essentially the same
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stirring performance. The different trends between the
measurement and simulation in Fig. 5 are attributed to
several factors: 1) the boundary condition of the actual
reverberation chamber is much more complicated than
that of the simulated chamber; 2) the actual chamber is
equipped with a turn-table platform that is missing in
the simulation due to computational complexity; 3) it
has been found experimentally that platform stirring is
more effective than mode stirring [22]. The last factor is
probably the dominant one, because once the distance
between two consecutive positions of the antenna on
the platform is larger than the coherence distance [10]
(which is the case at higher frequencies), the stirring
performance is dominated by the platform stirring
and the stirrer performance improvement becomes
insignificant. To verify the analysis, another simulation
including the platform stirring condition is conduct and
the results are also exhibited in Fig. 8 (dotted curves). It
is noted that the two dotted lines above 1.55 GHz have
smaller difference than that below 1.55 GHz, which is in
accordance with the measurement curves. Hence the
additional simulation results substantiate that the third
factor is the main cause of the difference of solid lines
between Fig. 6 and Fig. 8. Nevertheless, as mentioned
before, for reverberation chamber measurements it is
most challenging and important to improve the stirring
performance around the lowest usable frequency. The
stirring performance at higher frequencies are good
anyway due to the inherent mode density of the
reverberation chamber that increases with frequency.
Thus, it is highly desirable to have such a stirrer (cf. Fig.
1 (c)) that can improve the stirring performance at lowest
usable frequency.

100 . — . —

904

80 -

704§

——— common stirrer (mea.)
proposed stirrer (mea.)| |
--------- common stirrer (sim.)
--------- proposed stirrer (sim.)

60 -

Independent sample number

50

T T T T
1000 1200 1400 1600 1800 2000
Frequency (MHz)

Fig. 8. Comparison of numbers of independent samples
of measurements (solid curves) and simulations (dotted
curve) of the two different stirrers with platform.

V. CONCLUSION
In this paper, an optimized stirrer was presented. Its
superior performance was demonstrated by simulation as
well as measurement. The differences between simulation
and measurement was explained. It was shown that the
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optimized stirrer could improve the stirring performance
of the reverberation chamber around the lowest usable
frequency. At higher frequency, however, the stirring
performance was dominated by the turntable platform.
Nevertheless, as explained in the paper, it was of great
importance to have such an optimized stirrer to improve
the performance of the reverberation chamber at low
frequencies, where the mode density was inherently low.
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Abstract — A near-field planar array of wideband dual
polarized antennas for plane-wave synthesis has been
investigated. The paper presents a PWG with a
concentric ring array of 84 Vivaldi antennas which can
work at 0.6GHz-3GHz. The constraint least square (CLS)
algorithm is used to optimize the weight coefficients
of the array elements, which effectively reduce the
influence of system uncertainty on quiet zone (QZ)
ripple. To reduce the system cost and complexity, the
array elements in each concentric ring form a sub-array
and the elements of the same sub-array adopt a passive
beam forming network. The simulation and initial test
results of a circular QZ with a diameter of 600 mm are
given. The results demonstrate the feasibility of our
design.

Index Terms — Constrained Least Square (CLS), plane
wave synthesis, wideband dual polarized.

I. INTRODUCTION

The fifth generation (5G) technology [1-2] has
brought new challenges to radiated tests of radio
frequency (RF) and antenna systems [3-22]. The
integrated design of RF front-end and antenna makes the
traditional conductive test no longer applicable, which
puts forward new requirements for 5G testing. Various
over-the-air (OTA) measurement methods have attracted
great attentions in the development of wireless devices.
Generally speaking, all wireless tests conducted in
controllable environments, such as anechoic chamber

Submitted On: July 29, 2020
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(AC) [5, 6] or reverberation chamber (RC) [7], belong
to OTA tests. Direct far-field testing dictates a long
distance between the antenna under test and the
measurement probe. This can impose challenging
demand on the size of the AC, link budget, etc. To reduce
the size of the AC (and, therefore, the system cost),
various near field antenna measurement techniques have
been proposed. The near field antenna measurement
system collects the amplitude and phase of each point
over a specific plane in the test zone and converts
the near-field to the far-field through sophisticated
transformation algorithms to obtain the far-field radiation
characteristics of the antenna [8]. The compact antenna
test range (CATR) relies on the parabolic reflector to
convert spherical waves into plane waves. Good
measurement performance can be achieved. However,
the method is somehow limited by the construction cost
and manufacture accuracy. In order to avoid the
complicated near-to-far field transformation and reduce
the cost, a promising solution is to synthesize plane
waves in the near field using the plane wave generator
(PWG) method [9-13].

The PWG can generate quasi-plane wave in short
distance by optimizing the amplitude and phase of
the weighting coefficient of each element, which has
the advantages of high accuracy, small size and low
maintenance cost. The synthesis procedures and design
guidelines regarding size and shape of the PWG, as well
as the number of radiating sources needed to synthesize
the required plane waves were given in [14]. The

https://doi.org/10.47037/2021.ACES.J.360910
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research focus of PWG designs is to calculate the proper
weighting coefficients and to determine the positions of
the array elements given the number of radiating sources
and the distance between PWG and the antenna under
test (AUT). The literature proposes some algorithms,
such as least square method (LSM), singular value
decomposition (SVD), Genetic Algorithm (GA), Particle
Swarm Optimization (PSO), etc. [15-20] to solve the
optimization problem. Most of the studies on PWG lack
experimental validations until very recently [21-23]. The
design and measured performance of a dual-polarized
PWG are reported in [22, 23].

The LS method is widely used for plane wave
synthesis, but it has the disadvantage of poor adaptability
of the mean square error to measurement noise. In order
to obtain a stable solution to the ill-conditioned LS
problem, the weighting coefficients of the array elements
are calculated using the constraint least square (CLS)
algorithm based on Lagrange multiplier method, which
effectively reduce the influence of system uncertainty on
quiet zone (QZ) ripple. And a reference area larger than
QZ is introduced to reduce the reflection effect caused
by the uneven distribution of the field outside QZ.

We designed a plane wave generator with 84
broadband dual polarized Vivaldi antennas, which is
divided into 6 sub-arrays to reduce the system cost.
Compared with the previous works [24], the presented
PWG design has much fewer antennas and RF chains
(and, therefore, a much lower system cost), while
providing reasonably good performance. It is a reciprocal
structure that can test radiated performances of the RF
transceiver link, such as EIRP (Effective Isotropic
Radiated Power), EIS (Electrochemical Impedance
Spectroscopy), and EVM (Error Vector Magnitude). The
designed prototype is validated by experiments.

The structure of the paper is as follows. Section
Il describes the system model of the PWG and the
optimization algorithms in the synthesis processes. A
PWG prototype with 84 array elements is designed.
In Section Ill, simulation results and experimental
validations show that the PWG can generate a quiet zone
(QZ) in the desired frequency band with satisfactory
amplitude and phase errors. Section IV draws conclusions.

Il. METHOD OF PLANE WAVE SYNTHESIS

A. System model
In this paper, a PWG with a plane array of N
antennas and an AUT with a square array of M samples
is considered. Assuming the distance between the PWG
and AUT is D. As shown in Fig. 1, the field of the m-th
sample on the AUT is:
N i@ DR,
= nzz; " 4zR,, 1)

where 1 is the excitation current of the n-th antenna

ACES JOURNAL, Vol. 36, No. 9, September 2021

element in the PWG, 4 is the wavelength and R, is
the distance between the m-th sample and the center of
the n-th antenna element. Its vector-matrix representation
is given as follows:

E=AI, 2
where 1=[l,1,,---1,1" , E=[E,E,,---E,]" with the
superscript H denoting conjugate transpose, and A is a
MxN coefficient matrix given by:

r e—j(2ﬂ//1)R11 e—j(27r//1)R1N 7
iy AzR,
A=l : 3)
g 1@7/2)Ru; g 1@ DRy
L 4zR,,, 47Ry ]

The objective is to minimize the amplitude and
phase error between the target field and the field sample.
And the objective function can be written as

f=min| Aynlya—Eo,, llo, 4)
where E, is the field of an ideal plane wave and |}+||,

denotes the Euclidean norm. By taking the derivative of
the cost function and forcing it equal zero, the least
square (LS) solution is obtained as follows:

I=(A"A)*AYE, . (5)

20-
AUT

Fig. 1. Geometry of PWG and AUT.

B. The synthesis method

The LS method can find the optimal weighting
coefficient of each array element by minimizing the
square sum of the error. In order to synthesize a quasi-
plane wave on antenna under test (AUT), we set M>>N.
The LS problem is an ill-conditioned problem. Small
disturbances in the coefficient matrix may cause huge
disturbances in the solution, making the calculated LS
solution meaningless. Especially in practical applications,
the LS algorithm cannot fit well due to the uncertainty of
the testing environment and the system accuracy. In
order to obtain a stable solution to the ill-conditioned LS
problem, we resort to the constrained least square (CLS)
method.



The CLS can be expressed as:
min||Al-E,|, st.Cl=D, (6)
where C is a PxN matrix, and D is a Px1-vector.
|| Al —E, |, is the objective function and Cl =D are the

equality constraints. | is a solution of CLS. If Ci =D,
|Al - E, [l,<||Al —E, ||, holds for any Nx1 vector | that

satisfies CI=D.

In this paper, we introduce a reference zone that is
larger than the ideal QZ. Eo is the field of the plane wave
of the ideal area, D is the field of the reference area, and
C is the coefficient matrix of the PWG and the reference
area. The amplitude, phase and size of the field outside
the QZ and the weighting coefficient of each element on
the PWG can be optimized using the global optimization
algorithm.

C. Design of PWG

As shown in Fig. 2 (a), the PWG system is mainly
composed of antenna array, beam forming network,
polarization control turntable, test instruments, and
multi-axis turntable. In this paper, a PWG with a
concentric ring array of 84 probe elements is designed.
The radial spacing between each ring of the PWG is 125
mm. The elements between two neighbouring rings are
offset by certain degrees [see Fig. 2 (b)] to reduce to keep
the mutual coupling in an acceptable level [24].

In order to improve the QZ size and accuracy, the
basic idea of the PWG is to use multiple probe antennas,
each of which is equipped with a phase shifter and an
attenuator, to synthesize plane wave on the AUT area.
However, the application of large-scale antenna arrays
will increase construction and maintenance costs. A
feasible solution is to divide the whole array into several
sub-arrays and the elements in each sub-array share the
same phase shifter and attenuator. In total, there are six
concentric sub-arrays.

The elements in a concentric ring forms a sub-array
and the radiating elements of the same sub-array adopt a
passive beam forming network using approximately the
same amplitude and phase excitation. As shown in Fig.
3, we use a multi-stage power divider network with
power dividers of 1to 2, 1 to 4, and 1 to 8 power dividers
according to the number of each sub-array element.

In the near-field test, the probe has a great influence
on the electrical performance of the test system. There
are two methods to achieve dual polarized near-field
measurement. One is to rotate a single-polarized probe
mechanically and the other is to directly use a dual-
polarized probe. Since the former increases the hardware
complexity of the PWG and the measurement time, dual-
polarized probe antennas are widely used. Preferably, the
dual-polarized probe should have low cross-polarization,

PENG, CHEN, LI, LIU, ZHANG, ZHANG, LI: ARRAY-BASED PLANE WAVE GENERATOR

broadband characteristics and small size. The dual-
polarized Vivaldi antenna is an ultra-wideband antenna
that fulfills all the requirements [25]. Therefore, it is
chosen as the radiating element of the PWG in this work.
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Fig. 2. (a) Structure diagram of the PWG testing system;
(b) element positions (marked as asterisks) of the PWG.
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Fig. 3. The structure of the PWG.
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I11. SIMULATION AND MEASUREMENT
RESULTS

A. Simulation

The designed PWG was simulated at 3 GHz. The
circular QZ has a diameter of 600 mm. The inter-element
spacing of the sampling grids in the QZ is 0.01 m. The
distance between the AUT and the PWG is 1.8 m.

The reference area is a circular area with a diameter
of 800 mm containing the QZ at its center. Figures 4 and
5 shows the simulation results of the PWG based on the
LS and CLS methods (where the QZ is marked in a black
circle). The amplitude and phase errors of the QZ
generated by the CLS method are within £0.8 dB and £5°,
respectively. Obviously, the plane waves synthesized by
the CLS method are more consistent. Furthermore,
compared with the LS method, it can effectively reduce
the multipath scattering around the quiet zone. This
indicates that the design meets the performance
requirements well.

Considering the method of sub-array division, each
concentric circle is used as a sub-array to match the
excitation source with the same amplitude and phase.
This is a trade-off between QZ performance and system
complexity. The corresponding simulation results are
shown in Fig. 6.

Figure 7 shows the maximum amplitude and phase
errors of the QZ on the AUT with distances of 1.5m,
1.8m, 2.0m and 2.3m between the PWG and AUT. As
can be seen, when the PWG works within the frequency
range of 0.6 GHz-3 GHz, its maximum amplitude error
is less than 1 dB and the maximum phase error is less
than 2° as the distance of PWG and AUT is more than
2m.
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Fig. 4. Simulation results of the PWG based on the LS
method at 3 GHz. The amplitude (a) and phase (b) of the
excitations of the antenna elements in the PWG; the
amplitude (c) and phase error (d) on the AUT.
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Fig. 5. Simulation results of the PWG based on the CLS
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amplitude (c) and phase error (d) on the AUT.
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Fig. 6. Simulation results of the PWG based on the sub-
array method at 3 GHz. The amplitude (a) and phase (b)
of the excitations of the antenna elements in the PWG;
the amplitude (c) and phase error (d) on the AUT.

B. Measurement

Figure 8 is the actual measurement setup of the
PWG system. The mutual coupling between antennas is
reduced by inserting absorbing materials between the
antenna array elements. The vertical flatness of the QZ
was measured using the scanning frame. Figures 9
and 10 present the amplitude and phase errors at the
frequencies, 0.6 GHz, 1.5 GHz and 3 GHz with two
different distances between the PWG and AUT of 1.8 m
and 2.3 m. As can be seen, as the distance increases,
the testing results have been significantly improved.



Note that due to the inconsistency of the radiation
characteristics of the measurement error of the test probe,
the multipath array elements, imperfect calibration of the
amplitude and phase imbalance of the feeding network,
reflections in the non-anechoic testing environment, etc.,
the measured results are not as good as the simulated
ones. Nevertheless, as can be seen from Figs. 9 and 10,
reasonable plane waves can be generated using the PWG
at the near-field range.
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Fig. 7. Maximum amplitude (a) and phase errors (b) on
the AUT as a function of frequency with a distance of
1.5m, 1.8 m, 2.0 m and 2.3 m between the PWG and
AUT, respectively.
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Fig. 8. Measurement setup of the PWG.
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Fig. 10. Measurement results of PWG at 0.6GHz, 1.5GHz
and 3GHz with a distance of 2.3m between PWG and
AUT.

IV. CONCLUSION

The PWG is an effective OTA test method with the
advantages of high accuracy, small size and low
maintenance cost. In this paper, we designed a wideband
dual-polarized PWG consisting of 84 Vivaldi antennas
(divided into six concentric subarrays). In order to
enhance the robustness of the system, CLS algorithm
is proposed to optimize the weights of array elements.
By tradeoff between QZ performance and system
complexity, the design of sub-array is introduced to
reduce the number of RF channels. The simulation and
measurement results of the designed PWG are given in
the frequency range of 0.6 GHz - 3 GHz. The test results
of the amplitude and phase error in the QZ are in
+1 dB and £10° respectively. The unsatisfactory test
environment may have a slight impact on the results.
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Abstract — In this paper, a compact multi-probe
reverberation chamber (RC) is proposed for over-the-air
(OTA) testing. 16 probe antennas are used to reduce the
measurement time. Typical parameters of the RC, such
as field uniformity (FU), quality factor (Q factor), and
independent samples are given. Total radiated power
(TRP) and pattern correlation measurements have been
performed to validate the RC system.

Index Terms — Compact, multi-probe RC, OTA.

I. INTRODUCTION

Reverberation chamber (RC) is an electrically large
shielded cavity, which utilizes the rotation of mechanical
stirrers to create a statistically uniform, isotropic, and
randomly polarized fields [1-2]. Initially, an RC was
widely applied to electromagnetic compatibility (EMC)
testing [3-4].

With the development of the fifth-generation (5G)
wireless system and various discoveries of new
statistical electromagnetics in recent years, researchers
have introduced RC into over-the-air (OTA) wireless
device testing gradually [5]. In contrast with multi-probe
anechoic chamber (MPAC) [6] and radiated two-stage
(RTS) [7], RCs are more cost-effective and has larger
test area in some applications. Thus, well-developed
standards have been proposed in industry for OTA
testing, such as IEC 61000-4-21and CTIA [8, 9]. RC
has been generally used to perform total radiated
power (TRP), total isotropic sensitivity (TIS), pattern
correlation, diversity gain, throughput measurements of
a device under test (DUT), and other fields [10-13].
Typical simulation methods of an RC are Monte-Carlo
method, time domain simulation, and frequency domain
simulation [14-16].

In previous work, multi-probe systems are generally
used to evaluate the performance of RC or anechoic
chamber (AC) [17-20]. In this paper, a compact multi-
probe RC for OTA testing is designed and fabricated
to meet the needs of large scale and rapid measurement
of wireless devices. Compared with conventional RCs
equipped with limited receiving (Rx) antennas [8],
multi-probe Rx antennas can measure more samples
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rapidly and enhance the testing efficiency. A vertical
stirrer is also used to have a hybrid stirring.

Section Il presents the parameters of the proposed
RC. A brief introduction of measurement setup and
results are shown in Section Ill. Finally, Section IV
concludes this article.

I1. DESIGN AND ANALYSIS

The design of the proposed RC is introduced in Fig.
1, with internal dimensions of 0.6 mx0.45 m x0.46 m.
16 probe antennas are optimized to have a good isolation
and are placed on the walls of the RC. A radio frequency
(RF) switch is used to switch received power from
different probes. In this section, typical figures of
merit: field uniformity (FU), quality factor (Q factor),
independent sample number of the multi-probe RC are
investigated to characterize its performance.

Step Motor

Probe Antenna

\

V-stirrer

Fig. 1. The multi-probe RC, the inner dimensions are
0.6 mx0.45 mx0.46 m.

A. Field uniformity

The FU is a fundamental parameter of an RC, which
characterizes the statistical uniformity of an RC. It is
defined as the relative standard deviation of the
maximum values obtained at the eight positions in RC
[2]. When the standard deviation (dB) is lower than the
field uniformity tolerance requirements given in [8], the
field in RC can be regarded as statistically uniform. The

https://doi.org/10.47037/2021.ACES.J.360911
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lowest usable frequency (LUF) is the lowest frequency,
which occurs three to six times the first chamber
resonance fist. The fistis 410MHz and the theoretical LUF
is about 1.23 GHz~2.46 GHz. The possible mode is 72,
which meets the requirements in the RC [8].

In this measurement, transmitting (Tx) antenna is
placed at 5 different positions within the corner and the
center of the working volume, as shown in Fig. 2. In Fig.
3, the FUs obtained from the mean received power (Pr)
and the maximum P,, are lower than the FU tolerance
from 0.94 GHz to 14 GHz. Furthermore, the LUF is
0.94GHz, lower than the theoretical value, which means
the multi-probe Rx antennas system enhances the stirring
efficiency.

T
Max(Pr)
Mean(Pr)
440 = Tolerance ||

Frequency (GHz)

Fig. 3. The FU in the RC compared with the tolerance
requirements.

B. Quality factor

Q factor represents the ability of a cavity to store
energy, which is defined as the ratio of the dissipated
power P to the stored power U:

U
= —_— l
Q P @
Here, we use the time domain (TD) method to
calculate Q factor [2]. The chamber decay constant 7z,
is obtained from the trace of the received power in TD,

thus Q factor can be calculated from:

Q =Wy, (2
where w is the angular frequency. The coherence
bandwidth Af can be obtained as:
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Af=—, ®)

where f is the frequency of interest. The 7., Q factor
and Af are demonstrated in Figs. 4 (a) and (b), which
can be changed through different loading conditions. An
appropriate value in RC is useful to realize a stable link
for OTA testing.

80 T T : 4000

2000 ©

1000

2 4 6 8 10 12
Frequency(GHz)

@)

Frequency(GHz)

(b)
Fig. 4. Measured 7. , Q factor and Af in the RC.

C. Correlation coefficient and independent sample
number

To calculate the correlation coefficient among the
probe antennas, we select two of 16 probes randomly,
with a total of 120 combinations. The correlation
coefficients from 1 GHz to 14 GHz are given in Fig. 5.
When the frequency is larger than LUF, the R among
typical groups is almost stable below 0.37, indicating
that the probe antennas are mutually independent.

Then, the correlated angle and independent sample
number for the V-stirrer are calculated. The correlation
coefficient is to assess the performance of the stirrer,
which is obtained as [8]:

1 n
rZ(Xi —U,)(Yy; —Uy)
p(0) == L@
Z(X| _u)()2 Z(yg,i _uy)2
n-1 n-1
where n is the sample number over one rotation period,

x; is the received power at each stirrer position, y, ; is a
shifted version of x; by angle 8, u, and u,, are averaged
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received powers. The correlated angle A6 is decided by a
threshold e~* ~ 0.37. The independent sample number
Npnq 15 360/A86. The results are shown in Fig. 6.

© o o
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Fig. 5. The correlation coefficient between different
probe antennas from 1 GHz to 14 GHz.
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Fig. 6. Correlated angle and independent sample number.

D. K-Factor
The K-factor is the ratio between the direct power and
the stirred power in RC [21]. When K=0, the channel is
an ideal Rayleigh channel. To improve the accuracy of
measurement, it is optimal to decrease the contribution
of direct power. In this measurement, the K-factor is
obtained from (5),
2
[(S)

T tsal) ®

S parameters (16 x 180=2880) for different
frequencies are measured between the Tx antenna and

ACES JOURNAL, Vol. 36, No. 9, September 2021

the Rx antenna. The measured K-factor is illustrated in
Fig. 7, K-factors with typical probe 1, 7 and 9 are given,
K-factor with hybrid stirring is also presented. Note that
the mean value of the K-factor is lower than -20 dB using
a hybrid stirring in the frequency range of (1 GHz -13
GHz), which means an equivalent high total scattering
cross section is achieved (i.e., high stirring efficiency).

K factor (dB)

| !|=——16 probes |
\ -~ Ant1 ‘

Ant7 |
\ Ant9 _ \
; . .

Frequency (GHz)

Fig. 7. Measured K-factors in the RC.

I11. MEASUREMENTS AND RESULTS

A. Total radiated power

TRP is one of the performance indicators in OTA
testing, which usually reflects the transmitted power of
wireless devices. Here, we utilize multi-probe RC to
realize fast and accurate measurements in 5G FR1 band.

As shown in Fig. 8, the test procedure of TRP is as
follows:

1. Conduct the transfer function characterization
procedure with the reference power [8].

2. Put the DUT (a WIFI device) into the RC. With
the power meter and RF switch, measure and record 16
powers received by different probe antennas in each
stirring sample.

3. TRP can be calculated from (6):

N
TR N GrefEmismatch,measT]meachable, ( )
where N is the total sample number, P, is the nth
measured power, G.o¢ is the power transfer function,
Geaple IS the loss of the cable and epismatch meas 1S the
antenna mismatch factor.

4

Stirrer
Controller

V-Stirrer

d wm
> Ref Ant

Fig. 8. Configuration of the multi-probe RC for TRP
measurement.



We recorded 720 power values (8° one step and 45
stirrer positions) at 2.4 GHz and 5.18 GHz. When the
V-stirrer rotates once, the RF switch turns to 16 probe
antennas in sequence, therefore, 16 samples can be
measured in one step. Multi-Probe could obtain 16
samples within 2.1 seconds, while conventional probe in
RC needs 128 seconds. It only takes 5 minutes to get 720
samples. Thus, the method can effectively decrease the
testing time and obtain much more samples rapidly and
accurately in the same period.

1

- - ~Measured CDF

08l —— Theoretical CDF with a=1.30,$=0.73

06

CDF

0.4

0.2F

0 S
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= = =Measured CDF ‘

08k ——Theoretical CDF with a=1.69,$=0.59

061
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=

.......
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10° 10' 102 10°
Samples

©

Fig. 9. (@) CDFs of the measured and theoretical
normalized power samples at 2.4 GHz; (b) 5.18 GHz; (c)
average TRP at 2.4 GHz, 6.03 dBm and 5.18 GHz, 3.00
dBm.

The bandwidth of signal transmitted from DUT is
not much larger compared with the coherence bandwidth
of the proposed RC shown in Fig. 4 (b) [22]. So that, the
cumulative distribution function (CDF) of the measured
normalized power p(x) is gamma distribution in (7):

_UPY g

PO) ="——+-

@) )
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where a = BW/Af, BW is the bandwidth of the signal,
B is the mean value of measured power samples.

As shown in Figs. 9 (a)-(c), the measurement results
agree well with the theoretical CDF at 2.4 GHz and
5.18 GHz. We also calculate average TRP of DUT in
the above frequency. The theoretical lower limit of o.rgp
is 4.21% at 2.4 GHz, 4.17% at 5.18 GHz.

B. Pattern correlation

The pattern correlation can be used to check the
antenna status for a DUT with multiple antennas.
Suppose we have a reference device (which we know
the performance is good), by comparing the pattern
correlations between the DUT antenna and the reference
device (with the same port), we can identify the
similarity between the radiation pattern of the DUT and
the reference. If the pattern correlations deviate from
reference values significantly, there should be something
wrong for the antenna performance.

According to the conclusions given in [11], the
angular correlation can be defined over the measured
received power. Therefore, we can calculate the pattern
correlation by the received powers of the multi-probe
antennas. The testing setup of pattern correlation is
similar to the measurement of TRP. The only distinction
is that the pattern correlation measurement does not need
a reference antenna. The procedure is executed using the
following steps:

1. Place the reference device into the valid test
volume of the chamber. Turn on the power meter, the
measured radiated powers for all probe antennas and
each mode-turn sample can be obtained, which is
Pi1, Pi3, ... Pi,(n represents mode-stirring numbers).

2. Replace the reference device with the DUT in
the same position. Rotate the mode-stirring paddle as
the same sequence determined by the standard-part
procedure. The measured radiated powers P, 4, Py, ... Poyy
can be received.

3. Calculate the value of radiated pattern correlation
R by taking an average of all power samples and formula

®)
1 n
FRPAGCRUNGRILY

Z(Pll _<P1>)2 Z(Pzi _<P2>)2
n-1 n-1
where P, is the measured power for the n,, sample and
N is the total number of mode-stirring samples, (P,) and
(P,) are the average of the standard part and DUT total
mode-stirring samples respectively. As shown in Fig. 10
(a), the pattern correlation coefficient R is close to 1,
therefore DUT1 works well as expected. In (b), there
should be something wrong of antenna 1 in DUT2.

R

v (8)
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Fig. 10. Pattern correlation between different antennas:
(a) R=0.9520; (b) R=0.1552.

IV. CONCLUSION

A compact multi-probe RC is manufactured in this
paper. Typical figures of merit in the compact multi-
probe RC are presented to assess the performance of RC.
The FU satisfies the FU tolerance in [8] and the LUF is
about 0.94 GHz. The correlation coefficient shows that
16 probe antennas are independent of each other.

We have shown that when the radiated spectrum is
wider than the coherence bandwidth, the measured TRP
has a Gamma distribution in the frequency band of 2.4
GHz and 5.18 GHz. The average TRP and o.rgp have
been measured. The proposed system is very efficiency,
in the TRP measurement, the measurement duration of
16 samples is about 2.1 seconds (with 0.13 s/sample).
The pattern correlations between different antennas of
the DUTSs have also been measured.
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Abstract — This paper presents a novel broadband base
station antenna element covering 2G/3G/4G/5G bands.
The proposed antenna consists of a dual-dipole radiator
and an open-box shaped reflector. The main radiating
portion of each dipole arm is designed with a dual-
hexagon shape to improve bandwidth. Four small
hexagonal-shaped parasitic patches are adopted to further
decrease the reflection coefficient. Dual polarization is
excited by placing two dipoles orthogonally. The open-
box shaped reflector derives from a planar metal plate
with four inverted L-shaped edges which are arranged
below the radiator to enhance the antenna gain and
reduce the half power bandwidth (HPBW) in 3.3-3.8
GHz. The prototype has been fabricated and measured
with bandwidth of 1.68-3.8 GHz, coupling below -20 dB,
stable HPBW with 65°+ 5° and average gain of 8.5 dBi.
The values of the cross-polarization discrimination (XPD)
are better than 20 dB at the boresight and 10 dB within
+60° directions. The proposed antenna has a small overall
size of 145x145x35.6 mm?,

Index Terms — 5G antenna, base station antenna,
broadband antenna, dual-polarized antenna.

I. INTRODUCTION

The fifth-generation (5G) communication working
at the FR1 band (0.45-6 GHz) has been commercially
launched in many countries to provide high-speed data
transmission and high-quality network link. There is an
urgent need for base station antennas covering 5G FR1
band. The frequency bands of 2G/3G/4G are appealing
to be included in the a 5G antenna covering 1.71-3.8
GHz frequency band [1] to save the space volume of a
base station system. Dual polarization is also required for
a base station antenna to increase channel capacity and
decrease channel fading influence.

Plenty of researches on base station antenna have
been performed over the last few years. To obtain dual
polarization, adopting double orthogonal dipoles is an
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Accepted On: September 9, 2021

effective method [1-11]. Antenna with single patch can
also achieve dual polarization by using orthogonal
feeding lines [12] or slots [13-14].

To improve antenna bandwidth, a number of
techniques have been proposed. In [3], a filter-based
matching circuit is adopted to feed full-wavelength
dipoles. In [4], parasitic patches are arranged on top of
four-loop radiators for bandwidth enhancement. Wide
bandwidth can be also achieved by designing dipole
arm’s shape and improving coupling between adjacent
arms [5-6]. In [7], double annular disks and gradient strips
are adopted for the bandwidth enhancement. In [15], a
stepped-impedance feeding structure combining with a
T-shaped patch is used to excite multiple resonances.
Microstrip balun is adopted in [16] to improve bandwidth.
It is still challenging to design a broadband base
station antenna covering 2G/3G/4G/5G bands with dual
polarization and stable half power bandwidth (HPBW).

In this paper, a planar base station antenna covering
2G/3G/4G/5G bands of 1.71-3.8GH is proposed. The
radiator consists of a pair of double-hexagon dipoles and
four small hexagonal parasitic patches printed on double
layers of the substrate orthogonally to achieve wide
bandwidth and dual polarization. Four inverted L-shaped
edges are added to a planar reflector enhance the antenna
gain and reduce the HPBW.

I1. ANTENNA CONFIGURATION

The configuration of the dual-polarized antenna is
illustrated in Fig. 1. The proposed antenna consists of a
radiator and a reflector. The radiator includes four main
patches with double-hexagon shape (MP11, MP12, MP;
and MP2,) and four small parasitic patches (PP1, PP,
PP3 and PP4). The main patches of MP11 and MP1, form
a planar dipole with +45° polarization, and MP; and
MP_, form another one with -45° polarization. Each main
patch consists of a larger hexagonal patch embedded
with a smaller one. The larger hexagonal patch is etched
with a polygonal slot to avoid overlapping with the inner

https://doi.org/10.47037/2021.ACES.J.360912

1054-4887 © ACES



CHEN, SUI, YANG, QU, ZONG: A BROADBAND DUAL-POLARIZED ANTENNA FOR 2G/3G/4G/5G BASE STATION APPLICATIONS

smaller one. As shown in Fig. 1, MP.s, PPy, PP, and PP3
are printed on the top layer of a FR-4 dielectric substrate,
and MP11, MP1,, MP2, and PP, are printed on its bottom
layer. The FR-4 substrate has a relative permittivity of
4.4 and a dielectric loss tangent of 0.02.

m Top layer mmBottom layer
Zﬁ 1
X
y Py,
MP,, < ——

7

/

T
ector

~ - _/ 22
e //E;z(amal cable— o
‘/—/'Z;Z — _Pﬂ:'_'\f_} /
L Refl

@)

Fig. 1 Configuration of the proposed antenna: (a) 3-D
view, (b) front view, (c) double layers of the radiator, and
(d) the center portion of each layer in detail.

The two planar dipoles are fed at M; and M points
through three feeding strips of ST11, ST12 and ST». To
avoid the overlap among the feeding strips, ST12and ST,
are printed on the top layer, and STy is printed on the
bottom layer. MP1; and MP1; are both on the bottom
layer and fed at M through ST1, and ST11. STy starts at
point M on the top layer, and connects to ST1; at point
C via a metalized hole, then ST11 connects to MP11 on
the bottom layer. MP2 and MP,; are on different layers
and fed at M, through ST». Coaxial cables are adopted to
transform electrical signals. The inner conductors of the

two coaxial cables are soldered with the end of STy, and
ST, at M; and M points on the top layer, respectively.
The outer conductors are soldered with MP1> and MP2,
on the bottom layer, respectively.

Four inverted L-shaped edges are added to a planar
reflector to enhance the gain and satisfy the HPBW
requirement at the frequency band of 3.3-3.8 GHz. All of
the details will be discussed in Section III. The proposed
antenna was simulated and optimized by HFSS 15.0.
Table 1 lists the optimized geometric dimension.

Table 1: Dimensions of the proposed antenna

Value Value Value
Par. Par. Par.

(mm) (mm) (mm)
L1 55 f3 2.7 pl 8

L2 | 495 | gl 4.2 p2 29

L3 95 g2 0.3 p3 | 19.7

L4 25 93 05 p4 10

h 0.6 04 0.7 p5 18.8
H1 35 g5 5 p6 12.7
H2 10 sl 4 p7 17.4
fl 5.6 s2 17.4 p8 15
2 1.2 s3 6

III. ANTENNA ANALYSIS

A. Radiation element analysis

The evolution of the radiator is depicted in Fig. 2
and their reflection coefficients are shown in Fig. 3. Ant.
I is a dual-dipole antenna with hexagonal shaped patches.
As shown in Fig. 3, Ant. I has better reflection coefficient
at lower band but worse at frequencies above 3.2 GHz.
The antenna bandwidth can be improved by optimizing
the gap between each arm of the two dipoles [5-6].
Different from the published method, a smaller hexagonal
patch is embedded into each larger hexagonal patch to
get a tapered gap between each dipole arm. Each larger
hexagon patch is etched with a polygonal slot to avoid
overlapping with the smaller hexagonal patch which
results in Ant. II. A new resonance is excited for Ant. II
which results in improved -10 dB bandwidth of 1.59-
4.34 GHz. However, the reflection coefficient is near
-10 dB at 3.3-3.7 GHz. Considering fabrication errors, it
might exceed -10 dB at these frequencies. Based on
Ant. II, the proposed antenna is obtained by adding of a
parasitic patch on the opposite layer of each main patch.
As shown Fig. 3, the third resonance shifts to the lower
frequency and the reflection coefficient decreases much
in the 1.7-3.8 GHz band. The proposed antenna has a
wide -10 dB bandwidth of 1.64-4.2 GHz, and -15 dB
band of 1.71-4 GHz.

Current distributions of the proposed antenna and
Ant. Il at 3.6 GHz are plotted in Fig. 4 to illustrate the
working mechanism of the parasitic patches. As shown
in the figure, the parasitic patches induce more current
distributing on the boundary of the main patches which
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improve the impedance matching.

@) (b) ©

Fig. 2. Evolution of the radiator: (a) Ant. I, (b) Ant. II,
and (c) the proposed antenna.

Reflection coefficient (dB)

== Ant. II
=== The proposed antenna
1 1 |

1.5 2.0 25 3.0 35 4.0 4.5
Frequency (GHz)

Fig. 3. Reflection coefficient of three antennas.

J_sur

f[A_per_m]|
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Fig. 4. Current distributions at 3.6 GHz: (a) Ant. Il and
(b) the proposed antenna.

The gap size between two adjacent arms has a strong
effect on the reflection coefficient. The influence of g2
and g4 is illustrated in Fig. 5 and Fig. 6, respectively. As
shown in Fig. 5, changing of g2 has much influence on
reflection coefficient at 3.3-3.8 GHz. At these frequencies,
the reflection coefficient reduces dramatically with the
decrease of g2. Considering fabrication error, g2 cannot
be too small. As shown in Fig. 6, in the frequency range
of 3-4 GHz, the reflection coefficient becomes larger
with the increase of g4, and smaller in the frequency
range of 2-2.7 GHz. The optimized bandwidth is obtained
with g2=0.5 mm and g4=5 mm.

B. Reflector analysis
In a mobile communication system, the base station
antenna is required with a 65+5° HPBW to cover 120°

ACES JOURNAL, Vol. 36, No. 9, September 2021

sector. It is challenging to design a reflector keeping
stable patterns in the whole band of 1.71-3.8 GHz. The
antenna with a planar reflector proposed in [6] has a
65°+ 5° HPBW at 1.7-2.7 GHz and 95° at 3.4-3.6 GHz.
The open-box shaped reflector proposed in this paper
provides satisfied HPBW at 1.7-3.8 GHz.

50

-10

-15+

=20 F

-25

Reflection coefficient (dB)

=02 = (.5 mm
=—C=g2 =0.7 mm
~=—=g2=0.9 mm

=30

35 -

-40 L L L . L
15 2.0 25 3.0 35 4.0 4.5

Frequency (GHz)

Fig. 5. Reflection coefficient versus g2.
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Fig. 6. Reflection coefficient versus g4.

The distance between the radiator and the reflector
is crucial to a base station antenna’s radiation pattern. It
also affects the reflection coefficient. A planar reflector
is arranged under the radiator with the distance of H1 to
study the influence of the distance. Figure 7 and Fig. 8
show the influence of H1 on radiation pattern. As shown
in the figures, narrower HPBW and higher gain are
obtained with the decrease of H1 at frequencies above
2.3 GHz. Figure 9 shows (the) reflection coefficient
with different H1. As shown in the figure, the reflection
coefficient at lower band becomes worse with the
decrease of H1 owing to the inductive current on the
ground plane. The distance between an antenna radiator
and a planar reflector is often adopted as a quarter
wavelength to balance the radiation pattern and the
bandwidth. Therefore, H1=35 mm is suitable for lower
frequencies around 2.1 GHz, and H1=25 mm is suitable
for the upper band around 3 GHz. The proposed open-
box shaped reflector meets the lower frequencies’



requirement with the bottom planar reflector at 35 mm
under the radiator, and the four inverted-L shaped metal

edges increasing 10 mm height meet the upper frequencies.

Figure 10 gives comparison of HPBW and realized gain
of the proposed radiator with a planar reflector, a box-
shaped reflector, and the proposed open-box shaped
reflector. As shown in the figure, with adding of four
edges between the radiator and reflector, the HPBW
decreases and the gain increases. The proposed reflector
provides 65°+5° HPBW and higher than 8 dBi gain in
1.71-3.8 GHz.
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(a) 3.3 GHz (b) 3.8 GHz

Fig. 7. Radiation pattern of the proposed radiator with a
planar reflector with different H1.
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Fig. 8. HPBW and realized gain of the proposed radiator
with a planar reflector varying with different H1.
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Fig. 9. Reflection coefficient of the proposed radiator
with a planar reflector varying with H1.
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Fig. 10. HPBW and realized gain of three reflectors.

C. Current distribution

Current distributions on the radiator at 1.8, 2.5 and
3.5 GHz are shown in Fig. 11. As shown in the figure,
when P is excited, the current mainly distributes on the
+45° polarization dipole and points to +45° direction.
There are also currents distributing on the cross dipole
which are induced by coupling. The path of coupling
currents forms closed loops resulting in weak radiation.
Therefore, +45° polarization is obtained. When P; is
excited, -45° polarization is achieved. Although current
distributions differ much at different frequencies, it can
be seen that strong currents distribute at the gap edges
between two adjacent arms at any frequency. It means
that the gap size is crucial for impedance matching.
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Fig. 11. Current distributions on the radiator.
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IV. RESULTS AND DISCUSSION

The prototype of the proposed antenna has been
fabricated and measured. Figure 12 shows photographs
of the fabricated antenna. The comparison of the
simulated and measured S-parameters is shown in Fig.
13 and Fig. 14. There is an obvious discrepancy between
simulation and measurement. The simulated -10 dB
bandwidth is 1.62-4.21 GHz, and -15 dB bandwidth is
1.71-4 GHz. The measured reflection coefficient is higher
than -11 dB with -10dB bandwidth of 1.68-3.8 GHz. The
simulated coupling is lower than -26 dB in 1.5-4.4 GHz.
The measured coupling is higher than simulation in 16.-
3.2 GHz, and lower than -20dB in the whole band. The
discrepancy between simulation and measurement might
come from fabrication errors, coaxial cable losses and
soldering point losses.

P, MP,,
(©)

Fig. 12. Photographs of the fabricated antenna: (a) the
whole antenna, (b) top layer of the radiator, and (c)
bottom layer of the radiator.

Due to geometric symmetry of the proposed antenna,
only the +45° polarization results are shown in Fig. 15
and Fig. 16. Figure 15 displays gain and total efficiency.
It can be observed that the average simulated gain is
8.8 dBi agreeing with the measured one of 8.5 dBi. The
simulated efficiency is a bit lower than the simulation
with values higher than 80% in the whole band. Figure
16 presents radiation patterns of the horizontal plane
(i.e., xOz) at 1.78, 2.18, 2.48, 2.68, 3.48 and 3.68 GHz.
Both the simulated and measured results show that the
proposed antenna has a stable HPBW around 65°+ 5° at
the whole operational band. The values of the cross-
polarization discrimination (XPD) are better than 20 dB
at the boresight and 10 dB within £60° directions.
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Fig. 13. Simulated and measured reflection coefficients.
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Table 2 shows the comparison of the proposed
antenna with published papers. The proposed antenna
has wider bandwidth than [2], [4], [12], better HPBW
and higher gain than [6].

Table 2: Comparison of the proposed antenna with
published literatures

Ref. Siz_e(mm3)/ VS BW  Coup,|Gain| HP

Size (\3) WR| (GHz) [(dB)|(dBi)| BW
3] é%g’;%eg;‘fé% 2 |163371|-28 | / |58°-64°
[4] | 302> | 15 | 2.21-3.63| -30 | 8.3 | 60°-71°
[12] 5571257"3311{ 2 | 2.78-4.4 | -28 |8.95 | 56°-65°
Pro. t“gﬁg%ﬁ%g’ 2 | 1.68-38 | 20 | 8.5 | 60°-70°

“isat 1.7-2.7 GHz, is at 3.4-3.6 GHz.
AL is the free space wavelength at the lowest operational frequency.

V. CONCLUSION

A dual-polarized base station antenna has been
presented in this paper. By adjusting the gap between
two dipoles’ arms, the proposed antenna has achieved
a broad bandwidth of 1.68-3.8 GHz with coupling below
-20 dB. The overall volume of the proposed antenna is
145x145x35.6 mm?. It has an average gain of 8.5 dBi,
stable HPBW around 65°+ 5° in the horizontal plane
and XPD better than 10 dB in the whole -10 dB band.
The proposed antenna is a promising and economical
candidate of 2G/3G/4G/5G communication systems.
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Abstract — This paper presents a multiband low profile
antenna aimed for its application in existing WLAN,
WiMAX and sub-6 GHz fifth generation (5G) frequency
bands. The design incorporates a simple planar monopole
antenna with slots etched on it to be able to operate in
two frequency bands with (S11< -10 dB) ranging from
2.38 - 2.7 GHz and 3.28 - 5.8 GHz with percentage
impedance bandwidths of 16 and 56. The peak gains of
the antenna within the bands were observed to be 2.1 and
4.3 dBi respectively. In order to further enhance the Gain
and improve the radiation characteristics of the antenna,
a dual band artificial magnetic conductor (AMC) surface
is designed and employed as a reflector at the ground
side of the main radiator. The antenna and AMC 4x4
array prototypes are fabricated and its performance is
measured. It is observed that there is an enhancement in
the gain of 5 dB in the first band and 2.8 dB in the second
band of operation.

Index Terms — AMC, WiMAX, WLAN.

I. INTRODUCTION

With ever-growing wireless communication systems
there is a need for the subsequent increase in the growth
of the antenna technology that is being employed in these
systems. The requirement for a simple design yet well
performing antenna is the need of the hour. 5G wireless
communications are being initiated all around the world
and the necessity emerges for the design of an antenna
covering these 5G bands and the already existing wireless
frequency bands. 5G spectrum being divided into three
bands low frequency band (below 1GHz), mid frequency
band (sub-6 GHz) and high frequency band (mm Wave)
with the mid-band offering good data rates with decent
coverage.

Multiband antennas are most desirable because they
are flexible, and their role becomes even more important
in this switching phase as they should be able to operate
at both the existing WLAN and WiMAX bands as
well as the upcoming technology. The frequency band
between 3-5 GHz being promoted for the sub-6 GHz
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mid-band communications, the N77/N78/N79 bands are
being operated in this range and a wider bandwidth
covering the entire range is of the interest. Microstrip
antennas has become a popular choice amongst the
different available antennas because they are low profile,
inexpensive and easy to integrate within the IC’s.
Several multi-band antennas are reported in the literature
with slots on the radiating surface, especially the
microstrip antenna with a U-shaped slot has proved to be
a good wideband solution [1].

Several 5G antennas have come through in the
recent times covering the sub-6GHz band. A planar
antenna [2] with strips on either side of the substrate is
proposed, but the gain is not stable over the entire
frequency range. A multi-slotted antenna [3] with a
partial ground plane was introduced for 3.15-5.55 GHz
frequency with a maximum gain of 2.69 dBi in the band.
The wideband folded wall antenna with an increased
gain [4] was proposed with a bandwidth of 58%. An
AMC based multi band antenna [5-6] with unidirectional
radiation patterns and increased gain has been discussed.
A dual band AMC reflector-based antenna [7] was
designed (for 5G communications with relatively narrow
(19.2% and 13.8%) bandwidths. Several other antennas
aimed at sub-6 GHz, 5G applications were presented
[8-9].

In this paper, a dual band U-slot monopole antenna
has been designed to operate at 2.38 — 2.7 GHz and
3.28 — 5.8 GHz bands covering the already existing 2.4
and 5 GHz WLAN, 2.5, 3.5 and 5.5 GHz WiMAX and
the sub-6 GHz, 5G bands which include N77 band with
frequency ranging from 3.3-4.2 GHz, N78 band ranging
from 3.3-3.8 GHz and N79 band ranging from 4.4-5
GHz. Moreover, an AMC unit cell is designed with zero
reflection phase at two frequencies, 2.5 and 5.5 GHz and
is periodically repeated to form a metasurface and is used
as a reflector on the ground side of the radiating antenna
to enhance its gain and radiation characteristic
performance. The antenna can be used alone or including
the AMC reflector for unidirectional radiation and
enhanced gain.
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I1. ANTENNA DESIGN

A. Configuration of the proposed antenna

Figure 1 shows the configuration of the proposed
dual band antenna with AMC reflector. The radiator is a
microstrip circular patch antenna with a U-shaped slot
and a rectangular slot incorporated on it, a symmetrical
AMC reflector surface of the size 64 x 64 x 1.6 mm?3 is
employed at a distance of H = 14mm on the ground side
of the antenna. A Styrofoam layer with a permittivity
value of 1.1, is used to separate the two structures.

Wg

T I
(IR

Lg| IF —F= ==

I |
(a)
Radiator
\ ]
Partial 7
Ground IH AMC .
¢ <L
T | | y Xx
t Ground
(b)

Fig. 1. Configuration of the proposed dual band AMC
backed antenna: (a) top view and (b) side view.

B. Radiator design

The geometry of the main radiator is shown in the
Fig. 2. It is printed on a 1.6 mm thick rectangular FR-4
substrate having a relative permittivity of 4.4 and a loss
tangent value of 0.02. The size of the antenna is of the
order of 0.31, x 0.24, x 0.014, (where 4, is wavelength
corresponding to the centre frequency of the first band).
It is a microstrip fed antenna with inset feed for better
impedance matching. A partial ground plane is being
employed on the other side of the substrate in order
to achieve a wider bandwidth. A U-shaped slot is
introduced at an optimized position on the patch to
enhance the bandwidth and lower the cross-polarization
levels. Further an additional rectangular slot is also
introduced to achieve proper impedance matching levels
in the second band of operation. The dimensions of the
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designed antenna are stated in the Table 1. The
simulations were carried out on the Ansys HFSS tool.

W
v &
—> <«

W4
L4 L3

L1 I Wi —
LS

>«
W5

L2 . W2 Lg

>

W1 Wg

@) (b)

Fig. 2. Design of the radiator: (a) top view and (b) bottom
view.

Table 1: Optimized dimensions of the proposed antenna

Value Value
Parameters Parameters
(mm) (mm)
H 14 T 1.6
Lg 64 Wg 64
L1 36 W1 24
L2 13.55 W2 3.059
L3 10 W3 14
L4 8 W4 11
L5 3.9 W5 0.3
L6 1.8 W6 0.2
L 13 W7 1.3
Lal 16 W, 24
La2 15.2 Wal 16
La3 2 Wa?2 15.2
Lad 0.6 Wa3 0.8
La5 0.8 Wa4 0.8

The evolutionary steps involved in the design of
the radiating patch are shown in the Fig. 3 (a). The S11
response of all the antennas is shown in the Fig. 3 (b). A
conventional circular patch antenna is initially designed
for, which a wide band resonance is achieved from 2.9
GHz to 5.9 GHz. Then a U-shaped slot is etched on the
patch, which introduces a notch at the frequency band
between 2.73-3.23 GHz. Hence, the antenna now works
as a dual band antenna with operating frequencies ranging
from 2.49-2.73 GHz and 3.23-5.73 GHz. Further with
the introduction of an additional rectangular slot the
impedance matching and the bandwidth of the antenna
are enhanced. Finally the design of the antenna is simple
making use of a low cost FR-4 substrate, operating in
two bands with good impedance bandwidths covering
the entire sub-6 GHz 5G frequency bands besides the
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existing 2.4/5 GHz WLAN, 2.5/3.5/5.5 GHz WiMAX
bands.

Antenna 2 Antenna 3

(a)

04 == = Antenna l

\ ------- Antenna 2
-5 /\ Antenna 3
10 \ -._..

v ..‘

Antenna 1

|S11|(dB)
n

\

Frequen%y (GHz) S o

(b)

Fig. 3. (a) Evolutionary steps in the design of the radiator,
and (b) reflection coefficients of radiating elements.

C. AMC design

The design geometry of the artificial magnetic
conductor unit cell incorporates a square outline with
slots at the centre on the opposite sides and an additional
cross shaped patch at the centre as shown in the Fig. 4
(@). A low cost FR-4 substrate is employed with relative
permittivity of 4.4 and a loss tangent value of 0.02. A
metal ground is present at the bottom surface of the unit
cell. The unit cell is simulated using the master-slave
boundary set up. The reflection phase plot of this dual
band AMC is as shown in the Fig. 4 (b). Initially a single
band AMC with the reflection phase and of zero at 2.5
GHz is designed with no central cross shaped patch and
with the introduction of the cross, a dual band AMC is
realized with the other zero reflection phase occurring at
5.5 GHz. The reflection magnitude plot is shown in the
Fig. 4 (c) and the values about 0.78 and 0.71 and is high
enough to realize the gain enhancement of the antenna.
The dimensions of the AMC unit cell are evaluated in
accordance with the operating frequency range of the
antenna and are listed in the Table 2.

Wad
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2100 g
<" 2075
=-150 0.70
-200.
7

3 74 5 7§ 3 74 S [3
Frequency(GHz) Frequency (GHz)

(b) (©

Fig. 4. (a) Geometry of the proposed dual band AMC
unit cell, (b) reflection phase of the AMC unit cell, and
(c) reflection magnitude of the AMC unit cell.

D. Antenna loaded with AMC reflector

The designed dual band AMC unit cell is periodically
repeated in x and y directions to form a 4 x 4 array metal
surface and is placed at the groundside of the antenna
separated by Styrofoam. The effect of the AMC surface
on the S11 curve is depicted in the Fig. 5 (a). The
performance of the antenna is influenced by the extent of
separation between the antenna and the AMC surface.
The radiations from the radiating antenna get reflected
from the AMC surface with zero phase reversal to aid
the radiations unidirectionally and hence increasing the
gain of the antenna. A significant increase in the gain is
observed in the first band and a reasonable increase in
the second band of operation as shown in the Fig. 5 (b).

0 = = =without AMC reflector
= with AMC reflector
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(@)

1211



1212

(dBi)

= with AMC reflector
= = without reflector
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Fig. 5. (a) Simulated S11 of the antenna with and without
AMC reflector, and (b) simulated gains with and without
AMC reflector

The performance of the antenna in terms of the band
selection and bandwidth depends on the dimensions of
the slots. A parametric analysis based on the variation of
these dimensions is as shown in the Fig. 6. The optimal
values of these dimensions for which the choice of
frequency bands is covered, is considered in the design.
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Fig. 6. Simulated S11 of the antenna for different (a) W6,
(b) L4, and (c) W4.

I11. RESULTS AND DISCUSSION

The simulated design of the dual band operating
antenna and the AMC surface are fabricated and is
as shown in the Fig. 7 (a) and is of the size 0.53), X
0.532, x 0.14A,. The measured and simulated S11 of
the antenna and the AMC surface are shown in the Fig.
7 (b). The slight variation in the measured results from
the simulated is due to the losses incurred during the
fabrication process. A quarter wavelength separation

ACES JOURNAL, Vol. 36, No. 9, September 2021

should be maintained between the antenna and the AMC
reflector in order to have a significant effect on the
performance of the antenna, but, the low profile nature
of the design will get affected. So, a trade-off between
the performance and size of the antenna needs to be
considered. It can be observed from the Fig. 8, that as the
separation decreases, though the gain of the antenna
increases, there is deterioration in the S11 performance
of the antenna. So, an optimal separation (H=14mm) is
chosen in order to preserve both the performances. The
antenna is suited for 2.4/5 GHz WLAN applications,
2.5/3.5/5.5 GHz WIMAX applications and with the
second band being wideband is able to cover the entire
sub-6 GHz, 5G bands (3.3-3.8 GHz, 3.3-4.2 GHz and
4.4-5 GHz).

———Sim with AMC reflector
= = = Mea with AMC reflector

dB)
N
=)

[S11] (

Frequen4cy (GHz) 5 6

(b)

Fig. 7. (a) Fabricated prototype and the, and (b) simulated
and measured S11, of the antenna with AMC.
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Fig. 8. Simulated (a) S11 and (b) gain, for different H.
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Table 2: Comparison of the dual band proposed antenna to the existing

References Size With AMC Reflector | Operating Range (GHz) | Gain (dBi) | Radiation Efficiency
2] 135 x 80X 0.8 No gg - gg 13-47|  (41-88)%
[3] 20x30x1.5 No 3.15-5.55 1.8-27 (68.4 —79.6)%
[4] 63 x51.2x4.5 No 2.84-5.15 4.4-6.2 64%
2.36 —2.76 7.2
[5] 104 x 104 x 11 Yes 512_562 73 65%
[7] 63X 63X 7 Yes i'ié - ggg 8.2 90%
[8] 105 x 105 x 25 Yes gg - gg 8.4 N/A
2.48-2.73 2.1 >90%
Proposed 36x24x1.6 No 315_58 43 >80%
Proposed 2.38-2.7 7.1 >90%
(with AMC) | 84X 64x172 Yes 3.28-5.8 71 >80%

——Sim Co pol
Mea Co Pol

o —lmo™ The measured and simulated radiation patterns of
= penerd = e the antenna loaded with the AMC reflector at frequencies
' 2.55 GHz, 3.6 GHz, 4.7 GHz and 5.5GHz are shown
in the Fig. 9. The measured and simulated patterns
were observed to be agreeing well with each other. The
inconsistency in the cross polarization plots is due to
losses that were incurred during the fabrication and
measurement process. The antenna exhibits unidirectional
patterns because of the reflections from the AMC surface.
The radiation patterns at 5.5 GHz diverge because the
antenna is operating in its second mode.The gains of the
antenna along with the simulated radiation efficiency are
shown in the Fig. 10.

It can be ascertained from the Fig. 10, that the
radiation efficiency is above 90% for the entire first band
and the sub-6 GHz 5G operating bands. The measured
and simulated gains are about 6.7 dBi and 7.1 dBi in the
first band and almost agree with each other for the entire
range in the second band.

84 . 1.0
-
6y 0.8
g4 0.6 5
= e
321 s
© ——— Sim gain with AMC reflecor () 4~
= =Mea gain with AMC reflector
f 0- - = -Sim Efficiency
180 180 _"‘2
) (h)
-2
Fig. 9. Simulated and measured radiation patterns of the T T T of'-ll

antenna in the plane: (a) XZ at 2.55 GHz, (b) YZ at 2.55 Frequen4cy(GHz)
GHz, (c) XZ at 3.6 GHZ, (d) YZ at 3.6 GHz, (e) XZ at
4.7 GHz, (f) YZ at 4.7 GHz, (g) XZ at 5.5 GHz, and (h) Fig. 10. Simulated and measured gain, simulated

YZ at 5.5 GHz. efficiency of the proposed antenna.
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IV. CONCLUSION

This paper presents a low profile dual band antenna
configuration designed for 2.4/5 GHz WLAN, 2.5/3.5/5.5
GHz WiMAX and sub-6 GHz 5G bands. The antenna is
fabricated and the measured results are in agreement
with the simulated. The size of the antenna without AMC
reflector is of the order of 0.34, x 0.24, x 0.014, and
with AMC, it is of the order 0.531, x 0.531, x 0.144,
(where 4, is the free space wavelength corresponding to
the centre frequency of the first band) with impedance
bandwidths of 9.8% (2.48-2.73 GHz) and 56% (3.28 —
5.8 GHz). The gains of the antenna within the bands was
observed to be 2.1 and 4.2 dBi respectively. In order to
enhance the gain and radiation of the antenna a dual band
AMC reflector which was designed at 2.5 GHz and 5.5
GHz was employed. A significant improvement in the
gain of 5 dBi in the first band and 2.8 dBi in the second
band was observed. Therefore, the antenna can be
used alone for WLAN, WiIMAX and 5G applications
or with the AMC reflector for high gain base station
applications.
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Abstract — In production testing, it is of importance to
measure the key radiation parameters of an antenna
under test (AUT), e.g., main beam peak and direction,
sidelobes, and null depth and direction in a cost-effective
setup with a short measurement time. As a result,
practical measurement setups are often compact and
equipped with only a few probes (or probe locations).
However, these system limitations would introduce
errors for antenna testing. This problem has become even
more pronounced for 5G radios due to utilization of
large-scale antenna configurations and high frequency
bands. Spherical near-field measurements are nowadays
an accurate and mature technique for characterizing
AUTSs, which however, necessitates a full spherical
acquisition, leading to a long measurement time. Single-
cut near-to-far-field transformation is a promising
strategy since most of the key AUT parameters are
available in the single-cut pattern and it requires much
reduced measurement time. In this work, a simple and
flexible scheme is proposed to evaluate errors introduced
by limitations in practical setups for single-cut far-field
(FF) antenna radiation pattern reconstruction, where the
near-field data can be easily generated and modified
according to the limitations introduced in practical
multi-probe anechoic chamber setups, e.g., measurement
distance, truncation range, and sampling interval. The
reconstructed FF pattern is obtained using a commercial
near-field to far-field transformation tool, SNIFT. The
proposed scheme is numerically validated via comparing
the reference FF pattern of a 4 x 8 uniform planar array
composed of ideal Hertzian dipoles and reconstructed
FF pattern. With the proposed scheme, the impact of
practical system limitations on single-cut reconstruction
accuracy can be easily analyzed.

Index Terms — Antenna pattern measurement, near-
field far-field transformation, near field measurement,
over-the-air testing, and single-cut antenna pattern.

I. INTRODUCTION
The ever-increasing demand for high data-rate,
reliable and ubiquitous wireless communication has
motivated research towards the fifth generation (5G)

Submitted On: May 19, 2021
Accepted On: June 21, 2021

communication system and beyond [1-3]. This has been
made possible, thanks to key radio frequency (RF) and
antenna technologies, e.g., millimeter-wave and sub-
THz frequency, large system bandwidth, large-scale
antenna configuration, and integrated and low-cost RF
front-end design. It is essential that we should measure
large-scale antenna arrays (e.g., massive multiple-input
multiple-output (MIMO) base stations) in a fast,
accurate, and cost-effective manner. This has become
more important and urgent due to the massive installation
of large-scale antenna systems in cellular, satellite and
military applications. The far-field antenna radiation
pattern is one of the most important metrics to evaluate
the radiated performance of the antenna system. However,
it is getting more expensive and time-consuming, as the
antenna under test (AUT) is getting larger and more
complicated. Furthermore, over-the-air (OTA) testing is
seen inevitable for future highly integrated antenna
systems [4-9].

The antenna pattern measurement methods may be
grouped into two categories including near-field (NF)
and far-field (FF) ranges. Classical NF measurement
techniques are based on the NF measurement of antennas,
and the antenna FF is subsequently calculated through
the near-field to far-field transformation. The amplitude
and phase response of the AUT are sampled at a regular
sampling grid with a well-designed measurement probe.
Though highly accurate and mature in the industry, this
method, however, requires both accurate amplitude and
phase measurement of the AUT over a large sampling
surface (i.e., full scan), and it also necessitates high-
accuracy positioners [10]. The measurement time also
becomes prohibitive when the electrical size of the
AUT becomes large. Different FF methods have been
extensively employed in the industry, e.g., direct-far-
field (DFF), compact antenna test range (CATR) and
plane wave generator (PWG) [11, 12]. The basic principle
of DFF is that a plane wave at the antenna can be directly
approximated if the measurement range is no smaller
than the Fraunhofer FF distance. However, the
requirement of measurement range might lead to large
(and therefore expensive) anechoic chambers and link
budget (i.e., small dynamic range) problems [13],

https://doi.org/10.47037/2021.ACES.J.360914
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especially for large-scale AUTs. The CATR generates
a plane wave using transformation with a parabolic
reflector in a much shorter distance than the DFF
method. The PWG can also enable over-the-air (OTA)
testing directly in the far field at a reduced distance,
by exciting the PWG array elements with suitably
optimized complex coefficients. The CATR and PWG
offer a good dynamic range due to reduced measurement
range. However, the setup cost is rather expensive for
massive deployment. In [14, 15], a mid-field (MF)
method is proposed and validated to achieve OTA RF
measurement, including AUT FF antenna patterns,
transmit and receive performance metrics. The method
presents some unique advantages. For example, it can
significantly reduce the measurement distance; it only
requires simple transformation from MF to FF results
and it does not need phase measurement. However, it
still requires some knowledge of the AUT (i.e., a grey-
box solution) and measurement samples on two different
radiated NF test distances to reconstruct the far-field
results. A review of some recent advances in antenna
measurements can be found in [16].

In practice, it is important and sometimes sufficient
to rapidly determine several key antenna radiation
parameters of the AUT, including antenna pattern peak
power and direction, null depth and direction, and
sidelobe level and direction, rather than to measure the
full 3D radiation pattern. Single-cut FF patterns (e.g., in
the E-plane or H-plane) are therefore of interest in
practice since these key parameters are available in the
single-cut pattern [17]. Furthermore, single-cut far field
patterns can significantly reduce the NF measurement
time. Much effort has been made to investigate the
possibility of obtaining single-cut FF patterns from NF
measurement data [17-21]. In this work, the objective is
to investigate whether we can accurately reconstruct the
single-cut FF pattern of the AUT in a cost-effective
anechoic chamber setup equipped only with a few
probe antennas. It is of importance to understand how
limitations in practical setups would affect the
reconstruction accuracy of the single-cut FF antenna
array radiation pattern. More specifically, we are
interested in how the single-cut FF pattern reconstruction
accuracy is affected by practical systems:

e Compact measurement setup. A large
measurement setup will take large floor-space,
which can be very expensive, especially when
many measurement facilities are required for
massive production testing. For production
testing purposes, the measurement range is
often limited, e.g., up to 1 m.

e Short measurement time. Measurement time
is one of the key performance indicators in
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antenna measurement, due to the massive
amount of AUTs to be tested and many RF
parameters to be examined for a single AUT. In
production testing, only a few measurement
probe antennas might be available to reduce
the measurement time. For single-cut
measurements, this means that the measured
accuracy might suffer from truncation error
(introduced by a limited angular range covered
by the probe antennas) and under-sampling
error (introduced by the large sample spacing
due to limited number of probe antennas).

e “Black-box” approach. In many cases, we
might lack knowledge of the AUT design.
Therefore, it is desirable that the testing method
can be applied for any DUT, without knowledge
of the DUT. This aspect is inherently covered
by the spherical near field antenna measurement
since the AUT is treated as black-box design.

The paper is organized as follows. We describe

our strategy to reconstruct the single-cut FF antenna
array pattern in Section 1l. After that, we numerically
investigate how limitations in practical setups would
affect the reconstruction accuracy of the single-cut FF
antenna array radiation pattern. Section 1V discusses the
future work and concludes the paper.

Il. METHOD

A. AUT configuration

Without loss of generality, a 4 x 8 UPA composed
of ideal z-oriented Hertzian dipoles with an element
spacing of 0.654 at 3.5 GHz (i.e., 56 mm) is utilized as
the AUT. The Hertzian dipole is selected for the array
element since it is the simplest radiation source [22]. The
array configuration is selected to mimic a realistic 5G
base station antenna array configuration. The size of the
UPA is 5.24 x 2.64 at 3.5 GHz (i.e., 446 mm X 223
mm) including the antenna element size, and the array
element excitations can be individually controlled for
the AUT, to synthesize various antenna array radiation
patterns. In the simulation, the mutual coupling among
array elements is not considered for the sake of
simplicity, though it is important for BS antenna
performance [23]. To avoid a completely symmetric
AUT radiation pattern (therefore potentially over-
simplifying the research problem), 28 antenna elements
(marked in grey) are excited with phase 0° while the rest
4 antenna elements (marked in black) are excited with
phase —90°, as indicated in Fig. 1. Uniform amplitude
excitations are allocated for all antenna elements in the
AUT. Note that other array configurations and element
excitations can be set as well following the same
procedure.
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Fig. 1. An illustration of the AUT configuration and
element excitations.

B. Problem statement

Following the standard spherical near field theory
[24], the required number of spherical wave modes to
fully reconstruct the AUT FF antenna pattern can be
calculated according to the array geometry (D,, = 2.64,
D, =5.24) as

Nzn%+§z16+f, (1)

Mr~n2+§~8+¢, v
where £ is the margin [24, 25]. The maximum permissible
sampling increments using standard spherical near field
theory in 6 and ¢ should satisfy, Ay <~ and A, <,
respectively. Therefore, the number of spherical wave
modes required is at minimum M - N = (8 + §)(16 +
&) = 128 + 24¢ + &2, Using the standard spherical near
field theory, we can obtain the full 3D FF pattern of
the AUT, yet a large number of samples is required. As
explained, for many applications, it is important to
rapidly obtain the AUT FF pattern key parameters,
including, e.g., array pattern peak power and direction,
side-lobe power and direction, and null depth and
direction, which are included the AUT single-cut FF
antenna pattern within a certain angular region (e.g.,
+50° around the main beam peak).

In this work, we aim to reconstruct the single-cut FF
pattern in a cost-effective measurement setup, where the
number of probe antennas is limited to around 10 and the
measurement range is limited to 1 m. A diagram of the
setup is shown in Fig. 2. Note that the maximum size for
an AUT with far-field distance of 1m is D = 207 mm at
3.5 GHz. Therefore, the far-field criterion is not fulfilled
for the considered AUT and measurement range. To
reduce the setup cost and measurement time, it is of
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importance to understand the impact of measurement
range, number of probe antennas (i.e., finite samples) and
truncation error (i.e., finite angular region covered by
the probe antennas) on the accuracy of the reconstructed
single-cut FF pattern. These aspects are considered in
this work.

K 7 required number of
Truncation of 6 angles antennas
[} g \\\
o, | R - E
446mm| W, . dememmmmm
522| IS, \ [
[N |
[} i
] B

Fig. 2. Diagram of the multi-probe setup and a DUT.

In this article, two methods to obtain the AUT FF
patterns are employed. With the first method, the NF and
FF field pattern of the AUT composed of the 32 Hertzian
dipoles with known excitation can be directly calculated
according to the well-defined field radiation
characteristics of Hertzian dipoles [22]. The other
method to obtain the FF pattern is to use the spherical
near-field to far-field transformation method. In our
work, SNIFT developed by TICRA is utilized for this
purpose [26]. The input NF data of SINFT is directly
calculated from the known AUT (using the field pattern
of the AUT), while the FF data is directly available at the
SNIFT output. Ideal probe antennas (i.e., RF transparent
probe antennas with isotropic antenna patterns) are
assumed for the sake of simplicity, though it is not a
limitation of SNIFT.

The calculated NF gain pattern at R = 0.5 m in
Matlab is shown in Fig. 3, as an example. Using the NF
data recorded at R = 0.5 m as input data, the FF pattern
can be obtained using SNIFT, as shown in Fig. 3. The
single-cut NF patterns (i.e., with¢ = 0°) at R = 0.5m
and FF distance are compared in Fig. 3. The FF pattern
is not completely symmetric due to the non-symmetric
AUT element excitation, as explained. The main beam
and nulls in the NF pattern are not as obvious as in the
FF pattern due to the small measurement distance, as
expected. Therefore, there is a need for near-field to far-

1217



1218

field transformation techniques to reconstruct the FF
results based on NF data.

9-componeB] atR= 0. m from Matlab
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Fig. 3. Calculated NF pattern (R = 0.5 m) of the AUT in
Matlab and FF pattern using SNIFT (input NF data at
R =0.5m).

To validate whether our NF and FF calculations of
the AUT based on radiated field of the Hertzian dipoles
are correct, we can calculate the FF AUT pattern in
Matlab and compare it with the FF pattern obtained from
SNIFT, as shown in Fig. 3. The single-cut FF patterns
using the two methods are also shown in Fig. 3. An
excellent match is achieved within a range of 45 dB,
which demonstrates the validity of our NF and FF
calculations based on radiated field of the Hertzian
dipoles.

C. Proposed strategy

To measure the ideal single-cut FF pattern, the
measurement distance R should satisfy the far-field
assumption while we have a sufficient number of
samples, e.g., with 1° step to capture all details in the
FF pattern. This, however, is not feasible for many
measurement scenarios. As explained, it is desirable that
we should reconstruct the single-cut FF pattern of the
AUT in a fast and cost-effective manner. As for a
practical multi-probe anechoic chamber setup, this
implies a small measurement distance and a low number
of probe antennas. In this work, we aim to reconstruct
the single-cut FF pattern of the AUT based on single-cut
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NF data in a practical setup. A framework to investigate
the single-cut FF pattern reconstruction accuracy is
proposed in this work, as illustrated in Fig. 4 and
explained below.

1) The AUT is composed of ideal Hertzian dipoles,
and therefore the AUT characteristics can be
fully determined once the array configuration
and array element excitations are set.

2) The reference FF pattern can be directly
calculated in Matlab according to the field
distribution of Hertzian dipoles.

3) The NF of the AUT at a distance R can also
be directly calculated following the field
distribution of in Hertzian dipoles in Matlab. The
NF single-cut pattern (i.e., with ¢ = 0°) can be
modified according to the compact anechoic
chamber configurations:

a) Single-cut operation. To obtain the
single-cut FF pattern of the AUT based
on NF data, the following procedure
is used. The NF pattern at ¢p = 0° is
selected and copied to all other ¢ -
values. Then the reconstructed NF data
is used as the input data to obtain the FF
pattern of the AUT using SNIFT. An
example is shown in Fig. 5, where the
NF AUT pattern at R = 0.5 m and the
reconstructed NF data is shown. Then
the reconstructed NF data is used as the
input data to obtain the FF pattern of the
AUT using SNIFT, as shown in Fig. 5.
The reconstructed single-cut FF pattern
(i.e., with ¢ = 0°) is compared with the
target calculated single-cut FF pattern
in Fig. 5. A good match can be
achieved, while small deviations in the
sidelobes and null depths exist. This is
introduced by the single-cut operation
of the NF data with a small
measurement range.

b) Single-cut operation with truncation of
0 range. The NF data can be truncated
in 6, e.g., 30° to 150° to demonstrate
the impact of truncation error
introduced by a limited angle covered
by the probe antennas. The NF data
outside the truncation range is simply
set to 0. Note that 6 truncation is not
seen at the output (FF) of SNIFT, while
only the input data (NF) is truncated.

c) Single-cut operation with increased
sampling intervals. The sampling
interval will have to be updated
according to the number of available
probe antennas in the measurement
system. The NF data (input) is re-
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sampled according to the sampling
interval. The FF data (output) can be
interpolated to make the pattern curve
smoother.

4) The modified NF data at distance R can be
obtained via copying the NF pattern at ¢ = 0° to
all other ¢-values.

5) We can then obtain the reconstructed FF pattern
of the modified NF pattern from SNIFT.

AUT
* Array Configuration

Matlab calculation

6) In the end, we can extract the single-cut FF
pattern from the reference and reconstructed
results and compare.

With the proposed framework, we can flexibly
modify the NF data introduced by limitations in practical
systems, i.e., measurement distance R, truncation of 6
range, and sampling intervals, and investigate the
inaccuracies introduced by these limitations.

Reference FF

e Array Element
excitation

Matlab
calculation

NF pattern at NFEE

* 6 scanat ¢ = 0° copied
to all other ¢ values

pattern

Check
single-cut
FF pattern
accuracy

Reconstructed  BlTgy reconstructed

cut pattern

(¢ =0") N

distance R

Increase sampling
interval?

* Truncation of 0 range?

NF pattern at

distance R el

Fig. 4. The proposed simulation framework to investigate the single-cut FF pattern reconstruction accuracy.

I11. SIMULATION RESULTS

A. Measurement distance R

The calculated FF pattern using Matlab and the FF
pattern obtained from SNIFT (input data: calculated NF
dataat R = 1 m) are shown in Fig. 6. The two single-cut
FF patterns (with ¢ = 0°) are shown in Fig. 6 (bottom).
As we can see, a better agreement is achieved, compared
to the results in Fig. 5 (with NF data at R = 0.5 m).
The improved accuracy is introduced by a larger
measurement range, as expected. Generally speaking, a
larger measurement distance would lead to less error in
the single-cut FF pattern. It can be observed that the
single-cut operation of the NF data will introduce
negligible errors with R =1 m for the considered
AUT. Therefore, in the simulation below, R =1 m is
considered unless otherwise stated.

B. Truncation error

The next step is to investigate the impact of 6-range
truncation on the single-cut FF pattern accuracy. For
a practical system, we aim to determine the antenna
pattern key parameters using the minimal required
number of probe antennas. The key parameters,
including main peak power and direction, first null depth
and direction, and first side-lobe level and direction,
are concentrated around 6 = 90°. Therefore, 6 -range
truncation might not affect the reconstruction accuracy
of these key parameters. On the other hand, a large 6-
range truncation with the same number of probe antennas
(i.e., more concentrated probe configurations) also
means a smaller sampling interval, which is beneficial to

the pattern reconstruction accuracy.
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B e — - —
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Fig. 5. Reconstructed FF AUT pattern in SNIFT (input
NF data: modified AUT pattern at R = 0.5 m and pattern
at ¢ = 0° is selected and copied to all other ¢-values)
(top) and comparison with target single-cut FF pattern
(bottom).
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Fig. 6. Reconstructed FF AUT pattern in SNIFT (input
NF data: modified AUT pattern at R = 1 m and pattern
at ¢ = 0° is selected and copied to all other ¢-values)
(top) and comparison with target single-cut FF pattern
(bottom).

The reconstructed single-cut FF patterns with 6
truncation ranges [0°,180°] (i.e., no € truncation),
[30°,150°], [45°,135°], and [60°,120°] are shown and
compared with the reference single-cut FF pattern in Fig.
7. As we can see, smaller 6-range truncations (i.e., 6
truncation range [30°,150°] and [45°,135°]) do not
deteriorate the pattern reconstruction accuracy for the
main lobe, the first null and the first side-lobe. However,
a large all 6-range truncation (i.e., 6 truncation range
[60°,120°]) leads to large deviations in the first null
and also the side-lobe level as well. Therefore, the 6
truncation range should be properly set in practical
measurement systems to balance the measurement error
and measurement time.

C. Number of probe antennas

The number of probe antennas is limited in practical
measurement systems, due to cost and measurement time
considerations. Therefore, it is important to understand
the impact of the sampling interval on the single-cut FF
radiation pattern reconstruction accuracy.

Following the standard spherical near field theory,
the theoretical limit of the sampling interval is:
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©)

That is, Ag should be smaller than 12.6° without
margin in principle to avoid errors introduced by under-
sampling.
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Fig. 7. Reconstructed single-cut FF patterns with 0
truncation range [0°,180°], [30°,150°], [45°,135°] and
[60°,120°].

The calculated FF pattern using Matlab (with
sampling interval Ag = 5°) is shown in Fig. 8. The FF
pattern obtained from SNIFT using the modified NF data
according to measurement setup (6-scan at ¢ = 0°,
Ay = 5°, 6 truncation to [30°,150°], and measurement
distance R = 1 m) is shown in Fig. 8. The single-cut FF
patterns are compared in Fig. 8, where a good agreement
can be observed. This is expected, since the sampling
interval satisfies the theoretical limit. The truncation
operation introduces some deviation for the angular
region outside of the truncation region, as explained.
This measurement system configuration would result in
around 25 probe positions.

To be consistent with the simulation results shown
so far (i.e., with Ag = 1°), the output FF pattern from
SNIFT (i.e., with Ay = 5°) can also be interpolated, as
shown in Fig. 8. Note that interpolation can be used to
smooth the curve, while the reconstruction accuracy
cannot be improved.
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Fig. 9. Reconstructed FF single-cut pattern with
sampling intervals Ay = 7.5°, Ag = 10°, and Ay = 15°,
respectively.

In Fig. 9, the @ truncation range is kept at
[30°,150°] and interpolation is applied. Sampling intervals
Ag = 7.5°,Ag = 10°,and Ay = 15° are set, respectively.
As we can observe, if the theoretical limit is satisfied
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(i.e., Ag < 12.6°), no errors will be introduced due to
sampling. However, if the theoretical limit is violated
(e.g., Ap = 15°), large deviations in the main lobe, side-
lobes and nulls can be observed. Therefore, for single-
cut FF antenna pattern reconstruction, it is important that
the sampling criteria satisfies the theoretical limit.

IV. CONCLUSION AND FUTURE WORK

In this work, the focus is on how limitations
introduced in practical antenna measurement setups,
e.g.,, measurement range, truncation error, sampling
intervals would affect the single-cut far-field pattern
reconstruction accuracy of the AUT. To address this
problem, a simple and flexible scheme is proposed,
where the near-field data can be generated and modified
according to practical setup constraints. In this way, we
can easily check how the reconstruction accuracy is
affected by different settings. A 4 x 8 UPA composed of
z-oriented ideal Hertzian dipoles with element spacing
0.651 at 3.5 GHz (i.e., 56 mm) is utilized as the AUT.
Extensive numerical simulations have been performed to
demonstrate the impact of measurement range, truncation
error and sampling interval on the reconstruction
accuracy. We have shown in numerical simulations that
we can accurately reconstruct the single-cut far-field
pattern of the considered AUT with R = 1 m, a truncation
range of [30°,150°], and a sampling interval of 10°.

There is some logic extension of the current work.
The numerical simulations in the work are based on a
UPA with ideal z-oriented Hertzian dipoles. It is of
interest to investigate how well the proposed scheme
works with more realistic antenna arrays (e.g., CST
simulated or real array). The analysis is based on one
specific case of AUT element excitations as explained
in the AUT configuration section. We can also repeat
the procedure to check more AUT excitations, to see
whether the considered scenario is typical. For truncation
error analysis, the data outside the truncation range is
directly set to 0. We can also investigate whether we
can improve the reconstruction accuracy by applying a
window-function with the truncation. Furthermore,
probe pattern correction should be considered for real
measurements, which is not considered in our current
work. It is also logic to investigate how the well proposed
scheme works for planar scanning measurements.
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Abstract — This paper presents a new approach to the
accurate determination of the far-field (FF) pattern of
wide-angle scanning phased array antennas (PAAS) that
uses planar near-field (NF) technology. When PAAs
are engaged in wide-angle scanning, a finite scanning
plane and inaccurate probe compensation can lead to
truncation errors. The proposed approach reduces these
by rotating the PAA to make its main beam perpendicular
to the scanning plane. To verify the effectiveness of
the approach, both theoretical calculations and actual
measurements were undertaken. The simulated and
measured results prove that the proposed method is
more accurate than traditional NF technology for a large
PAA scanning angle, such as w=50° and 4,=50° (in
simulation; 54° when measured).

Index Terms — Antenna measurement, planar near-field
technology, wide-angle scanning phased array antenna.

I. INTRODUCTION

The effective measurement of antenna technologies
[1-4] has always been a key issue. Phased array antennas
(PAAs) are antennas that can be electrically controlled
to change the direction and shape of the beam. In
addition to fifth generation (5G) millimeter-wave mobile
terminals [5], PAAs are often required in modern radar
applications to provide scanning with spatial coverage
over a broader angular range. A prominent concern in the
design of PAAs has been to enlarge their scanning angle,
S0 measuring their wide-angle scanning performance has
become an important topic of research [6]. Wide-angle
scanning PAA measurement technologies are usually
applied to either far-field (FF) measurements or near-
field (NF) measurements [7-9]. However, individual FF
measurements tend to deliver very limited information.
NF approaches are therefore commonly used for antenna
radiation and RCS measurements. Existing planar NF
measurements are also best suited to measuring antennas
with pencil-beam characteristics. However, finite
scanning surface truncation errors often affect the

Submitted On: April 22, 2021
Accepted On: August 11, 2021

accuracy of planar NF measurements. For antennas that
do not scan the beam and antennas that do not have a
large scan angle, there usually needs to be a cutoff at the
edge of the planar NF scanning plane, below -40 dB, to
minimize the truncation error. When the beam of an
antenna under test (AUT) is scanned, a large truncation
angle is often required to meet the -40 dB cutoff.
Unfortunately, large truncation angles are not always
possible during actual measurement processes.
Furthermore, when the scanning angle of an AUT is
large, there can also be inaccuracies in the calculation of
the probe compensation.

Various efforts have been made to try and reduce the
truncation errors. The most commonly-used method is to
select the most appropriate window function. This will
have a smooth taper at the edges of the scan plane [10].
However, this method reduces the extent of the reliable
region. An equivalent electric current or magnetic
current can be introduced to determine the FF pattern
[11], but this method requires certain kinds of a priori
information, such as the geometry and position of
the antenna. It is also extremely time-consuming for
electrically large antennas. Some previously proposed
techniques [e.g., 12] have suggested enlarging the
reliable angular region, but they increase the complexity
of the scanning system by demanding additional
measurements of the shape. Recently, band-limited
signal extrapolation algorithms have been applied to
radiation [13] and RCS measurements [14] in the NF
region, so as to reduce the truncation errors. However,
these approaches cannot be directly applied to the
measurement of wide-angle scanning antennas because
most of the energy remains outside the NF scanning
plane of the AUT and cannot be ignored.

In this paper, we present a novel method for
accurately measuring wide-angle scanning PAAs. Prior
to the planar NF measurement, the AUT is rotated by a
specific angle so that the main beam is perpendicular
to the scanning plane. During NF scanning on the test
plane, it is then relatively easy to obtain lower near-field
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truncation levels. After the mathematical transformation
introduced in this paper, it is possible to achieve accurate
PAA FF measurements.

Fig. 1. The relationship between o-xyz and o-x'y'z’.

Il. THEORETICAL BACKGROUND

A. Coordinate system transformation

Figure 1 illustrates the relationship between an
original coordinate system, o-xyz, and a translated
coordinate system, o-x'y'z'. Assuming that the rotation
angles are yo and 4o in the original coordinate system,
we can get the o-x'y'z' coordinate system after two
rotations. This relationship can be Written as:

vl X tip I t13
T|9|=[t21 122 (1a)
[ z 31 I3 t33

x
tip G I3
= |l 1t I3 y ,
Li3 s If3llz'

y
Z’\I
t11 = cosg ty; = 0,t13 = —sinhy,

ty1 = —Ssind, sing,ty, = c0s4g,ty3 — Sinly cos P,
t3; = c0SAy SNy t3, = Sindg,tss = coslycosP,. (2)

Assuming that the coordinates of the vector, 7, in
the two coordinate systems are (x,y, z) and (x',y’,z"),
it can be represented as follows:

r

(1b)

N> 2y &)

where

a

X x'
r=[x ¥y Z][)? =[xy 7] [37'l=
Z Z'
tir 12
[x" ¥y Z'] [fzz 12 H l 3)
I3 13

The relationship between (x, y,z) and (x',y’,z")
will then be'

X tx' +ty + 3,7
[J’] t172 I22 = [tx" + ty" + 132" |. (4)
z Lz I t13x' + b3y + 1332

Similarly, we can obtarn:

I
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TANG, ZHENG: ACCURATE FAR-FIELD MEASUREMENT OF WIDE-ANGLE SCANNING PHASED ARRAY ANTENNAS

Vectors in any direction in space (y,4) will
correspond to the o —xyz coordinate system and
@', 4" will correspond to the o —x'y'z" coordinate
system. Any unit vector, #, can be represented as follows
in the two coordinate systems

k4
# = [cosdsiny sind cosAcosy] If/

VA
7 = [cosd'siny’ sind’' cosd'cosy’ ]I

= [cosd'siny’ sind' cosA'cosy’'|T

N) \<) =) N> \<> R

So, the transformation relationship between (y’,4")
and (1, 4) will be:
A = arcsin (t,,sind’ + t;;cos4'cosy’)
Y = angle((t;3c0sA'siny)’ + t,35ind't;;cosA' cosyp')
+j(t;,cos4'siny’ + t,;5ind’ + t3,cos4'cosy’)). (7)
Similarly, the transformation relationship between
(y,4) and (', 4") will be:
A" = arcsin (t,;cos4siny + t,,5ind + t,;c0sAcosy)
Y' = angle((¢;;cosdsin + t3,sind + t33c0sAcosyp)

+j(t;;cos4siny + t;3c05Acosy)). (8)
The relationship between (1§, 4) and (%, 9, 2) is thus:
[1/3] _ [ cosy 0 —siny
Al l=sindsiny cosA
Similarly,
[1/7’] _ [ cosy’ 0 —siny’ x
Al |=sind'sing’  cosd'  —sind'cosy’

The dot matrix between (¥, 4) and (i)', &’ )can be
expressed as:
PP = cosy’ (t;,cosyp — tyysinp)siny’ (t3,cosyp —
ty3siny), (11a)
P+ A = cosA'(ty cosyp — tyssinp) — sind'cosyp’
(t3,cosy — ty3siny) — sind’siny’ (t,;cos — t;3siny),
(11b)
A" = sin’(ty;sindsinp — t3,cosA +
ty3sindcosyp) — cosyp'sind(t; siny + tzcosyp), (1lc)
A- A" = sind'cosy’ (t;;sindsinp — t;,cosA +
t338indcosy) — cosA'(t,;sindsiny — t,,cosA +
ty;8indcosy) + sind'siny’sinA(t;;siny + t;;cos9).
(11d)

B. Pattern transformation

If a PAA is measured in an o — x'y’z' coordinate
system, then it must be transformed to an o — xyz
coordinate system to obtain its characteristics. The
corresponding pattern in the two coordinate systems can
be expressed by (1), 4) and (i)', 4"), respectively:

F=Fyu@, a0 +Fy@', A, (12a)

F = Fy(p, ) + F,(, DA, (12b)
From this, the transformation relationship between the
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o0 — x'y'z' coordinate system’s pattern and the o — xyz
coordinate system’s pattern can be obtained:
Fy(,8) = Fy @, A" - ) + Fy ", 40 (4" - ),
(13a)
Fa(,8) = Fy @', 40" - B) + Fy (', 4)(4' - B).
(13b)
In Egs. (13a) and (13b), er (1/) | ) and F, (1/) | )

can be obtained through measurement, then, by
substituting Egs. (11a-11d) into Egs. (13a) and (13b), the
FF of the PAA can be acquired.

I1. SIMULATED AND MEASURED RESULTS

A. Calculated results

In order to assess the effectiveness of the proposed
approach, a measurement model was first established.
Fig. 2 shows a schematic diagram of the model. The
AUT here consisted of NyxNy electric dipole elements.
The element intervals were dy and dy, respectively, and
the amplitude had a -25dB sidelobe Taylor distribution
in the direction of the azimuth and a -35dB sidelobe
Taylor distribution in the direction of the elevation.
The distance between the scan plane and the AUT was d.
The reliable angles were 6y and 6y, respectively, and the
sampling intervals were Ayx and A4y. The details of the
parameters are presented in Table 1.

Scan plane
/ﬁ//
// // z
7 e
A d Lt
7 v
X s L
s s
7

Fig. 2. Schematic diagram of the model.

Table 1: Detailed parameters

Parameter Value Parameter Value
Ny 20 O 60°
Ny 20 Oy 60°
dx 0.6/ Ax 0.4A
dy 0.6/ Oy 0.4A
d 5; Antenna Siz_e 12Xx12A
Scan Plane Size|29.3x29.3L

It was assumed that the antenna beam scanning
angle was w=50° and 4,=50°, with truncation angles of
60° and 85°, respectively. A comparison of these two
cases relating to a normal NF-FF transformation and the
theoretical results is shown in Fig. 3. The results show
that when the PAA was in a wide-angle scanning mode,
the difference between the calculated FF pattern and the
theoretical FF pattern decreased as the truncation angle
increased. When the truncation angle was 85°, there
was an obvious difference between the calculated result

ACES JOURNAL, Vol. 36, No. 9, September 2021

and the theoretical result. However, this truncation angle
is impossible to realize in actual practice. When the
antenna aperture was rotated by y=50° and 4=50°, which
was the same as the scanning angle of the PAA, the main
beam was orthogonal to the scanning plane. Here, a
60° truncation angle was assumed. As can be seen in
Fig. 3 (a), the traditional 60° truncated angle NF-FF was
noticeably different from the theoretical FF. Figure 3
(b) shows that they were in good agreement when the
truncated angle increased to 85°. However, as can be
seen in Fig. 3 (c), the results relating to the proposed
method were consistent with the theoretical results when
the truncated angle was just 60°. Figure 4 also shows that
the calculated results using the proposed method were in
good agreement with the theoretical results. This proves
the validity and accuracy of the proposed method.

04

—— Theoretical FF
—— 60° truncated angles NF-FF

Amplitude [dB]

-40 —2‘0 6 2‘0 4‘0 G‘O
Theta [Deg]

@)

—=— Theoretical FF
—— 85° truncated angles NF-FF

Amplitude [dB]

Y ¥ T T T J
-60 -40 -20 0 20 40 60
Theta [Deg]

—=— Theoretical FF
—— Introduced method

Amplitude [dB]
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]
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/ T T T T 1
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Fig. 3. Comparison between the theoretical results and
calculated results for the elevation plane when y=50°. (a)
Comparison between the theoretical FF and a 60° truncated
angle NF-FF. (b) Comparison between the theoretical FF
and an 85° truncated angle NF-FF. (c) Comparison between
the theoretical FF and the proposed method.
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Fig. 4. Comparison between the theoretical results and
calculated results for the elevation plane when 4,=50°.
(a) Comparison between the theoretical FF and a 60°
truncated angle NF-FF. (b) Comparison between the
theoretical FF and an 85° truncated angle NF-FF. (c)
Comparison between the theoretical FF and the proposed
method.

B. Measured results

The proposed method was also used to measure a
helix antenna array at 2.2 GHz. This was composed of
2x8 helix antenna elements spaced 85mm apart, with
a uniform distribution. It was fed by a one-to-sixteen
power divider. The size of the antenna array was
900mmx230mmx110mm, as shown in Fig. 5 (a).
Beam scanning at 54° was realized by changing the cable
length between the power divider and the radiation
element (Fig. 5 (b)). The antenna was rotated so that the
main beam was perpendicular to the scanning surface
for another planar NF measurement, as shown in Fig.
5 (c). The positional accuracy of the scanning system
was 0.05mm and its RMS value was 0.1mm. The 54°

TANG, ZHENG: ACCURATE FAR-FIELD MEASUREMENT OF WIDE-ANGLE SCANNING PHASED ARRAY ANTENNAS

scanning angle results shown in Fig. 6 again confirm the
effectiveness of the proposed algorithm.

The simulation-based and measured results together
serve to confirm that the proposed method is more
accurate than using traditional NF technology when the
scanning angle of a PAA is large.

Fig. 5. The antenna and measurement process: (a) the
antenna, (b) conducting the FF measurement, and (c)
conducting the NF measurement.

Antenna Pattern in Azimuth Plane

T
NF-FF(Co)
NF-FF(Cross) ||
—— FF(Co) A
FF(Cross)

15 \ / /\‘\\ /;\\ AlA ’ / \ J“
H A\ |
|

-60 -40 -20 20 40 60

0
Azimuth Angle(deg.)

@)

Antenna Pattemn in Azimuth Plane

NF-FF(Co)
NF-FF(Cross)
—— FF(Co)
FF(Cross)
-10 S
/ \ \ PN

WAL S
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(b)

Fig. 6 Comparison of the NF-FF results and FF results
for a 54° scanning angle: (a) using the traditional NF-FF
method, and (b) using the proposed method.
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IV. CONCLUSION

This paper has presented both theoretical analysis
and the real application of an approach that can
accurately determine the FF pattern of PAAs based on
planar NF technology. Using this approach, it is only
necessary to rotate the PAAS, so that the main beam is
perpendicular to the scanning plane. The results from
both simulations and physical measurements have
established the validity of the proposed algorithm. The
approach presented in this paper is especially suitable for
wide-angle scanning PAAs.
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Abstract — A dual-polarized, broadband, slot-coupled
patch antenna design is presented for sub-6 GHz 5G base
stations. Proposed antenna is made up of two suspended
stacked patches above feedline layer and is excited
by crossed elliptic-H slots for +45° slant, linear dual
polarized operation. Prototyped antenna has an impedance
bandwidth of 22.1% (3.14 - 3.92 GHz) for |S11), |S2| <
—15 dB and port isolation |Sy4| is also obtained to be
< —28 dB in this band. Antenna exhibits directional
radiation patterns with half power beamwidths of 57°
- 65° and 60° - 64° in elevation and azimuth planes,
respectively with varying gain of 8.6 - 9.1 dBi. Proposed
antenna is also low profile (11.1 mm) with high front-to-
back ratio (> 27 dB) without reflector. Design details,
numerical studies, and measurement results are presented.

Index Terms — Dual-polarized, broadband antenna,
isolation, front-to-back ratio, sub-6 GHz 5G base stations.

I. INTRODUCTION

Continuous increasing demands in data rates,
bandwidth (BW) and quality of services (QoS) in cellular
communication put challenging requirements for base
station antennas such as being dual-polarization, low
profile, broadband impedance matching (|S11|, [Sz22| <15
dB), high port isolation (|Sz1| < —20 dB), and high
front-to-back ratio (FBR > 20 dB). 5G is a promising
technology with massive multiple input multiple output
(mMIMO) antenna arrays, which is one of the key
enabling technologies of 5G, to meet the demands of
celullar industry. N78 band (3.30-3.80 GHz) is assigned
for sub-6 GHz 5G applications. Making full use of
mMIMO requires further performance improvements
such as isolation |Sy1| < —25 dB and FBR > 25 dB. Design
of single element antenna with high isolation and high
front-to-back ratio helps mMIMO array to reach these
performance levels easily. Moreover mMIMO arrays are
bulky structures with huge number of antenna elements.
Outdoor physical installation requirements necessitates
mMIMO array to be compact and low profile. Therefore
itis still a challenging problem to design dual-polarized,
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broadband antenna element with high isolation, high
FBR and low profile in a simple configuration.

Patch antennas are widely used in dual-polarized
base station antennas because of their compactness, low
profile, and ease of manufacturing [1]. Despite their
narrowband nature at the beginning, different feeding
techniques have been developed to make them
broadband. Probe feeding and slot coupling are common
methods for exciting the patches. Together with such
feeding mechanism, stacked patch antennas (SPAS) can
also be employed for broadband operation. Several
variations of probe feeding (L, T, F, meandering, and
hook shapes, symmetric or anti-symmetric feeds) for
dual-polarized patch antennas are introduced in [2-8].
Other common type of feeding is slot coupling in single
or multilayer configurations. Dual-polarization feature
of patch is accomplished by either crossed slots centered
on common ground or two separate slots in orthogonal
placement [9-14]. Crossed-slot geometry is more
common because of its single layer feeding, making the
antenna low profile and compact. In [9], a dual-polarized
SPA is designed by utilizing a plus-like shaped slot.
A four layer microstrip patch antenna is presented in
[10] where the feeding lines for each polarization are
mounted on separate layers and slots are etched on these
layers accordingly. In [11], two modified-H slots are
used to create dual-polarization on the patch. [12-13]
reports square shaped ring slot structure feeding a patch
and Jerusalem crossed radiator, respectively. In [14], a
broadband multilayer SPA containing a quasi-crossed-
shaped slot is presented. Furher different designs of slot
coupled antennas can be found in [15-16].

Slot-coupled patch antennas may be simple, low
profile however their FBR performance is poor because
of undesirable back radiation of the slots. Hence
additional reflector plane or cavity backed structure,
which increases antenna profile, is generally employed
to make FBR higher. Isolation between ports is also
another problem in SPA design due to the mutual
coupling of currents flowing in the slot plane. Additional
reflector plane to improve the FBR may form a waveguide
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with the ground plane causing flow of unwanted higher
order currents and poor isolation. In order to improve the
isolation, electromagnetic band-gap (EBG) and meta-
material based superstrates have been proposed [17, 18].

In this paper, design of a simple, dual-polarized,
slot-coupled SPA with easy fabrication is presented for
sub-6 GHz 5G base stations to operate in 3.30-3.80 GHz
band. Different than other works, elliptic-H slots are
employed for exciting the patches. Design of stacked
patches (dimensions and placement) are made in such
way that that proposed SPA exhibits 22.1% (3.14-3.92
GHz) impedance BW for |S11], |S22| < —15 dB, with a
gain of 8.6-9.1 dBi. Broadside, directional radiation
patterns have been obtained with half power beamwidths
(HPBWs) of 57°- 65° and 60°- 64° in elevation and
azimuth planes, respectively. Moreover, in addition to
these performances, other prominent features of the
proposed antenna can be counted as its high FBR (> 27
dB) and high isolation (|S21| < —28) with low profile (11.1
mm). And they have been achieved without use of any
additional reflector, cavity backed structure and EBG or
meta-material based surface in the design.

This paper is organized as follows. Section 11 describes
geometry, configuration and physical dimensions of
proposed SPA with working principles. Section I11 deals
with numerical studies including parametric studies
and performance optimizations. Section IV presents
measurement results while Section V discusses the study
and concludes the work with detailed comparison of
previous related ones showing the superior performance
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of proposed antenna.

I1. ANTENNA DESIGN

A. Geometry and configuration

Geometry and configuration of SPA is illustrated in
Fig. 1 while its physical dimensions are given in Table 1.
SPA comprises two suspended stacked patches (main one
and parasitic one) and a feedline layer, all separated by air.
Heights of the main and parasitic patches are denoted by
hsr and Ay, respectively. Patches are 0.25 mm thick metal
squares whose sides are L,; and L. The feedline layer
consists of a feed network at its bottom side and a common
ground at its upper side. Elliptic-H slots are etched on this
ground side. Feed network is composed of two parts:
matching section and 100 Q branch lines. Matching section
provides broadband matching between input impedance
of SPA and 50 Q SMA port. It includes a two-section
binomial transformer and an additional rectangular stub of
size 3.1 x 4.0 mm?. Transformer sections are approximately
quarter wavelength (L., L,>) at the center frequency, f. =
3.55 GHz (4. = 84.5 mm). Coupling to the slots is realized
by two 100 Q microstrip branch lines which are connected
to the matching section by a T-junction. Branch lines are
separated by a distance L, and terminated by L-shaped
stubs in order to compensate the reactive component of the
input impedance of SPA and preclude the overlap. Line
crossing between inner branches is inevitable and hence a
small air bridge is introduced here to avoid intersection.
Feedline layer is implemented on FR4 substrate (&, = 4.4,
tand = 0.02) of 1.6 mm thickness.
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Fig. 1. Antenna geometry and configuration (a) top view and cross-section, and (b) elliptic-H slots, feedlines and binomial

transformer.
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Table 1: Physical dimensions of the proposed antenna

Description Parameter Dimensions
(mm)
Ground plane Lg 110
Main patch Lst 325
Parasitic patch Ls 30
Lower/Upper air height hs1, hs2 2,7
Slot major axis length L1t 16.5
Vertical slot width Lsi2 3.2
Stub Length Lst 2.35
1% binomial section length Lot 11.55
2" binomial section length Lot 11.82
Branch lines separation Lg 6.91
Rectangular stub
Iengt%/width Lrsts L 31,4
FR4 height h 1.6
Overall SPA height 2+7+1.6+2x0.25=11.1

B. Working principles

Electromagnetic power is coupled to patches through
elliptic-H slots and +45° dual polarizations are created.
Dimensions and placement of patches at proper heights
are of critical importance for good broadband matching,
isolation and FBR. Although main patch (L, As;) has
dominant effect in total design, parasitic one (L2, A7) must
also be considered in combination with it to reach desired
performance. The lower h,; makes efficient coupling
from slots to SPA easier, hence resulting in good FBR.
However, this lower Ay makes broadband operation
difficult. The higher A, facilitates broadband operation
but efficient coupling from slots to SPA becomes more
difficult and hence resulting in poor FBR. The existence
of parasitic patch may be questioned because it increases
the overall antenna profile. However, as shown in the
next section, desired technical performances cannot be
obtained by a single patch and hence parasitic one is also
required. The basic idea of the design is to place main
patch at the lowest possible height (%) to have good
FBR, and at the same with the proper combination of
both patches (%1, hs2), to reach desired impedance BW,
matching level, isolation, and to keep overall SPA still
profile low. Proper placement of the second patch
(parasitic patch) with the main patch modifies the current
distribution on the main patch. And vectorial combination
of currents flowing on the two patches has a total effect of
improving the isolation.

In this work, different than conventional rectangular-
H slots, central sections of the slots are designed in elliptic
form. As addressed in [19], elliptic slot is a simple
technique for broadband efficient coupling between
microstrip transitions and employed here as coupled-
feeding mechanism. Axial ratio (Ay) of the ellipse,

specifically length of its major axis, controls the level of
the coupling. Tapered line nature of slots due to elliptic
shape provides further separation between slots around the
center where most coupling occurs and improves the
isolation. Furthermore, elliptic shape of slots also provides
better impedance matching and efficient power transfer
from slots to the patches. This yields less return power and
less flowing currents in the slot plane resulting in less
backward radiation (high FBR) and less mutual coupling
currents (high isolation).

Figure 2 plots surface current distributions on the
main and parasitic patches at 3.30 GHz and 3.80 GHz
when SPA is excited at port 1. Current amplitude on the
main patch gradually increases towards edges at 3.30 GHz
in symmetry with +45° diagonal line while the currents
are weaker on the parasitic one. At 3.80 GHz, stronger
coupling occurs between two patches and current
amplitude on the parasitic patch increases while it
remains almost same with little decrease on the main
patch. This means that resonant behaviour around 3.80
GHz is mostly governed by the parasitic patch.

3.3 GHz

'
Port 1 '
Radiating Patch Fortt Parasitic Patch

3.8 GHz

+45° Jsurt (a/m]

'
|
Port 1

'
'
Radiating Patch Port 1

Parasitic Patch
Fig. 2. Surface currents on the main and parasitic patches.

I11. NUMERICAL STUDIES

A. Parametric analyses

Proposed SPA is modeled and simulated in Ansoft
HFSS. Its electrical performances are numerically
analyzed in terms of impedance matching (|S|) and port
isolation (|S21|) with parametric studies. Each parametric
study is carried out by sweeping one parameter within a
range while the rest is kept fixed. Since SPA ports are built
in symmetric configuration, only |Sy,| results at port 1 are
reported. Upper and lower boundaries of the desired band
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of operation (3.30-3.80 GHz) are shown with vertical
black dashed lines in the figures.

|S11] and |Sz1| characteristics of SPA as a function
of main patch height (hs) are given in Fig. 3. In this
analysis, hs is swept in 1-3 mm range by 1 mm steps.
Proposed SPA reaches its best matching level and largest
impedance BW when hg; is set to 2 mm. In addition,
typical port isolation is obtained to be |S21| < —26 dB at
this value of hg.

1S4l (dB)
0 11
-10 |
=20 ¢
-30
a0 e
—— h__=2mm
-50
-60
2.5 3 3.5 4 4.5
Frequency (GHz)
IS,,I (déa)l)
15 21

2.5 3 3.5 4 4.5
Frequency (GHz)

(b)

Fig. 3. Effect of the main patch height on (a) |S11| and (b)
[S21).

The same procedure is also carried out for the
parasitic patch height (hs,) and the best performance is
achieved when hs; =7 mm as shown in Fig. 4. With these
values (ha = 2 mm, he, = 7 mm), effect of parasitic patch
can be seen better in Fig. 5 (a) showing that desired
matching level and impedance BW cannot be achieved
by a single patch. Figure 5 (b) plots the simulations of
radiation pattern of SPA in azimuth plane (6 = 90°,
—180° < ¢ < 180°) by changing hs; with fixed hs; = 7 mm.
It is observed that FBR gets better at lower hs; values. As
a result, the basic idea of this design to place main patch
at the lowest possible height to have good FBR and
utilize parasitic one to reach desired matching level,
impedance BW and isolation is consistent. Moreover,
Fig. 5 (b) shows that higher FBR can be attained without
using any reflector by only positioning the main patch at
lower heights.
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1S4 (@B)

25 3 3.5 4 4.5
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3.5 4 4.5
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Fig. 4. Effect of the parasitic patch height on (a) |S11| and
(b) [S2al.
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Fig. 5. |S11| and FBR graphs (a) effect of the parasitic
patch on |S11|, and (b) effect of hs; on FBR.
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Figure 6 illustrates |Si1| and |Sy| performance of
SPA regarding axial ratio (Ax) of the elliptic-H slots. This
analysis is carried out as Ax is increased from 14.5to 18.5
with increment of 1. When A, = 16.5, antenna has two
resonance points at 3.39 GHz and 3.74 GHz and 20%
impedance BW for |S11| <—15 dB. Port isolation does not
vary much with respect to Ax in desired band. |Szi| is
typicallly < -26 dB.

IS4,1 (@B)

25 3 3.5 4 4.5
Frequency (GHz)
(a)
IS,,| (dB)

2.5 3 3.5 4 4.5
Frequency (GHz)

(b)
Fig. 6. Effect of A« of elliptic slot on (a) |S11| and (b) |S2i].

B. Effect of elliptic H-slots

Effect of the elliptic-H slots on the SPA performance
is evaluated by comparing it with rectangular-H slots
having the same length (Ls = 15.98 mm) and area (As ~
11.186 mm?). Results are illustrated in Fig. 7 and Fig. 8.
Elliptic-H slots improve matching level appreciably in
the desired band. Port isolation is also improved by
elliptic-H slots approximately 2.5 dB with respect to
rectangular-H slots. For better understanding, comparison
of the port isolation mechanism is also demonstrated
with the currents flowing on the slot plane of feed line
layer at 3.55 GHz. As shown in Fig. 8, the current
distribution on the elliptic-H slots, aspecially around the
center where most mutual coupling occurs between
ports, are weaker than that of the rectangular-H slots.
This weaker flowing current results in improvement in
the port isolation.

\

I —|S11| (Elliptic)—lsﬂl (Rectangular)

65 -|--- IS,, | (Elliptic) IS,,| (Rectangular) | |
-75 ‘
25 3 3.5 4 4.5

Frequency (GHz)

Fig. 7. Comparison of elliptic-H and rectangular-H slots.
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Fig. 8. Current distributions on the slot plane with
elliptic-H and rectangular-H slots.

N

IV. MEASUREMENT RESULTS

Proposed SPA is prototyped in accordance with
design descriptions given in Section Il and is shown in
Fig. 9. Air layers are formed by using plastic separators
with appropriate heights. Overall size of the prototype
SPAis 110 x 110 x 11.1 mm3. Numerical results of Section
111 are experimentally verified by the measurements of
S-parameters (|S11], |Sz2|, and |S21|) and radiation patterns
(co-pol, cross-pol). S-parameters are measured by HP
8720D vector network analyzer and radiation pattern
measurements are performed in an anechoic chamber.
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Measurements are taken when the SPA is excited at port
1 (+45° polarization) while the other port is terminated
by broadband 50 Q load. Again due to the symmetric
configuration of ports, results of port 2 (—45° polarization)
are not included.

o
A
() ()

Fig. 9. Prototyped SPA (a) feed network, (b) elliptic-H
slots, and (c) top view (not in scale).

Figure 10 plots measured and simulated S-parameters
of SPA. It can be seen that measured results are
consistent with the simulations. SPA exhibits 22.1%
impedance BW for |Sq1|, |S22| < —15 dB along 3.14-3.92
GHz. Slight discrepancy between |S11| and |Sy;| is caused
by the air bridge. The measured |Sz| is < —28 dB in
desired band of 3.30-3.80 GHz.

1,41 and IS, (@B)

r —|Sﬂ| meas.
-----|S11| sim.

-40
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-60
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-35 H . i
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‘ i !
-45 ‘ ‘ '
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Frequency (GHz)
(b)

Fig. 10. Measured and simulated S-parameters (@) |S11,
|Szz|, and (b) |Szl|.
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Normalized co/cross-pol radiation patterns in
elevation and azimuth planes are measured at 3.30 GHz,
3.55 GHz, 3.80 GHz frequencies within the operating
band. Both simulations and measurement results, which
are consistent with each other, are plotted in Fig. 11.
SPA exhibits stable, symmetric and directional radiation
patterns in both planes. Measured HPBWs are 65°, 62°
and 57¢ in elevation plane and 64°, 62° and 60° in azimuth
plane at the corresponding frequencies, respectively.
Gain of the SPA in the operating band varies between
8.6-9.1 dBi and given in Fig. 12. High FBR, one of the
design goals, is achieved to be > 27 dB. From Fig. 11, it
is observed that cross-polar discrimination (XPD) level,
which is another important performance criterion of base
station antenna and not targeted in this study, is also very
good. That is, XPD level at boresight is > 25 dB.

3300 MHz 3550 MHz 38000MH2
° Q

330 30

60

90 270 20

120 240 120
210y 190 210 oo 150 20 o 150
|—Co-P0¢ (meas.) - - -Co-Pol (sim.) ——Cross-Pol (meas.) - - - Cross-Pol (5im.)|
(a)

3300 MHz 3550 MHz 3800 MHz

0 0

30 330 & 30

60 300 60 300

90 270 90 270

120 240 120 240

210 150 210 150 210 150
180 180 180

|—C0-Po| (meas.) - - -Co-Pol (sim.) —— Cross-Pol (meas.) - - - Cross-Pol (sim )\

(b)

Fig. 11. Measured and simulated co-/cross-pol patterns
in (a) elevation plane and (b) azimuth plane.
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9. =
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8r .
—e—Gain (measurement)
- * -Gain (simulation)

7.5 '
3.2 34 3.6 3.8

Frequency (GHz)
Fig. 12. Measured and simulated gain of the SPA.

V. CONCLUSION
In this paper, compact, dual-polarized, broadband,
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slot-coupled SPA with ease of fabrication is designed
and investigated for Sub-6 GHz 5G base station
applications. Proposed SPA is made up of main patch
and parasitic patch layers above feedline layer and is
excited by crossed elliptic-H slots creating +45° dual slant
polarizations. To summarize, proposed SPA exhibits
22.1% (3.14-3.92 GHz) impedance BW for |S11|, [Sx| <
—15 dB, port isolation |S»| < —28 dB and FBR > 27 dB.
It has HPBWs of 57°-65° and 60°-64° in elevation and
azimuth planes, respectively with varying gain of 8.6-9.1
dBi.

Simulated and measured radiation patterns show
that proposed SPA is low profile with high isolation and
high FBR. In this design, placement of the main patch
at a reasonably low height, then use of parasitic patch
in combination with it and use of elliptic-H slots, all
together provides the solution and helps to reach design
goals for impedance BW, matching level, isolation and
FBR with no reflector plane, cavity-backed structure,
EBG or meta-material based surface. Moreover, overall

height of the proposed antenna is still low profile (11.1
mm) as it can be verified among similar works in Table
2. Table 2 lists the performances of proposed work and
some similar existing ones designed to operate in the
same band (3.30-3.80 GHz) as a base station antenna. To
make full comparison, note that [3-5] are patch antennas
with probe feeding while [12-16] are patch antennas with
slot coupling. As can be seen from Table 2, proposed
SPA outperforms all of the slot coupled antennas [12-16]
and competes with the probe-fed antennas [3-4] by
satisfying all the desired performance parameters of
base station antennas. Considering the numerical and
experimental results, proposed SPA can be a good
candidate to be used in and to facilitate the mMIMO
array design for 5G applications.
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Table 2: Comparison of proposed antenna with the related previous works

Work BW (GHz, %) [S11], [S22] (dB) [S21] (dB) | FBR (dB) | Height (mm) | Reflector
[3] 3.15-4.55, 37% <-10dB <-38 >125 12.7 N/A
[4] 2.86-4.12, 36% <-15dB <-30 > 28 13.4 N/A
[5] 3.13-4.16, 28.3% <-15dB <-23 >10 29.2 N/A
[12] 3.30-3.80, 14% <-10dB <-20 > 30 37.2 w
[13] 3.33-3.83, 14% <-10dB <-23 > 25 34 w
[14] 3.23-3.80, 17% <-10dB <-50 >10 10.5 W/O
[15] 3.25-3.80, 15.6% <-15dB <-25 >18 12.2 w
[16] 3.30-3.60, 8.9% <-15dB <-25 > 16 18.8 w
This 3.10-3.99, 25.1%, <-10dB

work 3.14-3.92, 22.1% <-15dB <-28 > 27 11.1 wio

W: With reflector, W/O: Without reflector, N/A: Not applicable.
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Abstract — In this paper, we propose a hewly developed
impedance method to gauge the variations of multi-
directional strain using a near-circular-patch based sensor.
A novel three-dimensional (3D) feeding mechanism
realized by a 90-deg bended microstrip line is devised
for allowing strain detection along any direction in the
azimuth plane of a metallic surface. The simulated results,
verified by experimental results, demonstrate that there
is a linear relationship between normalized impedance
and multi-directional strain with high sensitivities of
about 100 ppm/ue. The relationship between sensitivity
and sensor orientation is derived as a cosine function,
which is a useful feature for estimating principal strain
direction.

Index Terms — 3D feeding mechanism, multidirectional
strain monitoring, near-circular-patch, strain sensor.

I. INTRODUCTION

The aging of steel structures, such as high-speed
train, bridge, railways and airplanes has become a social
problem. Recently, engineering accidents are of great
concern. On Aug. 14, 2018, the Morandi Bridge of Italy
collapsed sending vehicles and tons of rubble to the
ground 150 feet below and 43 people were killed. In
structural health monitoring (SHM), accurate assessment
of deterioration demands efficient sensing techniques [1-
3]. Strain sensors are used extensively in applications
including construction engineering, bridge fabrication
and railroading project. Resistive strain gauge is known
as one of the most common strain sensors; its low cost
and easy installation are the most prominent advantages.
Nevertheless, it suffers from low sensitivity of 2, cable
installation and low immunity to environmental conditions
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such as temperature and humidity variations. Besides,
one resistive strain gauge can only detect strain occurring
in one direction which is known beforehand. For strain
detection of unknown direction(s), multiple gauges have
to be combined in the form of rosettes. Thus, a sensor
of single sensing element that can detect unknown
directional strain beforehand is highly anticipated.
Recently, there has been a rapid development of
antenna technologies, which are gradually used for
sensors [4-5]. Patch antenna-based sensors are a passive
and cost-effective method for locally monitoring defects
immediately. To apply antennas as sensors for strain and
crack detecting in SHM [6], linear-polarization (LP)
patch antennas with different shapes and sizes have
been proposed [7-10]. Relationships between resonant
frequency and length/size of patch were used. Good
performance of the LP patch antenna sensor has been
proved, but the sensitivities are unfortunately found to be
limited to 1 ppm/pe and the sizes are not small enough
[11-13]. The unidirectional sensing and low sensitivity
are the main disadvantages of LP patch antenna-based
sensors. A comparative study into the directional
sensitivity of two coaxial probe-fed LP-patch sensors
and circular-polarization (CP) patch was firstly conducted
by authors [14]. Mathematical derivation and experiment
validation of CP patch-based strain sensor with size of
80 mmx80 mm was first elaborated in [15]. Moreover,
with the rapid development of 5G sub-6-GHz base-
stations [16], their application scenarios will greatly
expand, which also brings some special requirements
to sensor performance. Linearity and sensitivity are
two important parameters of strain sensors. In some
instruments, small strain monitoring is required that
demands for high sensitivity in order to obtain better

https://doi.org/10.47037/2021.ACES.J.360917
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resolution. For the sake of achieving precise detection of
subtle strains, high linearity and high sensitivity are
simultaneously required. This is a key research challenge
that has not been sufficiently reported to date.

A high-sensitive antenna-based strain sensor called
the proximity-fed circularly polarized (PFCP) patch has
been initiated by the authors in [17]. High dielectric-
constant substrate was used as the substrate for sensor-
size reduction. Instead of the resonant-frequency-shift
approach, wherein the shifts of resonant frequency
represented the strain variations, the new approach of
“phase-area” method using CP-patch-based sensor was
investigated for strain monitoring. The simulation
evidence has shown a liner correlation between
normalized phase area change and micro-strain. High
linearity for multi-directional strain was validated with
favorable values of goodness-of-fit. However, alike the
other wired sensors, for instance, the LP-patch based
sensors [9-10], PFCP-patch sensor [17] also faced
placement difficulty due to the Sub-Miniature-A (SMA)
connector. Namely, the SMA connector needs to be
installed perpendicular to the cross section of the
metallic surface which limits the freedom of sensor’s
placement. In [9], a LP-patch sensor was installed for
monitoring the strain on the central structural surface, a
coaxial-feed patch antenna sensor was bonded at the
center of a metallic plate through a hole on the metallic
plate. The coaxial-feed patch antenna sensor has smaller
overall size, but requires an “artificial hole” in the
monitored structure. This method is impractical in real-
world application. For all types of rectangular patch-
based strain sensors presented in [14], [15] and [17],
discrepancies were found in the two sensitivities under
0° and 90° direction. The perturbation segment, viz., the
difference between the length and width of the rectangle
patch is found to be the source of this discrepancies. To
solve this problem, a near-circular patch is purposely
used for eliminating the discrepancies.

In this study, our motivation is erected for building
an antenna sensor with freedom placement for unknown
strain detection. A near-circular-patch-based strain sensor
with a novel feeding mechanism is designed that provides
a way to solve the placement problem. The proposed
strain sensor can be attached on any azimuth position of
the monitored surface regardless of strain direction,
wherein the variation of input impedance was used as the
measurand for strain sensing. Moreover, strain direction
can be determined based on the polarity and magnitude
of the obtained sensitivity.

I1. FEASIBILITY VERIFICATION OF 3D
MICROSTRIP LINE FEED
Although the PFCP proof-of-concept prototype
using “phase-area” method achieves good performances
of high sensing sensitivity and linearity. Due to the
fact that the SMA connector needs to be installed
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perpendicular to the cross section of monitored metallic
surface, the installation location of sensor is limited. In
order to solve the deficiency of the PFCP antenna sensor,
a modified 3D feeding mechanism realized by a 90°-
bended microstrip line is designed. This type of 3D fed
near-circular-patch-based strain sensor provides a way to
detect the strain in any direction of the structure surface.

Fig. 1. Performance comparison of two 50-Q microstrip
lines: straight one versus 90°-bended one.
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Fig. 2. Comparison of S-parameters.

In order to verify the feasibility for applying the 3D
feeding structure to patch-based strain sensor, two 50-Q
microstrip lines in length of 85 mm were fabricated. One
is the straight microstrip line whereas the other is a 90°
L-shaped microstrip line, which is expected to be used as
the 3D feeding mechanism. As shown in Fig. 1, scattering
parameters of two-port 50-Ohm microstrip lines were
measured by a Keysight Performance Network Analyzer
(PNA, N5222A) after calibration. Fig. 2 shows the
comparison of S-parameters between 0-deg and 90-deg
microstrip lines. The comparison result proves that the
shape of microstrip line does not affect the impedance
matching performance of it, which is promising for
3D microstrip line fed near-circular-patch-based strain
sensors used to be attached to any position on the
monitored surface along any direction.

111. STRAIN SENSOR USING NEAR-
CIRCULAR PATCH

A. Multiphysics simulation of strain sensor

Figure 3 shows the geometry of the near-circular-
patch with 90-deg bended microstrip line. RT/Duroid
5880 dielectric laminate (g,=2.2+0.02) with a thickness



of 0.787 mm was chosen as the substrate for the near-
circular patch having a major (v-) and minor (u-) length
of a and b, respectively, backed by a square ground-
plane of 60 mmx60 mm. A 90-deg bended microstrip
line was deliberated to excite the patch so that the SMA
connector can be connected along the w-axis.

90-deg bended
microstrip line
w

o 1
Ground plane u

Unit: mm

S
g 3
S 3
)] Q
3
\ >
%0
|
w22, N
W
|

60

Fig. 3. Geometry of the 3D-line fed near-circular-patch-
based strain sensor.

Finite-element-method based COMSOL Multiphysics
has been adopted for not only designing antenna sensor
but also predicting strain sensing performance. Figure
4 shows the domains including the perfectly matched
layer (PML), an air sphere, a metallic surface and a
3D microstrip line fed near-circular-patch-based strain
sensor. The PML is used for setting termination
boundaries to simulate the simulation domain from an
open structure to a finite domain. The near-circular-
patch-based strain sensor consists of an upper copper
patch and a dielectric substrate used for separating
the copper patch from monitored metallic surface. The
whole antenna sensor and the monitored metallic
structure is placed inside an air sphere. The radiation
patch is idealized as the perfect electric conductor (PEC).

D
W Load—> 1T 1itISE

90-deg bended 60
microstrip line x(u) X |u

— |

4 \/ (v /| 180 150
g Near-circular-
) patch-based e
~ N
™\

Orientation (a)
strain sensor

x

o

Aluminum

specimen e

Fixed TITI777 77707 7177777777777
constraint

Fig. 4. COMSOL model of the 3D Tx-line fed near-
circular-patch-based strain sensor.

The near-circular-patch-based strain sensor with 3D
feeding mechanism bonded on the monitored aluminium
specimen shown in Fig. 4 was built using the “mechanical-
electromagnetic” double physical field coupling in
COMSOL. In the mechanical simulation, only the
patch-based strain sensor and aluminium specimen are
involved. Firstly, the mechanical simulation was
conducted at different strain levels from -1400 pe to
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1400 pe at an increment of 350 pe applied at the two
ends of the aluminium specimen along x-axis. Strain is
applied along x-axis, while the sensor orientation « is
defined as the sensor angle with respect to x-axis (Fig. 4).
Seven orientations of near-circular-patch-based strain
sensor (0°, 30°, 60°, 90°, 120°, 150° and 180°) were
undertaken, in which two sensor orientations of 0° and
30° are illustrated as examples in Fig. 4. After the
mechanical simulation at each strain level, the newly
deformed configuration and meshing of the strain sensor
was directly used for the next investigation via
electromagnetic (EM) simulation. This convenience was
achieved by coupling moving meshes with mechanical
and EM field. For the EM simulation, a frequency
domain solver is used to achieve the antenna responses
at various orientations.

B. Simulated results for directional strain sensing

For the PFCP-patch strain sensor using the “phase-
area” method achieved good performance of sensitivity
and linearity when compared to the resistive strain gauge
and LP patch-based strain sensors [17]. Nevertheless, the
“phase-area” method is limited in identifying the strain
direction when strain direction is unknown. Hence, a
new method using the variation of degenerative mode’s
input impedance was proposed for identifying the
strain direction. Figure 5 shows the variations of input
impedance at orientations 0°, 30°, 60° and 90°. Based on
the cavity-model theory, the copper patch and the ground
plane form a resonant cavity. The patch antenna generates
simultaneously two fundamental modes: TMo; and TM1go
due to the perturbation of ellipticity (b/a=0.9818). Unlike
the “phase-area” method, impedance curves under each
strain level were bimodal wave curves. More interestingly,
the maxima of TMo; shifts in frequency when sensor
orientated at 0° and 30°, while a consistent shift of TMo;
was observed when sensor orientation is at 60° and 90°
placement. This phenomenon allows the determination
of strain direction. Another observation is that there is a
minimum between two modes and it changes obviously
with strain variation. For sensor at 0° and 90° orientation,
the minima of impedance curves vary obviously with
strain variation. For sensor at 30° and 60° orientation, the
minima of impedance curves vary slightly with strain
variation.

After extracting the minima from impedance curves
at each strain level, linear regression is performed between

. .. . AlZ .
normalized minimum impedance (Z,,, = %) and strain
0

to obtain the strain sensitivity (Fig. 6). As seen, fitting
curves have good linearity between Z,,,,. and microstrain
in multi-directional as verified by R-square (R?) (all>0.95).
Linear models of between simulated Z,,. and multi-
directional strain verified with the experimental results
are shown in Table 1. Very high strain sensitivities
denoted by K (in unit of ppm/ug) were achieved as
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indicated by the slopes of the regression lines. Sensitivities
of 101.5, 56.11, -46.18, -100.5, -62.15, 40.63 and 98.88
ppm/pe are achieved when sensor is placed in 0°, 30°,
60°, 90°, 120°, 150° and 180° orientation, respectively.
The overall sensitivities are symmetrically distributed
with the sensitivity of 90°.
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Fig. 5. Simulated input impedance with different sensor
orientations: (a) 0°, (b) 30°, (c) 60°, and (d) 90°.
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Fig. 6. Simulated multidirectional strain sensing
sensitivities: (a) 0°, 30°, 150° and 180°; (b) 60°, 90°, and
120°.
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IV. EXPERIMENTAL VERIFICATION

To validate the multi-directional strain sensing of
3D microstrip line fed patch-based strain sensor, a
cantilever beam made by aluminum was designed as
shown in Fig. 7, where the sensor orientation of 30° is
illustrated as an example. We can see that without the
limitation of SMA connector, antenna-based strain
sensor can be attached to virtually any position on the
monitored surface along any direction. Due to the
symmetry of sensitivity distribution, we undertook only
the sensor at 0°, 30°, 60° and 90° orientation. The
antenna sensor was connected to the aluminum surface
by using superglue. One side of the cantilever was fixed
to the work bench using C-clamp while the other side
was loaded progressively using the load-weights with the
increment of 100 g used for simulating different strain
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levels. Upon every load progress, the impedance of the
patch sensor was measured using the PNA. Meanwhile,
three metal foil strain gauges were attached onto the back
of aluminum beam across the centerline of patch sensor
to avoid interference from the metal strain gauges. Strain
acquisition system (CF3820, Cheng Fu Electronics,
China) was used for strain collection.

I
Electronic
calibrator

CF3820 signal test
y and analysis system

Metal foil
strain gauges!

Fig. 7. Experimental set up of simultaneous measurement
of multidirectional strain and input impedance.
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Fig. 8. Measured input impedance on strain arisen at
sensor orientations of 0°, 30°, 60° and 90°.
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Fig. 9. Measured strain sensitivity at various sensor
orientations.



The experimented impedance responses to multi-
directional strain are shown in Fig. 8. As agreed with
simulated results described in 111-B, the TMo; shifts
when sensor orientation is 0-deg. We took this idea and
reversed it: when the TMo; of impedance curves shifts,
the strain can be inferred occur along the 0-deg direction.
Linear models between experimented Z,,. and multi-
directional strain shown in Fig. 9 indicate that strain
sensitivities of 93.05, 48.33, -51.25 and -91.03 ppm/ue
obtained by experiment also shows high sensitivities and
good linearity verified by R? (all>0.96).

Experimented linear models compared with
simulated ones are shown in Table. 1. Slight discrepancies
were observed between experimented and simulated
results, which may be attributed to the ideal boundary
conditions or nominal values of material property
parameters in simulation.

Table 1: Simulated linear models compared with
measured ones

a(°) Simulated Models
0 Znor=101.5¢-9944
30 Znor=56.11¢g-13754
60 Znor=-46.18¢-10400

Experimental Models
Znor=93.05¢-7007
Znor=48.33¢-4199

Znor=-51.25¢-10640

90 Znor=-100.5¢-6021 Znor=-91.03¢-2346
120 Znor=-62.15e+165 /
150 Znor=40.63e+2296 /
180 Znor=98.88¢-13354 /

The fitting curve of relationship between sensitivity
data and sensor orientation a (in unit of degree) is shown
in Fig. 10. It can be clearly drawn from Fig. 10 that
sensitivity data is almost symmetric with the sensor
orientation of 90°, which is promising for multi-
directional strain sensing of metallic structure. The
relationship between sensitivity K and sensor orientation
o. can be expressed in a cosine function:

K(a)=C;cos(C,0), Q)
where C; is equal to 99.4 which represents the upper and
lower bounds of the cosine function are £99.4 ppm/e,
C. is obtained by regression as 0.03409, which indicates

the period T of cosine function is T= 2T~ 184",
0.03409

The coefficient C; of 99.4 indicates a maximum
sensitivity of 99.4 ppm/ue at 0° orientation whereas a
minimum sensitivity of -99.4 ppm/ue at orientation 90°.
These are consistent with the maximum sensitivity of
93.05 ppm/ue and minimum sensitivity of -91.03 ppm/pe
obtained from the measurement (Fig. 9). The coefficient
C. represents the period of 184° which can be verified by
the function displayed in Fig. 10. That’s to say, strain
orientation can be inferred by the magnitude and polarity
of sensitivity using cosine function. When strain occurs
in an unknown direction, the input impedance curve shifts
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and Z,,, can be obtained. Then, sensitivity calculated by
linear model between Z,,,. and multi-directional strain is
substituted into (1) to obtain the sensor orientation (i.e.,
the direction of strain arisen). Unfortunately, sensitivity
of around “0” ppm/ue is inferred by orientation of
45° and 135° as observed from Fig. 10. Other strain
measurand(s) and methods have to be used in order to
obtain the strain sensitivities occurred at 45° and 135°
orientation. These will be the objectives in future studies.

100F o~

K(a)=99.4*c0s(0.034090.)
R-square=0.9971

50 = Theoretical/ldeal 4

Exp curve
P SIMdata
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-50 /
/ ’

-100 ;
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Sensitivity K (ppm/ug)
o

Fig. 10. Variation of sensitivity as a function of sensor
orientation, a.

V. CONCLUSION

In this paper, we propose a near-circular-patch-
based strain sensor with a novel 3D feeding mechanism
for multidirectional strain sensing of metallic structures.
The 3D feeding is realized by a 90-deg bended microstrip
line, which allows the sensor to be placed in any position
on the structure surface when the strain direction is not
known beforehand. High sensitivity of about 100 ppm/pie
and linearity have been achieved simultaneously for
multi-directional strain sensing. The relationship between
strain sensitivity and sensor orientation is derived as
a cosine function, where the strain direction can be
estimated based the polarity and magnitude of the strain
sensitivity. Symmetric sensitivity magnitude is obtained
with respect to the 90° orientation attributed to the cosine
function. Therefore, a single sensing element of the
proposed strain sensor can detect unknown directional
strain which is very viable yet cost-saving in practical
application.
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Abstract — A partially reflective metasurface (PRMS)
structure is proposed for dual-polarized dipole antenna
with a high gain and wide broadband. Stable radiation
patterns are realized by using quadrilateral bottom
reflector. The phase bandwidth of PRMS structure
reflection presented in this paper matches well with the
antenna operating bandwidth. The gain of the dual-
polarized antenna is improved to 10.2dBi at 1.8GHz
by adjusting the size and height of PRMS structure.
Meanwhile, the bandwidth is expanded (61.2%).
Measured result demonstrates that the antenna has a
stable beamwidth which is desirable in base station
applications. Furthermore, the designed antenna can
be used for communication in complex environment
because of its excellent performance.

Index Terms — Dual-polarize, high gain, partially
reflective metasurface (PRMS), quadrilateral bottom
reflector.

I. INTRODUCTION

Recently, with the increasing complexity of the
electromagnetic application, high-gain antennas are
widely used in base station backhaul and direction-
finding systems to compensate the communication link
loss. In addition, the dual-polarized property is also
necessary for base station antenna to obtain minute
interference and extensive channel capacity. Designing
an antenna with high gain and dual-polarized property
will play a significant role in the many wireless system.

The base station antenna types are primarily divided
into patch class, dipole class and gap class [1]. The patch
antenna and slot antenna is simple to manufacture, but
the bandwidth is difficult to expand. With the benefits of
high isolation and stable radiation pattern, the dipole
antenna is the widely used form. For example,
a novel double-polarized dipole antenna unit which
working frequency band is 1.7 GHz to 2.7GHz is
proposed and high relativity gain (8.5dBi) is obtained
[7]. However, the proposed antenna size (200x130 mm)
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limits its use as a base station cell. Using the
differentially fed form, dual-polarized slot antenna
realized high isolation and wide impedance bandwidths
(19.3%). Nevertheless, the antenna structure is complex
has a complicated structure, and the performance is hard
to improve. Therefore, it is a meaningful challenge to
increase the antenna gain and bandwidth with reduced
antenna size.

Many research has proved that the new materials,
such as frequency selective surface structures (FSSs),
find wide applications in various antennas, radars (RCS
reduction), and electromagnetic wave absorbers due
to their many extraordinary properties [8-11]. The
metamaterial structure can manipulate and control the
surface distribution of electromagnetic waves by
changing the geometry and alignment of the FSS to make
the antenna obtain fine performance. Metamaterial
structure is used as a partially reflective surface (PRS)
which achieves an effect similar to a focusing lens.
By selecting an artificial electromagnetic material to
constitute a Fabry-Perot resonant antenna, a high gain
and highly directional antenna was proposed in [12,13].
Moreover, thin subsurface is used in [14,15], which is
improve the performance of circularized array antenna.
In [16,17], the metamaterial reflective surface plays an
important role for both single-feed circularly polarized
antenna and microstrip patch antenna. As a result, the
antennas obtain high gain and wide bandwidth. A partial
reflector is also designed in [18] to make the antenna
achieve dynamic control of beam width, which benefits
from stable radiation pattern and high directivity.
Therefore, the PRS, which has a compact structure, has
been widely used to improve antenna performance.
However, owing to the narrow reflection phase bandgap
of metamaterial structure, it is difficult to integrate the
antenna unit cell with the PRS while designing a high-
gain base station antenna. Adding air dielectric layer
maybe is an efficiency way to broaden the phase
bandwidth of PRS structure [22].

In the present paper, we introduce the dual-polarized

https://doi.org/10.47037/2021.ACES.J.360918

1054-4887 © ACES


mailto:zhengyu@qdu.edu.cn

dipole antenna with good performance that uses a
metasurface structure with periodic arrays consisting of
FSS and PRS for enchaining the gain and bandwidth.
Also, an LC equivalent circuit model is used to
demonstrate the feasibility of a partially reflective
metasurface structure (PRMS). The measured results
are in good agreement with the simulation results. By
adjusting metasurface structure, the bandwidth is
increased by 15.8%. Meanwhile, the maximum gain is
increased by 4.9dBi at 2.8GHz. Moreover, the plane
reflector is also modified.

Il. DESIGN AND CONFIGUATION OF
ANTENNA AND PRMS

A. Design of antenna and bottom reflector

A dual-polarized dipole antenna feed by two baluns
is chosen as the primary antenna [2], as shown in Fig. 1.
The size of two crossed-dipoles is Wa to realize the
operating frequency band. When one pair of dipoles
works, the other pair acts as a parasitic unit to widen the
antenna impedance bandwidth. Moreover, the antenna
uses a rectangular ring radiator with two short-circuiting
branches in the ring to change the current distribution on
the surface of the antenna, which is conducive to the
isolation degree between the two antenna ports. The total
height of the antenna is H to meet the distance between
the reflector plate and the bottom of the radiator is 1/4
wavelength, which is beneficial to obtain the optimal
unidirectional radiation performance of the antenna.
What’s more, the antenna is fed by probe coupling, as
shown in Fig. 1 (c). The vertical part of the probe adds
insulating dielectric and the horizontal part of the feed
bar adopts the bending structure. There is a height
difference between two feed bars, which also ensures to
get the port high isolation characteristics.

In order to improve the performance of the antenna,
we changed the plane reflector to a curved reflector
(quadrilateral reflector). The reflector can make the
backward radiated electromagnetic wave superimposed
with the primary radiated electromagnetic wave after
reflection to improve the antenna's directivity and gain.

The distance between the radiation and the reflector
affects the directivity of the antenna. If the distance is too
small, the pattern presents a single lobe, and the -3dB
beamwidth is very narrow. However, if the distance is
too large, the pattern presents multiple lobes, and the
directivity of the antenna decreases. When the distance
i1s between 0.3~0.75A, the radiation resistance can be
maximized, as the result, the antenna will obtain an
optimal performance.

The length of the quadrilateral bottom reflector
designed in this paper is Wr2, the length of the top side
is Wrl, and the bending angle is 130°. The reflector
is made of the same material as the antenna, and the
thickness is 0.5 mm. Finally, this paper ultimately
devised a quadrilateral bottom reflector which has a size
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of 150x150mm, showed in Fig. 1 (a). The specific design
dimensions of the antenna are given in Table 1.

| Wr2 |

© (d)

Fig. 1. Different configuration of the antenna. (a) With a
quadrilateral reflector (top view). (b) With a PRMS
structure (side view). (c) Structure of L-shaped probe. (d)
With a quadrilateral reflector and PRMS structure.

Table 1: Geometric parameters of the antenna

Value Value
Parameters Parameters

(mm) (mm)
Wa 23 L1 12
Wrl 100 L2 14
Wr2 150 D 7.5
w1 3 d_gap 2.7
W2 2 h_gap 18
Wp 56 h 33

B. Principle of PRMS structure
Nevertheless, the enhancement of antenna

performance through the bottom reflector optimization is
restricted. And the reflector can adversely affect
impedance bandwidth. So, we used a partially reflective
metasurface (PRMS) structure further.

Based on the principle of antenna energy radiation,
the electromagnetic waves radiated from the feeder
travel different distances to reach various positions on
the partially reflective surface. Thus, the partially
reflecting waves reflected multiple times have different
reflection phases when they finally pass through the
PRMS structure. Many studies have demonstrated that
the reasonable phase compensation of the partially
reflective surface can effectively broaden the gain
bandwidth [21]. The phase bandwidth of the positive
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reflection should match the working frequency band of
the antenna as much as possible. Increasing the relative
dielectric constant of the dielectric plate is a way to
obtain a wider phase bandwidth, but increasing the
thickness is directly equivalent to increasing the cost.
Another method is to add an air gap between the ground
plate and the dielectric plate of FSS [20],[22]. The
substrate's energy bound is reduced because the low
dielectric constant medium restricts the antenna radiation
field less. Using this theory, the cell's phase change
becomes gentler while the influence of surface wave is
reduced.

C. Configuration of PRMS structure

In this section, a single-layer reflective metasurface
structure with a square patch, a substrate and an air
dielectric layer is designed. The side length of the patch
is w, and the horizontal and vertical gap is g, as shown
in Fig. 2. The patch unit cell is etched on one side of the
dielectric board made out of a 2 mm thick FR4 substrate
(¢, =4.4,tan0 = 0.018). When electromagnetic waves
are incident on the surface of the periodic metal patch,
the induced current is excited at the same time, causing
the gap between two adjacent patches to generate a
coupling capacitance C.

b
’ort
By g

Square patch §> La Ls
RN h Cs
Substrate q—— [/
Air substrate ¢— h air

Fig. 2. Geometry settings of proposed metasurface unit
and its equivalent circuit model.

The length of each patch generates an inductance,
and the dielectric plate and the air layer generate the
inductance is represented by La. Detailed equivalent
circuit diagram of the partially reflective metasurface is
shown in Fig. 3. Therefore, the total surface impedance
can be expressed as [23]:

TV

12 W Lscs , (1)
1-w(L, +L,)C,
where Z_ and Z, are the equivalent impedances of the

periodic patch and the total substrate, respectively, and
the resonant frequency and reflection phase of the
superstructure can be further calculated by the eq. (2):

Z2=2,11Z, = jwL,

ACES JOURNAL, Vol. 36, No. 9, September 2021

1

fs:m1kg+LQq' @
j(D:Inl“:In—Z_”O, 3
Z+1n,

where 7, is the free space wave impedance.

Although the square patch generates the LC
equivalent circuit structure in series, the high impedance
characteristic at resonance makes the superstructure
show in-phase reflection characteristics. The incident
wave cannot achieve the ideal total reflection or
complete transmission.

WA e

EREENR Cs Cs
wo| HmmEE )

EEEEE gggggg

EEEER

Fig. 3. Detailed equivalent circuit diagram of the
partially reflective metasurface.
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Fig. 4. Reflection phase and magnitude characteristics of
the square patch metasurface. The blue band represents
the £ 90° reflection phase bandwidth, suggesting the
operating frequency of the metasurface.

The Floquet port method of HFSS simulation
software is used to simulate the PRMS structure.
Modeling of a cell set up around the master-slave
boundaries to simulate infinite cycle and setting the
floquet port on the upper surface for excitation. The
reflection coefficient amplitude for one cell on PRMS
structure changes with frequency curve is shown in
Fig. 4. In the working frequency band (1.5-3.5GHz),
metasurface reflection coefficient is between 0-1, which
can realize the part of the electromagnetic wave
reflection. The incident electric field is basically all
reflected, which meets the needs of resonant cavity



antenna. The designed PRMS structure in phase reflection
bandwidth is basically consistent with the working
bandwidth of the dipole antenna, thus the proposed
structure can be used to improve the performance of the
antenna.

Furthermore, the electromagnetic characteristics
of metasurface are simulated by using CST. The
electromagnetic wave incident to the near-zero refractive
index metamaterial can be emitted almost perpendicular
to the metamaterial surface and the antenna gain can be
improved after the superposition of multiple reflected
waves [19]. It can be seen from Fig. 5 that the magnetic
permeability is close to zero at 3GHz.The relative
permeability is -0.12+j0.05, which shows good space
transmission performance of electromagnetic wave.

10

—=—Re

Permeability

20 25 3.0 35 40 45 50 55 60
Frequency(GHz)

Fig. 5. Simulated permeability of metasurface unit.

I11. OPTIMIZATION OF ANTENNA AND
PRMS STRUCTURE

A. Analysis of the antenna parameter

The antenna is fed by a probe coupling, and the
capacitance effect between the probe and the antenna
radiator affects the working bandwidth of the antenna.
Reasonable setting of the distance between the two can
make the antenna achieve the best impedance matching.
The simulation results of return loss under different
spacing are shown in Fig. 6. It can be seen that with the
increase of spacing, the capacitance value increases and
the low-frequency resonance point gradually disappears.
The impedance matching effect is the best when
R=3.75mm. The spacing between dipole radiators also
has a significant effect on antenna performance. When
one pair of dipoles is excited, the other pair acts as
a parasitic unit to extend the working bandwidth of
the antenna, and the coupling current intensity can be
adjusted by changing the distance between the dipoles.
From Fig. 7, the simulated results show that the second

LI, SUN, JIN, LIU, CHERNJGOR, ZHENG: DESIGN AND ANALYSIS OF HIGH GAIN DUAL-POLARIZED DIPOLE ANTENNA

resonant point is closely related to the spacing. When
d_gap is 1.7 mm, the antenna has only one resonant point.
With the increase of d_gap, the value of the first resonant
point moves up.

Frequency(GHz)

Fig. 6. Result of reflection with different R. The optimal
bandwidth (1.67-3.17GHz) is achieved with R=3.75mm.

0
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25r . ——d_gap=4.7mm
1 2 3 4

Frequency(GHz)

Fig. 7. Result of reflection with different d_gap.
The optimal bandwidth (1.67-3.17GHz) is achieved with
d_gap=2.7mm.

B. Optimization of the PRMS height
Eelectromagnetic waves are repeatedly reflected
and transmitted through PRMS structure and the antenna,
forming a resonant cavity. In the PRMS cavity, the
antenna directivity coefficient ( D, ) at the center frequency

is indicated as follows [24]:

D.=1"Rr @
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where R is the magnitude of the PRMS reflection
coefficient.

In the process of electromagnetic wave transmission,
the signal energy in the resonant cavity is mitigated to
different extend. The width of PRMS structure (Wp) and
the height of PRMS structure (h_gap) all have great
influence on the resonant cavity and then affect the
antenna performance. We analysis two parameters (Wp
and h_gap) separately.

The resonant point of the resonator cavity antenna is
determined jointly by the height (h_gap), the reflecting
phase of the PRMS structure (¢,), and the reflective

phase of the antenna bottom reflector (¢, ):

F= (@ ) n-012..K. )
2d ° 2n
| \
-5F i
=)
© A0 o e w T
g
-15F | ] —s—h_gap=11mm
—e—h gap=15mm
====h_gap=19mm
20F ——h_gap=23mm
. h_gap=27mm
1 2 3 4
Frequency(GHz)

Fig. 8. Result of reflection with different h_gap. The
optimal bandwidth (1.67-3.17GHz) is achieved with
h_gap=19mm.

The parameters were analyzed using Ansoft HFSS
simulation software. The antenna bandwidth is
essentially stable with the different distance between the
PRMS and the antenna. Fig. 8 shows the S11 simulation
results by changing the height h_gap. When h_gap
=19mm or 23mm, the -10dB impedance bandwidth of
the antenna is 1.67 to 3.17GHz. Finally, Taking into
account the size of the antenna, d=19mm is the optimal
height which was established in further research.

C. Optimization of the dimension of PRMS structure

The number of PRMS patch cell equal to the size of
PRMS structure (Wp) also has an effect on bandwidth
[16]. In this section, we first keep the height h_gap=19mm
is constant. After that, four groups of FSSs with varying
cells which is 2x2 array (Wp=30mm), 5x5 array
(Wp=56mm), 7x7 array (Wp=80mm) and 9x9 array
(Wp=100mm) were chosen respectively to design the
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reflector surface and combine with the dipole antenna.

Figure 9 shows the return loss simulation results. It
is demonstrated that the size of PRMS structure has a
great influence on the impedance bandwidth and the high
frequency resonant point. The operating frequency ban
expands with the increase of PRMS dimension.

0

-5

. -10
m
o

= 15
w2

-20

et \\ p=30mm
250 Wp=56mm
—e— Wp=80mm
—v— Wp=100mm

1 2 3 4

Frequency(GHz)

Fig. 9. Result of reflection with varying Wp. The widest
-10dB impedance bandwidth is obtain when Wp=56mm

IV. RESULTS

To better demonstrate the effect of designing PRMS
structure, we have compared the return loss results of
only antenna, adding PRMS structure, adding
quadrilateral bottom reflector (Abbreviated in the figure
as reflector), and antenna with PRMS and reflector. Fig.
10 shows the simulation result. It can be seen that the
input impedance of the antenna changes after loading
part of the reflected surface, resulting in the decrease of
resonant frequency with the bandwidth is 1.67-3GHz.
The maximum working frequency is reduced from 3GHz
t02.8GHz when the quadrilateral reflector is loaded.
While the antenna added quadrilateral reflector and
PRMS structure, the antenna has the best performance
showing in a bandwidth increase of 61.2%.

Figure 11 shows the simulated results of antenna
gain. The E-plane gain of antenna with PRMS structure
is higher than that of antenna without PRMS structure
within the operation band from 1.6-2.2GHz. Gain
enhancement is very limited in other frequency. When
the distance between antenna and metasurface is 18mm,
the antenna gain increases significantly at 3GHz. The
electromagnetic wave incident to the near-zero refractive
index metamaterial can be emitted almost perpendicular
to the metamaterial surface and the antenna gain can be
improved after the superposition of multiple reflected
waves. Adding quadrilateral reflector can effectively
improve this deficiency. Moreover, the gain of the final
proposed antenna is almost stable within the expect
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frequency band. It can be seen from Fig. 12 that the
antennas with PRMS structure have a higher cross-
polarization ratio at low frequencies and the beamwidth
is slightly reduced. The performance of antenna with
different structure was compared in Table 2.

0

-10

S,,(dB)
3

30 F
j=—=— Only Antenna

|—e— Antenna with PRMS

-40 =+ Antenna with reflector

— — Antenna with reflector and PRMS

1 2 3 4

Frequency(GHz)

Fig. 10. Simulated reflection results with different
antenna structure. Antenna with reflector and PRMS
structure has the widest bandwidth.
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Fig. 11. Gain of antenna in E-plane in different antenna
structure.

Therefore, we concluded that the gain enhancement
method with PRMS structure is also efficiently to use in
dipole antennas. The dipole antenna with PRMS structure
is shown in Fig. 13. The space between the dipole
antenna and the PRMS structure is supported by foam
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which acts as an air dielectric layer.
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Fig. 12. Radiation patterns of the proposed metasurface
antenna with reflector or without angular reflector at (a)
1.8GHz, (b) 2.2GHz, and (c) 2.8GHz.

Table 2: Comparison between the antenna with different
structure

Antenna -10dB Bandwidth| Gain at
Structure (GH2) 3GHz (dBi)
Only antenna 1.6-2.8 7.6
Antenna with
PRMS 1.6-2.97 7.6
Antenna with 16-2.95 10.9
reflector
Antenna with
reflector and PRMS 1.6-3.2 125
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Fig. 13. (a) Fabricated dual-polarized dipole antenna (top
view), and (b) fabricated proposed antenna with PRMS
structure.

The actual measurement is basically consistent with
the simulated return loss. Due to processing error and
the simulation does not consider the influence of the
four foam spacers supporting PRMS on the antenna
performance, the resonant frequency has a deviation of
0.1 GHz, which can be ignored theoretically (Fig. 14). In
this paper, the gain and direction of the design antenna is
further measured and analyzed.

Furthermore, the performance of antennas with New
Electromagnetic Materials is compared which are listed
in Table 3. It is obvious that they have similar performance,
but the proposed antenna has a smaller aperture size,
which is benefit for using array antenna and coupling
effect can be ignored.
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Fig. 15. Simulated and measured results of gain and
efficiency.

Table 3: Comparison between the designed antenna and
other high-gain antenna

== Measurement|
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_25 L 1
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Frequency(GHz)

Fig. 14. Simulated and measured reflection results of
proposed antenna.

Figure 15 shows the simulated and measured gain of
the antenna. Because of the process error and test error,
the measured gain is smaller than the simulation result.
The measured efficiency is greater than 63% in the
working frequency band, which meets the needs of
practical engineering.

-10dB Maximum
Ref. Antenna Type Bandwidth Gain
(dB) (dBi)
Dual-polarized 29.4%(8.7-
[12] Fabry—Perot antenna | 11.7GHz) 157
Antenna Cavity 40.4% (8.1-
[17] resonator antenna 12.2GHz) 125
[16] Circularly polarized | 11% (2.34- 91
patch antenna 2.64GHz) )
Circularly 46.5% (1.9-
[25] polarized array 3.05GHz) 128
This Dual-polarized 61.5%(1.6- 127
work dipole antenna 3.1GHz) '

Table 4. Comparison between the designed antenna and
other base station antenna

Ref. BW Isolation Ma_ximum HPBW
(GH2) (dB) Gain (dBi)

2] | 1.7-2.7 >30 8.9 65.245.6
[3] 1.427-2.9 >20 8 66+3
[4] 4550 >27 10.3 58+4
Bl | o =30 76 6815
[6] |171-271| >30 9.9 65+4.5
[7] |3.14-3.81 | >43 125 64+3
VTVL‘:Sk 1.6-3.1 >28 12.7 65

As Table 4 shows the comparison between the
antenna proposed in this paper and the existing base
station antenna, it can be seen that the antenna proposed
in this paper has a simple structure and the isolation
degree meets the engineering needs while having the



highest gain. While the disadvantage is that the operating
bandwidth cannot completely cover the Sub-6G band,
and the future work we will further optimize the antenna
so that it can be used as a 5G base station. Therefore, the
proposed antenna has a wider field of application.

V. CONCLUSION

In this paper, a quadrilateral reflector and PRMS
structure are used to design a broadband dual-polarized
antenna. The principle of PRMS structure is analyzed
by LC equivalent circuit. Then we properly design the
dimensions of square patch and the thickness of substrate
to optimize the performance of antenna. Moreover, the
antenna gain is greatly improved by the combination of
the quadrilateral bottom reflector and PRMS structure.
The bandwidth of the final design has increase by 15.8%.
In addition, the maximum gain has improved 4.9dBi
at 2.8GHz and the efficiency in the working frequency
band is greater than 63%. Therefore, the method we
presented to enhance the gain and broaden the bandwidth
is suitable for dipole antenna which makes it very
attractive to different type of base station antenna array.
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Abstract — A novel method to design compact wideband
dual-band substrate integrated waveguide (SIW) bandpass
filters (BPF) is proposed in this paper. By loading
a novel beeline compact microstrip resonant cells
(BCMRCs) with band-gap characteristics on top layer of
SIW, two wide passbands separated by a stopband are
generated. In order to enable the filter to have lower
reflection coefficients in the two passbands, we use a
tapered gradient line embedded with rectangular slots
and loaded open stubs as the transition structure from
microstrip line to SIW. The wideband dual-band BPF
(DBBPF) is fabricated. The lower-band and upper-band
fractional 3-dB bandwidths are 58.2% and 22.6%, while
the measured minimum insertion losses (ILs) are 0.7
and 0.92 dB, respectively. The stepped-impedance open-
loop ring resonator (SIOLRR) is introduced in order
to improve the selectivity of the filter. The wideband
DBBPF with SIOLRR is studied, simulated and
measured. Two transmission zeros are generated in the
stop band between the two passbands. Good agreement
between simulated and measured results can be obtained.

Index Terms — Complementary split ring resonators,
defected ground structure, dual-band bandpass filter,
stepped-impedance open-loop ring resonator, substrate
integrated waveguide.

I. INTRODUCTION

With the rapid development of wireless
communication technologies, frequency spectrum
resources have become increasingly scarce, thus dual-
band system have received more and more attention.
As an important passive component of wireless
communication, DBBPF has been widely studied and
developed [1-6]. But up to now, most DBBPFs are based
on microstrip technology. Although they are simple
structure and low in cost, disadvantages such as low
power-banding capacity and poor performance limit
their application [7-9]. Waveguide filters and dielectric
resonator filters can effectively overcome the
shortcomings mentioned above, but they are costly and
bulky [10]. Fortunately, a new planar integration scheme
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called substrate integrated waveguide (SIW) has
emerged and attracted tremendous attentions. It is a type
of waveguide-like structure which enjoys not only the
advantages of classical rectangular waveguide features,
but also the benefits of planar circuit, thereby providing
a promising platform to develop excellent filters which
can satisfy the stringent requirements of modern wireless
communication systems [11-13]. In [14] a dual-band
SIW filter is obtained by loading E-shaped defected
ground structure (DGS) on either top or bottom sides. In
[15], two same or different sized complementary split
ring resonators (CSRRs) are etched on the top side of
SIW cavity to achieve a dual-band frequency response.
The dual-band balanced SIW bandpass filter is
demonstrated in [16], by vertically cascading two square
SIW cavities. However, the all dual-band SIW filters
mentioned above are narrow-bandwidth. As a result, they
are not suitable in broadband wireless communication
systems.

This paper presents a novel method to design
compact wideband SIW DBBPFs. It combines the
SIW and BCMRC technologies, which allow the
implementation of two wide passbands. In order to
improve the selectivity of the wideband SIW DBBPFs,
the SIOLRRs are loaded on the input and output ports of
the filter. Detailed working mechanisms and design
method are explained as follows. For verification, two
wideband SIW DBBPFs are proposed, fabricated and
measured.

1. DUAL-BAND BANDPASS FILTERS
STRUCTURE AND DESIGN

Figure 1 depcits the configuration and optimal
physical parameters of the wideband DBBPF with
SIOLRR. It directly excited by two 50 Q standard
microstrip feeding lines. The SIW structure consists of a
dielectric substrate comprised between a pair of metal
plates which are connected through via holes. The used
substrate is Rogers 4350B with the thickness h=0.508
mm and its bottom is covered completely by a metal. A
periodic BCMRCs unit is loaded on the top layer of the
SIW. Electromagnetic waves are confined to the inside of

https://doi.org/10.47037/2021.ACES.J.360919
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SIW cavity, hence it can be considered as a planar circuit
transformation of non-planar rectangular waveguide
(RGW). If the electromagnetic waves are lower than the
cutoff frequency, it will not be able to propagate in the
SIW cavity. Since a periodic BCMRCs structure usually
presents stopband characteristics, a compact DBBPF is
obtained by combining the characteristics of SIW and
BCMRCs. The DBBPF can be considered as a cascade
connection of a highpass filter with a bandstop filter to
form dual-passbands separated by a stopband, and the
bandwidth of dual passbands is mainly determined by
BCMRCs.

SIOLRR  Open stubs BCMRC

Bottom layer ~ Top layer

(a)
P R L3
Hﬁ— o 1 W:lf'_" |
T" [ a—t . T T:W
Lo 1 :TSI A s 77 v I%V | .
2 =5 g
L2 - n; 4W Lo
L s Lp L—Jn 0
b —H —
L
' \
Lsiw I
(b)

Fig. 1. Configuration of the wideband DBBPF with
SIOLRR: (a) three-dimensional (3D) view, (b) planar
view, where b=0.7 mm, C=0.5 mm, R=0.5 mm, p=0.9
mm, m=0.3 mm, n=1.5 mm, $;=1.2 mm, S,=0.3 mm,
S3=0.5 mm, Wy=3.5 mm, W;=0.5 mm, W,=0.75 mm,
W3=0.2 mm, W;=1.7 mm, W=6.3 mm, W,=8.7 mm,
Ls=8.37 mm, Lsw=27.1 mm, Lp=0.495 mm, L=2.6 mm,
L;=4.5 mm, L,=5.2 mm, L3=3 mm, L,=1.675 mm.

A novel beeline structure is shown in Fig. 2, which
is composed of five horizontal microstrip lines and
one vertical microstrip line, and the three horizontal
microstrip lines in the middle are connected in parallel
and run through the entire unit structure. With the
help of 3D simulation software HFSS, the simulated
frequency response of a novel periodic BCMRCs unit
with three beeline structure is shown in Fig. 3. As seen
in Fig. 3, the BCMRCs structure plays not only the role
of a low-pass, but also produces a passband.

N == |
[ == 1
N ==

Fig. 2. The novel beeline structure.
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Fig. 3. Simulated results of a novel periodic BCMRCs
unit.

It is well known that a SIW is similar to a RGW as
a high-pass filter. According to the theory of typical
RGW, the cutoff frequency of the fundamental mode in
the SIW cavity can be calculated as:

o 1

foo = 2 e i 2!
[Wsm _095pj

where c is the light velocity in vacuum, ¢, and x, are

M

relative permittivity and relative permeability, Wsiw is
the spacing between the rows of two metallic vias on the
SIW, d is the diameter of metalized vias and p is the
center-to-center pitch between adjacent via-holes. In
addition, since the SIW is not an ideal homogenous
rectangular waveguide, the gap between the aligned
metallic vias may trigger frequency-dependent leakage
loss. To prevent radiation loss, the parameters of the
typical SIW structure must be sustained to meet the
following condition [17]:

d <0.24,
d <0.2W,, . 2
d>0.5p
Where A4 can be calculated by:
A= a , ®3)

9

2
o 2

2(Wy,, —d?/0.95p)
where Jo is the free space wavelength. According to
the target specifications and these relations mentioned
above, all the examples presented in this paper are
designed with d=0.5 mm and p=0.9 mm.

In order to verify the proposed design method, the
prototype DBBPF is simulated by full-wave simulator
HFSS. As seen in Fig. 4, due to the slow wave effect
produced by the loaded BCMRCs, the cutoff frequency
of the SIW of the same size has been moved from 9.7
GHz to 4.4 GHz. According to (1), the loaded BCMRCs
reduces the equivalent width of SIW by about 55%. At
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the same time, by loading the BCMRCs with band-gap
characteristics on top layer of SIW, two wide passbands
separated by a stopband are generated.

o 1 1 \
2 ) 9.7GHz / f
g !
5 7 ' l’ f
2 a0 / | |‘ i
g 7
& /
4 504 , — SIW_Sy4
’ — SIW_Spy
60 _ - —-SIW with BCMRCs_S1 ¢
L - —i— SIW with BCMRCs_Sp1
0 T T T T T T T
2 4 [ 8 0 12 14 16 18

Frequency (GH)

Fig. 4. Simulated S-parameters of the initial SIW and the
SIW with BCMRCs.

In order to enable the wide DBBPF to have lower
reflection coefficients, a tapered gradient line embedded
with rectangular slots and open stubs are introduced. The
simulated results of the dual-band filter with or without
rectangular slots and open stubs in Fig. 5. As seen in Fig.
5, by loading rectangular slots and loaded open stubs
on the transition structure of microstrip-SIW, the return
losses of the two passbands are better than 10 dB.

o

20

S, (dB)

-30

—— Without rectangular slots and open stubs.
—e—With only rectangular slots
—ie—With rectangular slots and open stubs

-40 T T T T
2 4 6 8 10 12 14 16 18

Frequency (GHz)

Fig. 5. Simulated frequency responses of the DBBPF
with or without rectangular slots and open stubs.

The simulated results of the wideband DBBPF with
rectangular slots and open stubs is shown in Fig. 6. The
lower passband is from 4.2 GHz to 7.65 GHz, while the
upper passband frequency covers from 11.65 GHz to
14.85 GHz. The simulated 3dB fractional bandwidths
are 58.2% and 24.2%, and the return losses of the two
passbands are below 10dB, respectively. The center
frequency and bandwidth of the two passbands can be
flexibly adjusted in this filter. As seen in Fig. 7, the
bandwidth of two passbands decreases as m increases,
while the upper passband has a greater change than the
lower passband. Moreover, if Ls increases, the bandwidth
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of the two passbands becomes lager, but the lower
passhand changes more than the upper passbhand.

S-parameters (dB)

T T T T T T T
2 4 3} 8 10 12 14 16 18
Frequency (GHz)

Fig. 6. Simulated results of the wideband DBBPF.
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Fig. 7. Simulated frequency responses of: (a) m and (b) Ls.
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DBBPF with SIOLRR.



However, the DBBPF have poor frequency
selectivity between two bands. In order to improve the
frequency selectivity, the SIOLRRSs is loaded on both
sides of the input and output ports of the filter, and its
frequency response results are shown in Fig. 8. As seen
in Fig. 8, two transmission points are generated in the
stop band between the two passbands, and it is obvious
that the wideband DBBPF with SIOLRR has a better
frequency selectivity.

IHl. EXPERIMENTAL RESULTS

According to the analysis and discussion above, the
two prototype wideband DBBPFs are designed, fabricated
and measured. Figure 9 shows the photograph of the
fabricated filters. The overall circuit size of the DBBPF
i$ 9.7 mmx45.7 mm (0.26 13x1.22 1g), and the size of the
DBBPF with SIOLRR is 9.7 mmx49.7 mm (0.26 1¢4x1.35
Ag), Where g is the guided wavelength in the substrate at
center frequency (CF) of the first passband.

(b)

Fig. 9. Photograph of the fabricated DBBPFs: (a) the
DBBPF without SIOLRR, and (b) the DBBPF with
SIOLRR.

The simulated and measured results are shown in
Fig. 10. In Fig. 10 (a), the lower-band and upper-band of
the proposed DBBPF have the measured CFs at the
5.93 and 13.35 GHz with 3 dB fractional bandwidths of
3.45 and 3 GHz (58.2% and 22.5%), while the measured
minimum ILs are 0.7 and 0.92 dB, respectively. In Fig.
10 (b), the measured minimum ILs are 0.55 and 1.4 dB
in the lower and upper passbands centered at 5.8 and
13.05 GHz with 3 dB relative bandwidths of 58.6% and
20.7%, while two transmission points are generated in
the stop band between the lower and upper passbands,
respectively. Good agreements between the simulated
and measured results are obtained both in the DBBPF
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and the DBBPF with SIOLRR.

Table 1 illustrates the comparisons of our presented
SIW DBBPFs with other reported advanced ones.
Compared with the designs in [9]-[11], our proposed
ones provide more widely bandwidths, smaller size and
widely separated passbands from SIW and BCMRCs
technology. Compared to the designs in [12], our
proposed DBBPFs provide more widely bandwidths and
lower ILs.
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Fig. 10. Simulated and measured S-parameters of: (a) the
DBBP without SIOLRR, and (b) the DBBPF with
SIOLRR.

Table 1: Performance comparisons with some previous
DBBPFs

il | cq | 9B FBW | IL(B) | Size

(GHz) ©6) 150720 | 1st/20d | (342)
[11] 2021 | 105 | 15143 | 1.37/1.1 |2.18x1.44
[12]-A 12/14 |1.167| 553/4.04 | 1.21/1.34 | 1.15x1.10
[12]-B 12/16 [1.333| 3.8/347 | 1.79/1.76 |2.16x1.25
[13]-A 12/16 [1.333| 8.75/7.06 | 1.07/0.95 | 1.12x1.71
[13]-B 12115 | 125 | 7/66 | 1.24/0.85 |1.66x1.29
[14] 24/52 | 225 | 58645 | 3.6/31 |0.15x0.16
witl‘-\I;JT:;\:OOrIIfRR 59/13.4 | 2.27 | 58.2/225 | 0.70/0.92 | 0.26x1.22
Thiél"(‘gc’l_rgé"“h 5.8/13.1 | 2.26 | 58.6/20.7 | 0.55/1.4 |0.26x1.35
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1V. CONCLUSION

In this paper, two compact SIW DBBPFs with
wide bandwidths and wide separated passbands has
been proposed. The structure and design strategy have
been analyzed in detail. The SIW provides a highpass
performance and the BCMRCs generates a bandstop
characteristic. They can be effectively combined to obtain
a wideband dual-band filter. Finally, the simulations and
measurements of the demonstrative filters are in good
agreement, while the measured separated passhands are
much wider than those of the previous reported works.
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Abstract — In this paper, a novel dual-polarized
multimode antenna is presented for sub-6 GHz base
station applications. Two pairs of slotted patches act as
the main radiator to excite two modes, and they are
coupled with each other to bring the resonant frequency
of the two modes together. Two baluns are orthogonally
placed between the main radiator and the ground plane
for impedance transforming and introducing a new mode
at the lower frequency. The ends of the slotted patches
are connected with a reversed T-shaped dipole to optimize
the current path and introducing a new mode at the higher
frequency. Measured results show that the prototype
antenna can achieve a 15-dB impedance bandwidth of
2.30 ~ 3.96 GHz (53.1%) and an average gain of 9.67 +
0.33 dBi in the operating band. The isolation is greater
than 28.0 dB with a half-power beamwidth of around
64° among the operating frequency band. The proposed
antenna can be a promising candidate for the fifth-
generation communication in the sub-6 GHz band.

Index Terms — Base station antennas, broadband antenna,
multimode antenna.

I. INTRODUCTION

With the development of the fifth-generation (5G)
mobile communication, there has been an increased
demand for dual-polarized base station antennas with
low cost, compact size, stable gain, and stable radiation
patterns. In recent years, various types of structures have
been developed to meet the requirements. Multi-mode
antennas are a promising candidate for the base station
application because of their broadband and compact
size. Traditional antennas can increase space and energy
utilization by introducing additional parts to realize
multimode operation. For instance, additional loops
were embedded into the original loop antenna [1]. A
short-circuit stub and an open-circuit stub were loaded
by the original dipole [2]. And two pairs of slot stubs

Submitted On: October 5, 2020
Accepted On: August 13, 2021

were loaded along the original slot antenna [3]. Another
way to realize multimode operation is by integrating
several types of antennas with carefully selected feed
structures. For example, feeding by a pair of dipoles, an
elliptical patch with an elliptical slot can generate three
different modes in a compact aperture [4]. A bow-tie
dipole enclosed by an octagonal-ring patch and fed by an
inverted-F antenna also can form a multimode operation
[5]. Also, a pair of folded dipoles fed by an L-shaped
microstrip line can realize multimode in a simple
structure [6]. By combining a magnetic dipole and an
electric dipole, the magneto-electric antenna owns the
merits of low cross-polarization, low back radiation,
stable radiation patterns, and broad bandwidth [7].

Recently, a Sakura-shaped antenna was designed to
work in N78 band for Sub-6GHz base station application
[8]. A dual-band antenna with a notched band was
produced by introducing a mouse-ear-shaped arm at the
edge of the radiator for covering 2/3/4/5G bands [9].

A broadband dual-polarized antenna was proposed
in [10], where the bandwidth is enhanced by introducing
four parasitic metal disks above the antenna with a U-
shaped slot in each patch to increase the electrical length
of the current path, which achieves a bandwidth of
67% for reflection coefficients < —15-dB, with a size of
0.464 Ao x 0.464 Xo x 0.35 Ag (Ao is the wavelength in the
free space at the center of the operating frequency).
However, the antenna has a large profile and a cavity-
shaped reflector. To this end, a dual-polarized multimode
antenna with a size of 0.470 Ao x 0.470 Ao % 0.207 Ao is
proposed in this paper. The baluns are used to enhance
the stability of radiation patterns and transform the
impedance of the proposed antenna. The reversed T-
shaped dipoles are connected to the end of slotted
patches by metal holes, introducing additional resonance
to broaden the impedance bandwidth. Because of its
simple structure and easy assembly, the proposed
antenna is suitable for base station applications.

https://doi.org/10.47037/2021.ACES.J.360920
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I1. ANTENNA DESIGN

Figure 1 is the configuration of the broadband
multimode antenna. The antenna is composed of four
substrates, including the main radiator, two orthogonal
balun structures, and a flat reflector. The substrate is FR4
material with a dielectric constant of 4.33, a loss tangent
of 0.02, and a thickness of 0.762 mm. The sizes of the
main radiator and the flat reflector are 60 mm x 60 mm
and 150 mm x 150 mm, respectively. Other detailed
dimensions of the proposed antenna are listed in Table 1.

slotted patch
I'-shaped dipole

.su;\\ hul:/
{ > ¥y - = =4 i)é

=5=<@—— top substrate

N plated “mj‘lgh hole SMA

i T = * bottom substrate
ground pl:u)::/' e ottom substrate

plated /’@

through
hole

.\\\ y e
Y = S [

-~
(b)

Fig. 1. Configuration of the proposed antenna: (a) 3D
view and (b) main radiator.

Table 1: Dimensions of the proposed antenna

Parameter L1 L, Ls Lsg Ls Le

Value (mm) | 115 [11.7 | 15 | 25 | 19.8| 3

Parameter L, Ls Lo Lio Li1 Li»

Value (mm) | 6.3 5 85 | 3.7 | 55 | 155

Parameter L3 Lia W1 W, W3 W,

Value (mm) | 3 18 [ 345] 3 4.7 119.2

Parameter | Ws | Ws | W7 | Ws | Wy | Wy

Value(mm)| 20 | 25 | 15 | 45 | 0.9 1

Parameter | Wi | Wip | Wiz | Wia | Ly | W,

Value(mm)| 1 [085] 06| 1 | 21 | 21

Parameter S1 S Ss Sy Ss Se

Value (mm) | 3.5 | 16.7]199]0.76 | 21 | 173

A pair of crossed slotted patches are printed on
the upper side of the main radiator to realize the dual-
polarization, and the elliptical slots inside are designed
for increasing the current path as well as keeping the
radiation aperture. Crossed T-shaped dipoles are reversely
printed on the lower side of the main radiator and
electrically connected to the end of slotted patches by
plated through holes.

The configuration of the baluns is displayed in Fig.
2. The baluns are composed of a I'-shaped microstrip line
printed on one side and two rectangular patches printed
on the other side. An SMA located under the reflector is
connected to the end of the I'-shaped feeding line. The top
and bottom sides of rectangular patches are respectively
connected to the main radiator and the flat reflector
(ground plane).

We

Connect to the main
radiator by these bumps

Lo

Ws

Clonnect to the reflector

/\b_\' these bumps

radiator by these bumpg

Connect to the main k 11l

Connect to the reflecto

by these buv/\

(b)

Fig. 2. Configuration of the balun: (a) balun of xoz plane
and (b) balun of yoz plane.
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Fig. 3. Evolution of the proposed antenna: (a) real part of
input impedance, and (b) imaginary part of input
impedance, where the mode 1 is dominated by the balun,
the modes 2 & 3 are dominated by the slotted patches
and the mode 4 is dominated by the T-shaped dipoles.

The numerical method based on finite element
(FEM) is used to simulate and analyze the proposed
antenna with the input of the model. The evolution of
the proposed antenna is shown in Fig. 3 for a better
understanding of the operating mechanism. When one
pair of slotted patches are excited, the other one is
coupled and acts as a parasitic element. By properly
adjusting the gap between the slotted patches, the second
mode located at the higher frequency can be shifted
toward the first mode, while the first mode will stay at
the original frequency. These two adjacent modes are
the modes 2 and 3 of the proposed antenna. The balun
can balance the current and transform the antenna
impedance. Meanwhile, the shorted patches of balun act
as a magnetic dipole to provide an additional resonance
for broadening the matching, dominating the mode 1 of
the proposed antenna. At last, the T-shaped dipoles are
introduced to create a new mode at the higher frequency
and it is the mode 4 of the proposed antenna. It is found
that at the high frequency, the current distributions on
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the slotted patches are accumulated along the edge of
patches and surrounded by the elliptical slot once the T-
shaped dipoles were introduced, as illustrated in Fig. 4.
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Fig. 4. Effect of the reversed T-shaped dipoles on current
distributions of the slotted patches at 3.9 GHz: (a) the
slotted patches without reversed T-shaped dipoles, and
(b) the slotted patches with reversed T-shaped dipoles.

Fig. 5. Photograph of the prototype antenna.

0

== Gim[S11] Mea,§11]
e Him[§22 assees Mea, 52|
- =Sin[§12 === MeaS12|

e Mea. Gain

U 6

S Parameters [dB]
g
T
Realized gain [dBi]

-40
20 22 24 26 28 30 32 34 36

Irequency |Glz|

Fig. 6. Simulated and measured S parameters and
realized gain of the broadband multimode antenna.
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Fig. 7. Measured radiation patterns of the proposed antenna: (a) 2.5 GHz, (b) 3.1 GHz, (c¢) 3.5 GHz, and (d) 3.9 GHz.

Table 2: Performance comparison of the proposed antenna with the state-of-the-art work

Ref. Main Radiator Bandwidth Gain Isolation | FBR Half-power((l)?;eam Width
(ho X Ao X ho) (GHz) (dBi) @B) | (B) Efne | Heplane

[10] | 0.46x 0.46 x 0.35 1'39~(§E2g'3%) >300 | 20.0 65.0 % 5.0

[11] | 0.39x0.39 x 0.25 1'6(8\;5\'/?/%251151)%) 88+07 | >285 | 180 65.4+ 2.4

[12] | 0.38x 038 x 0.17 1'58(;/25'\7/&%)0%) 9.0+10 | >300 | 195 76.0 52.0

[13] | 0.37x 0.37 x 0.27 3'1(4\;3\'/3‘;24&5)%) 80+03 | >325 | — 718425

[14] | 0.56 x 0.54 x 0.15 1'22(2/25'3%1%)4%) 94+17 | >280 | 19.0 53.3 58.3

A0S | 0.47x 047 x 0.21 2'30}%32{2?1%) 07+03 | >280 | 253 | 632436 | 64.6+29

I11. RESULT AND DISCUSSION

A prototype of the proposed antenna is fabricated to
verify the simulated results, as shown in Fig. 5. Nylon
screws are used to fix the top and bottom substrates. The
simulated and measured S parameters of the broadband
multimode antenna are presented in Fig. 6. The antenna
achieves a 15-dB impedance bandwidth of about 52.9%
(2.28 ~ 3.92 GHz) for simulation and a relative bandwidth
of 53.1% (2.30 ~ 3.96 GHz) for measurement. Simulated
and measured isolations are greater than 27.6 dB and
28.0 dB while the simulated and measured gains are about
9.48 + 0.50 dBi and 9.67 + 0.33 dBi, respectively. The
operating band covers both the 2.515 ~ 2.675 GHz (n41)
and 3.3 ~ 3.6 GHz (n78) in sub-6 GHz bands, which is
suitable for 5G communication.

Four typical measured radiation patterns of the
prototype antenna are displayed in Fig. 7. It is observed
that the half-power beamwidths of the prototype antenna
at 2.5 GHz, 3.1 GHz, 3.5 GHz, and 3.9 GHz are 63°, 65°,
63°, and 61° for xoz-polarization and 63°, 67°, 67°, and
65° for yoz-polarization, respectively. The difference in
radiation patterns between two polarizations may be
caused by the asymmetry in the feeding structures.

Table 2 shows the performance and size comparison
between the antenna proposed in this paper and the state-
of-the-art work. The half-power beam width in the table
takes the average value in the frequency band. We can
see that the proposed antenna has competitive relative
bandwidth and port isolation while maintaining small
size and profile as well as in-band gain and pattern
stability. The operating frequency band covers the two
sub-6 GHz bands of 2.515 GHz ~ 2.675 GHz (n41) and
3.3 GHz ~ 3.6 GHz (n78).

1V. CONCLUSION

In this paper, a broadband multimode dual-polarized
antenna operating in sub-6 GHz band has been proposed.
By utilizing the balun feeding structures as a magnetic
dipole and guiding the current path of the main radiator
through T-shaped dipoles, additional two modes are
introduced to realize a multimode function. The dual-
polarized multimode antenna achieves a 15-dB impedance
bandwidth from 2.30 to 3.96 GHz with a gain of 9.67 +
0.33 dBi. The proposed base station antenna can be a
low-cost element for ubiquitous deployments in macro-
or micro-cell scenarios.
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