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Abstract — In this paper, a compact integrated circu-
lar polarization filtering antenna is proposed based on
substrate integrated waveguide (SIW) cavity. Firstly, a
dual-mode (TEjg; and TEjp; modes) rectangular cav-
ity is utilized as a common feeding cavity to achieve
a dual-mode filtering response. And then, an additional
rectangular patch with a slot is coupled from the feed-
ing cavity for circular polarization radiation. To verify
the proposed concept, a prototype circular polarization
filtering antenna is simulated. The circular polarized
filtering antenna resonates at 4.225 GHz with a low
cross-polarization and a high gain of 7.23 dBi.

Index Terms - Circular polarization (CP), filtering
antenna, patch antenna, substrate integrated waveguide
(SIW).

L. INTRODUCTION

With the rapid development of wireless communica-
tion systems, the integration and miniaturization of RF
front-end have attracted more and more attention. Fil-
ter and antenna, as two important components of the RF
front-end, are often employed in cascaded form. How-
ever, the form not only generates harmonics but also
causes the system to be bulky. Thus, it is significant to
integrate filter [1] and antenna [2] into a single compo-
nent with dual functions. A filtering antenna [3] combi-
nes an antenna and a filter. It can provide the conversion
between electrical power and radio waves, as well as the
shaping of a filter-like response to antenna gain and input
return loss. The integration of antennas and filters has
been proven to be an effective method to reduce the cost
and function block size of microwave systems.

Some filtering antennas are designed using differ-
ent transmission structures in [4-5]. In previous designs,
their gain responses cannot be achieved well. In recent
years, because the substrate integrated waveguide (SIW)
structure can achieve the interconnection of passive and

Submitted On: July 7, 2023
Accepted On: October 22, 2023

active devices. Therefore, it reduces the volume of the
millimeter wave system and the cost. In addition, STW
have the merits of low insertion loss, high quality fac-
tor, and high-power capacity. Because of these advan-
tages, the combination of SIW and filtering antenna is
also attracting more and more attention.

Circularly polarized (CP) antennas have been widely
investigated in recent years due to their advantages of
suppressing interference and reducing polarization mis-
match [6-7]. Only a few reports of CP filtering anten-
nas have much room for improvement in bandwidth and
miniaturization. In [8], by seamlessly integrating a high-
Q SIW filter with a CP patch antenna, a planar CP filtering
antenna is achieved. But the axial ratio (AR) bandwidth
for the single antenna element is narrow, and a compli-
cated rotated feeding network and an array are required
to enhance the bandwidth. In [9], a novel single-fed low-
profile CP antenna with a bandpass filtering response and
a wider AR bandwidth is proposed. Although filtering
response and wider AR bandwidth are achieved, the size
of the presented antenna is still bulky. In addition, there
are two perturbation modes on either side of the passband
that affect the performance of the antenna.

In this paper, a CP filtering antenna is proposed with
a compact double-layer SIW structure. By exploiting the
electric field distributions from a feeding cavity with
two orthogonal modes and a coupled symmetry radiation
patch, good AR bandwidth and low cross-polarization
are well attained. The operating principles and design
method will be extensively illustrated as follows.

II. DESIGN OF CIRCULAR POLARIZATION
FILTERING ANTENNA
A. Circular polarization filtering antenna configura-
tion
Figure 1 (a) shows the construction of the pro-
posed circular filtering antenna. In the bottom layer, a
rectangular cavity with a pair of orthogonal modes based

https://doi.org/10.13052/2023.ACES.J.381001
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(a) (b)
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Fig. 1. The structure of the proposed filtering antenna: (a)
3D-view, (b) bottom-layer view, (c) middle-layer view,
and (d) top-layer view.

on SIW is illustrated in Fig. 1 (b). And two metal via
holes are placed in a particular position to control fre-
quency. In Fig. 1 (c), two coupling apertures of the mid-
dle layer are used to transfer energy. As shown in Fig. 1
(d), a square patch with a slot is used to radiate circu-
larly polarized beams. It is worth noting that the pro-
posed design scheme can achieve a reverse circularly
polarized beam by changing only the feed position with-
out changing other parameters. The locations of the feed
ports to achieve left- and right-handed CP are presented
in Fig. 1 (b).

B. Operating principles

In order to explain the operating principles of the
proposed circular polarization filtering antenna, a cou-

@

TE]OZ
90°
e Patch
180°
TE201

® -

Fig. 2. Coupling topology.
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pling topology corresponding to the configuration is
described, as shown in Fig. 2. R and R, represent TE g
mode and TEjp; mode, respectively. R1 3, R2 3, R3 3,
and R4 3 represent TMy;, TM 9, TMy;, and TM ¢ mode,
respectively. A progressive phase difference of 90° in
sequence among the four radiation modes is obtained.
Circles represent resonant modes and input sources/ radi-
ating load, and lines represent coupling between them. In
addition, in Fig. 3, the two orthogonal modes of TE g,
mode and TE;j; mode would be coupled electrically
with each other, which exhibits a phase difference of
90°. To further explain the CP radiation, the vector elec-
tric field distribution of the proposed right-handed CP
antenna is presented in Figs. 4 and 5 for different phase
stages. As shown in Fig. 4, the electric field inside the
SIW cavity rotates counterclockwise within one period.

E3

-

(a) (b)

Fig. 3. E-field distributions of the bottom square cavity:
(a) TE ¢, mode and (b)TE,y; mode.

O
O

-

(C) (d)

Fig. 4. Electric field distributions within one period for
middle metal layer: (a) =0, (b) t =T/4, (c) t = T/2, and
(d) t=3T/4.

=
=




Similarly, within one period, TMy; mode and TMjg
mode of the patch can be transformed into each other and
rotated counterclockwise, as shown in Fig. 5. Therefore,
the proposed antenna structure can radiate right-handed
CP beams. In addition, a rectangular slot is introduced at

Fig. 5. Electric field distributions within one period for
top metal layer: (a) 1 =0, (b) t = T/4, (c) t = T/2, and (d)
t=3T/4.
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Fig. 6. Simulated reflection coefficient (left) and AR
(right) for the proposed CP filtering antenna for differ-
ent conditions: (a) with and without rectangle slot and
(b) by varying /3.
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the center of the patch to optimize the impedance match-
ing and AR bandwidth. Simulated reflection coefficient
and AR of the proposed circulation polarization filtering
antenna with different conditions are shown in Fig. 6.
By removing the slot of the patch and fine-tuning the
antenna size, it is found that the simulated impedance
matching and AR become worse, as shown in Fig. 6 (a).
And the effects of the length of the slot etched into the
patch on the antenna reflection coefficient and axial ratio
are studied in Fig. 6 (b). It can be found that the length of
the slot has a slight influence on the reflection coefficient
of the antenna and can obviously improve the AR of the
antenna.

III. IMPLEMENTATION AND RESULTS
For experimental validation, a compact right-handed
CP filtering antenna is designed, prototyped, and tested.
The photograph of the prototype is shown in Fig. 7. The
CP filtering antennas are designed on Rogers Duroid
5880 substrate with the relative dielectric constant of 2.2
and loss tangent of 0.001, and the thickness h = 1.58

PR
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%) | | I Simluated S11

L ! I — — Measured S1 1]
_40L I |

4.0 4.2 4.4
Frequency (GHz)

Fig. 8. Simulated and measured results for the proposed
right-handed CP filtering antenna.
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mm. The dimensions of the proposed filtering antenna ky =10 mm, [, = 8.4 mm, [,, = 7.2 mm, [, = 20.6 mm,

are eventually determined as follows: w; = 56 mm, /] = wy =20.6 mm, w3 = Ilmm, /3 = 6.8 mm.

54mm, p=2mm,d=1.6mm, k=1 mm, k&; = 11 mm, The measured reflection coefficients are presented
in Fig. 8. The 10-dB fractional bandwidth is 4.5%.
Figure 10 shows that the fractional AR bandwidth of

0 the right-handed CP filtering antenna is 2.2% and the

radiation efficiency is better than 86%. In order to val-

>r idate the feasiblility of the proposed design method, the

Sg = left-handed CP filtering antenna is designed by only

@ -10 < changing the feed position of the antenna without chang-

‘é s =_§ ing other parameters. The simulated reflection coeffi-

ET00 £ cients and the AR are presented in Fig. 9. It is obvious

& < that it has 4.1% fractional bandwidth and 1.5% AR band-
207 width.

Figure 11 shows the radiation patterns of the pro-

'254.0 412 4.4? posed right-and left-handed CP filtering antenna at 4.225

Frequency (GHz) GHz. As observed, the cross-polarizations are better than

23 dB at 4.225 GHz for the right-handed circular polar-
ization filtering antenna. The gain is better than 7.34
dBi in the right-handed circularization filtering antenna
and is better than 7.1 dBi in the left-handed CP filtering
antenna. The radiation patterns show that the proposed
circular polarization filtering antenna has good polariza-
tion purity for right- and left-handed CP filtering anten-
nas. The developed antenna is compared with the pre-

viously reported antenna in Table 1. The proposed fil-
, ‘ ‘ ‘ ‘ ‘ ‘ tering antenna performs to advantage in terms of rela-
e MY e e " tively wider AR bandwidth and competitive gain as well
as compact size.

Fig. 9. The reflection coefficient and AR of the proposed
left-handed CP filtering antenna.

1.0

>
4
23

0.6

0.4

Axial ratio (dB)

w

Radiation Efficiency

Fig. 10. The AR (left) and the radiation efficiency (right)
of the proposed right-handed CP filtering antenna. Table 1: Comparison with related antennas

Reference | Filtering | AR |Gain Size
Response | (%) |(dBi) (Ao%)
[10] No 1.1 |50 1.96%1.01
[11] No 1.0 | 92 | 1.33%1.33
] [12] Yes 88 | 5.8 | 1.07%1.07
1 [13] Yes 49 [ 51 ] 0.89%0.89
(8] Yes 13 [ 68| 0.56%0.44
[9] Yes 39 [ 8.0 | 1.01%1.01

Our work Yes 22 | 74 0.84*%0.92

IV. CONCLUSION

In this paper, a compact integrated CP filtering
antenna is proposed with good filtering and polarization
purity based on a dual-mode SIW cavity. It is believed
that the proposed design with these advantages will have
the opportunity to be used in future wireless communi-
cation systems.
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Abstract — A compact single-layer circularly polarized
(CP) antenna array is proposed in this paper for 5G/6G
applications. The conventional microstrip line is modi-
fied as a feeding network by periodically and alterna-
tively loading field blocking stubs, producing a linearly
polarized in-phase radiative field aperture. By adding CP
corner-truncated patches beside these in-phase fields, a
linear high-gain CP antenna array excited by a single
feed is obtained. The feasibility of the proposed design is
demonstrated through the fabrication and measurement
of a 16-element linear array. The results indicate that
the 3 dB axial ratio bandwidth is 3.5% (19.60~20.30
GHz), the -10 dB impedance bandwidth totally covers
the 3 dB axial ratio bandwidth, and the peak realized
gain is 14.9 dBi under an antenna length of 5.691,.
This proposed strategy provides a very compact antenna
structure to achieve high-gain CP radiation without the
requirement of impedance transformers, phase shifters,
and open-stop-band suppressing measures. Moreover,
the antenna has a per-unit-length CP gain of 5.5/,
which is superior to many single-layer high-gain CP
antennas.

Index Terms — Circularly-polarized antenna, microstrip
line, microstrip patch antenna, series-fed antenna array.

L. INTRODUCTION
Circularly-polarized (CP) planar antenna arrays are
widely used in 5G/6G mobile communications and sens-
ing systems due to their advantages of low profile,

Submitted On: June 30, 2023
Accepted On: December 14, 2023

reduced polarization mismatch, and improved robust-
ness to environmental interference [1-3]. There are
two primary types of feeding approaches: parallel and
series feed. Parallel-fed arrays often require a large area
to accommodate multiple power dividers/combiners,
resulting in a large circuit area and associated loss [1—
5]. The design becomes more complex when sequential
rotation method is implemented to improve axial ratio
bandwidth due to the newly introduced phase shifters [5—
9]. Series-fed arrays are usually constructed by cascad-
ing the basic radiators along one dimension. They pos-
sess a more compact and simple design and have lower
feed loss compared to parallel-fed arrays [3]. There exist
two types of series-fed arrays, including standing-wave
and traveling-wave arrays. The difference lies in whether
the main line connecting these radiators is with a stand-
ing or traveling wave [3]. This simple and compact
design strategy makes series-fed arrays a good choice
for communication and sensing applications that require
high-gain planar antennas [2].

Several transmission lines, such as waveguides,
substrate-integrated waveguides, strip lines, and
microstrip lines, can be used to construct series-fed
CP arrays [1-4]. Waveguide-based arrays are known
for their low loss and high-power capacity, but they
have bulky volume [10]. Substrate-integrated waveg-
uide arrays are a widely used solution due to their
simple fabrication process of printed circuit board
technology [11-19]. Microstrip lines are more preferred
when designing single-layer CP antenna arrays. They
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(b) ()

Fig. 1. Radiation principle to produce CP radiation. Field distributions of (a) a microstrip line with a shorted end, (b)
an end-shorted microstrip line with blocking stubs, and (c) the proposed antenna.

have a simple structure and are easy to integrate with
microwave components and circuits [20-26].

A compact high-gain CP array faces some chal-
lenges, such as complicated design and extra power loss.
The former is reflected in newly introduced impedance
transformers, phase shifters, and open-stop-band (OSB)
suppressing measures. The most common series-fed
patch array needs to calculate and tune impedance trans-
formers individually from the last element to the first,
so multiple impedance transformers are indispensable
[25]. Sometimes, phase shifters are required to guaran-
tee all the array elements with identical excitation phase
in order to produce a broadside beam [24, 25]. When a
leaky-wave antenna is adopted, the OSB effect needs to
be eliminated for broadside radiation, which can be real-
ized by two main measures. One is designing reflection-
canceling unit cells [11, 13, 21, 27]. Another measure is
to introduce axial-asymmetrical transmission lines [28].
At the end of the leaky-wave antenna, a terminal load is
added to absorb the residual power to maintain the trav-
eling wave property [11, 13, 20, 21, 27, 28]. It will intro-
duce extra loss, especially when the leaky-wave antenna
scale is small.

In this paper, a single-layer CP patch array is pre-
sented that utilizes a specially-designed feeding network.
The network is constructed by alternately and periodi-
cally loading blocking stubs on a microstrip line, which
can excite a series of corner-truncated CP patches. The
proposed strategy is verified through the fabrication and
measurement of a 16-element CP patch array. This inno-
vative design has several advantages: 1) It provides a
compact high-gain CP antenna strategy that eliminates
the need for impedance transformers, phase shifters, and
OSB suppressing measures. 2) The proposed antenna
achieves a relatively high per-unit-length CP gain com-
pared to other reported single-layer high-gain CP anten-
nas. 3) Compared to leaky-wave antennas, the proposed
antenna is with reduced dissipated power loss, particu-
larly when the array size is limited.

II. ANTENNA DESIGN
A. Radiation principle

Figure 1 (a) shows the field distribution of a
microstrip line with a shorted end. It is known that an
electromagnetic wave is confined and propagates within
the microstrip line due to the symmetric and periodic
fields along the line. The introduction of blocking stubs
on the fields with the same orientation can suppress the
fringing fields on one side, generating a microstrip line
with fringing fields pointing in the same direction, as
depicted in Fig. 1 (b), where the fields pointing to the
+X direction denoted by the red arrow lines are pro-
duced, and the ones along the -X denoted by blue are
suppressed. The length of the blocking stubs should be
selected to be approximately a quarter wavelength to
transform the shorted end generated by the metallic via
to the open end at the interconnection point. In this way,
the transmission mode of the microstrip line could be
maintained. This concept has been applied to construct a
linearly polarized aperture previously in [29]. Here, it is
employed as a feeding network to generate a CP antenna
array.

Figure 1 (c) depicts the field distribution of the pro-
posed antenna. The high-gain CP beam is obtained by
utilizing the compact feeding network to capacitively
couple power to the CP patches along the microstrip
line. The CP patch is created by modifying a rectangular
patch with diagonal perturbations. Figure 2 shows cur-
rent distributions on an arbitrarily chosen patch at 20
GHz under different phases. The current rotates in an
anticlockwise direction, which follows the right-handed
rule. So, right-hand circular polarization (RHCP) broad-
side radiation is achieved.

B. Scalability

Figure 3 depicts the broadside directivities at 20
GHz as a function of element numbers. The directiv-
ity increases as the element increases, and the direc-
tivity increase trend follows a logarithmic distribution.

762



763

;%-J-{“——q‘-lw
Al o

Fig. 2. Current distributions on an arbitrarily chosen
patch at 20 GHz under different phases.
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Fig. 3. Simulated broadside directivities at 20 GHz with
different element numbers.

Elements numbering 16 is a nice compromise between
array size and directivity. Further increasing the elements
contributes little to directivity improvement.

C. Antenna geometry

The geometry of the proposed antenna is presented
in Fig. 4. It is a single-layer structure based on a 1.016
mm-thick TLX-8 substrate (er = 2.55, tand = 0.0019).
The proposed antenna consists of a compact feeding net-
work and 16 CP radiating patches. The feeding network
is a blocking-stubs-loaded microstrip line with its rear
end shorted. The microstrip line has width wl = 2 mm,
and its shorted end is realized by using two vias with
diameter 0.4 mm and spacing 1 mm. The blocking stubs
are shorted rectangular metal slices with length Is = 2.6
mm and width ws = 1.2 mm. Their shorted ends are
realized by using shorted vias with diameter 0.4 mm.
The patches are located at the openings of the feed-
ing network with a gap of dp = 0.4 mm. The corner-
truncated patch chamfered with length ap = 0.9 mm
achieves the RHCP radiation. These patches are with the
length, width, and spacing of Ip = 4.1 mm, wp = 4 mm,
and ds = 5 mm, respectively.
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Fig. 4. Geometry of the proposed antenna. The parame-
ters are w; =2 mm, dg =5 mm, w, =4 mm, [, =4.1 mm,
wy = 1.2mm, [y =2.6 mm, d, = 0.4 mm, a, = 0.9 mm.

The input port locates at the bottom surface, as
shown in the enlarged inset on the bottom-left corner of
Fig. 4. The feeding probe is a metallic via hole with a
diameter of 0.6 mm, which is situated at the center of a
metal ring with a width of 0.3 mm. The circular ring with
a width of 1.4 mm, marked by red, is where the lumped
port is located.

II1. VALIDATION AND PERFORMANCE
COMPARISON

A. Fabrication and measurement

The proposed antenna is manufactured using stan-
dard printed circuit board technology. The fabricated
prototype is depicted in Fig. 5. The S parameter of the
developed array was measured using a Keysight N5244B
PNA-X Microwave Network Analyzer. The radiation

Fig. 5. Fabricated prototype.



pattern was measured with a NSI2000 antenna mea-
surement system. The simulated and measured results
are shown in Figs. 6 and 7. They agree very well.
The simulated and measured reflection coefficients are
depicted in Fig. 6. The measured -10 dB impedance
bandwidth exceeds 4.4% (19.50~20.38 GHz), while the
simulated exceeds 4.8% (19.50~20.45 GHz). Accept-
able impedance bandwidth is obtained. Simulated and
measured normalized radiation patterns at 20 GHz in two
principal planes (XOZ and YOZ) are shown in Figs. 7
(a) and (b). A fan-shaped beam for co-polarization
(RHCP) is observed. It is with a wide 2-D pattern in
the XOZ plane, a narrow beam in the YOZ plane. The
results exhibit excellent RHCP performance with good
cross-polarization discrimination (XPD). In the broad-
side direction, the measured XPD is 30.7 dB, while
the simulated exceeds 40.0 dB. In the upper space,
the measured XPDs of both planes are superior to
9.5 dB, while the simulated are better than 8.0 dB.
Figures 7 (c) and (d) show the axial ratio and realized

Simulation
== == Measurement

I
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Fig. 6. Simulated and measured reflection coefficients.
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Fig. 7. Simulated and measured results of the (a) nor-
malized radiation pattern in XOZ plane at 20 GHz, (b)
normalized radiation pattern in YOZ plane at 20 GHz,
(c) axial ratio, and (d) realized gain.

gain at broadside. The measured 3 dB axial ratio band-
width is 3.5% (19.60~20.30 GHz), while the simulated
is 4.3% (19.50~20.35 GHz). The measured peak gain is
14.9 dBi, while the simulated is 15.4 dBi, both appearing
at 20.10 GHz.

B. Performance comparison

The performance comparison between the proposed
antenna and other recently reported single-layer series-
fed CP arrays is presented in Table 1. As seen from
the table, the proposed antenna exhibits two significant
merits.

Firstly, the proposed antenna offers a compact
design strategy for achieving a high-gain patch array.
The existing strategies either need impedance transform-
ers [13, 19, 24-26], phase shifters [24, 25], or extra OSB

Table 1: Performance comparison between the proposed antenna and other recently reported single-layer series-fed

CP arrays
Array Antenna Freq. Peak CP Gain Per No Impedance No No Need to
Refs. Scale Length (GHz) Gain Unit Length Transformers? Phase Suppress
(Ao) (dBi) (/o) *| Shifters? OSB?

[11] 1x16 14.41 17.00 17.0 3.5 v v X
[13] 1x16 15.20 16.00 18.9 5.1 X v X
[19] 1x4 4.10 6.65 10.3 2.6 X v v
[21] 1x12 5.83 7.82 12.5 3.1 v v v
[24] 2x6 4.28 7.14 16.3 10.0 X X v
[25] 1x4 2.25 2.37 10.0 4.4 X X v
[26] 1x4 4.24 3.00 16.0 94 X v v
This |y 16 | 569 | 20.10 14.9 55 v v v
Work
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suppressing designs [11, 13]. In contrast, the proposed
antenna is so compact that all three factors are unneces-
sary.

Secondly, the proposed antenna exhibits a high per-
unit-length gain (refers to the absolute gain value pro-
duced by unit length). It is with the per-unit-length real-
ized gain of 5.5/A¢, which is higher than 5 of the 7 refer-
ences [11, 13, 19, 21, 25].

In addition, the proposed antenna is a standing-wave
antenna compared to leaky-wave antennas. It is with
a shorted end rather than a terminal load, so the pro-
posed strategy is especially beneficial to design a small-
scale patch array [11, 13, 21]. In contrast, the small-
scale leaky-wave antenna suffers from dissipated power
absorbed by the terminal load.

IV. CONCLUSION

This paper proposes a compact strategy to produce
a single-layer high-gain CP antenna array. By introduc-
ing blocking stubs periodically and alternatively on a
one-end-shorted microstrip line, a design-friendly feed-
ing network is obtained. By adding CP corner-truncated
patches beside these in-phase fields, a linear high-gain
CP antenna array excited by a single feed is obtained. A
fabricated prototype has demonstrated its feasibility. The
design is so simple because it eliminates the requirement
of impedance transformers, phase shifters, and additional
OSB suppressing measures.
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Abstract — A low-profile dual-polarized filtering
microstrip patch antenna (MPA) with improved gain and
bandwidth is realized without requirement of filtering
circuit. Herein, the characteristic mode analysis (CMA)
method is adopted to analyze the antenna performances.
Initially, the resonant modes of the MPA are deeply
analyzed, which indicates that its resonant frequencies
of CM1 and CM3 could be moved close to each other
by loading slots and shorting pins, thus broadening
the impedance bandwidth. Then, the influence of the
slots on radiation patterns of the antenna is further
studied. The results demonstrate that the non-broadside
radiation beam of its CM1 could be reshaped as the
broadside beam, and the sidelobe level of its CM3
could be reduced by cutting the slots, leading to the
improved gain. After that, the effect of the pins on the
gain-response is investigated, It shows that the gain nulls
of the MPA could be controlled at both lower and upper
bands, especially for the non-filtering scheme. Finally,
the proposed dual-polarized antenna is fabricated and
tested. The results prove that its impedance bandwidth
reaches to about 7.4% with a low-profile of about 0.038
free-space wavelength. Besides, a stable enhanced gain
of around 10 dBi is achieved over the operating band.

Index Terms — Characteristic mode analysis (CMA),
filtering response, high-gain, low-profile, non-filtering
scheme.

L. INTRODUCTION

With the rapid development of wireless communi-
cation technology, communication systems tend to be
miniaturized, integrated, and multifunctional. In order to
reduce the interference between the antennas of different
frequency bands in the communication system, and to
meet the system miniaturization, it is more meaningful
to integrate the filter with antenna design.

Submitted On: May 29, 2023
Accepted On: December 13, 2023

In recent years, more extensive research and design
of filter antennas have been carried out. Firstly, one
approach is to cascade the filter and the antenna, with
the antenna radiator as the last stage of the filter [1—
4]. This cascading method requires the separation of the
feeding part and the antenna, which is not conducive to
the miniaturization of the antenna. At the same time, due
to the existence of the filter, the antenna still has trans-
mission loss, which will deteriorate the radiation gain
of the antenna. Secondly, incorporating or embedding
filtering structures into the original antenna is a main-
stream design approach. For example, the filtering per-
formance is obtained by adopting novel feeding struc-
tures [5—10] and loading same-layer or stacked parasitic
elements [11-17]. However, the above methods increase
the complexity of the design and still have the problems
of large size and high profile of the antenna. A more effi-
cient method is to slot or load shorting pins in the antenna
to obtain one or more radiation gain nulls [18-24]. This
greatly simplifies the complexity of the antenna design
while maintaining the characteristics of miniaturization
and low profile. The dual-polarization design of the fil-
tering antenna will improve the capability of the antenna,
alleviate the polarization mismatch problem caused by
the multipath effects, and improve the utilization rate of
spectrum resources.

In this paper, a novel dual-polarized filtering antenna
is proposed with no extra filtering circuit and high gain.
While maintaining the low-profile characteristics, the fil-
tering response is obtained by loading the shorting pins,
and the frequency band is widened by the combination
of the loading the shorting pins and slotting.

II. GEOMETRY AND WORKING
PRINCIPLE
The configuration of the proposed low-profile dual-
polarized filtering microstrip patch antenna (MPA) with
improved gain and impedance bandwidth is depicted in

https://doi.org/10.13052/2023.ACES.J.381003
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Fig. 1. It shows that a radiating patch with the dimen-
sions of L1 x Ly is printed on the top surface of a substrate
(LxL), which has the thickness H| = 0.8 mm, loss tan-
gent of about 0.001, and dielectric constant erl = 2.17.
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Fig. 1. Configuration of the proposed dual-polarized fil-
tering MPA: L = 160, Ly = 120, L, =4, W =9, H = 4,
H =08,D=78,D;=60,D,=118,P,=0.4,R; =0.2.
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Fig. 2. Evolution process of our proposed MPA: (a)
Antenna I, (b) antenna II, (c) antenna III, and (d) the pro-
posed antenna.

Besides, the ground plane (Lx L) is placed below the sub-
strate with an air gap of H =4 mm. Figure 2 gives an evo-
lution process of the MPA. By loading two pairs of bent
slots with spacing D, the desired CM1 and CM3 could
be shifted close to each other, and it also contributes to
improve the radiation beams of these two modes. In addi-
tion, four shorting pins are loaded inside antenna II to
generate the radiation gain null at the upper band, while
four shorting pins are loaded on the edge of antenna III
to generate the radiation gain null at the lower band. In
the following, the proposed MPA is extensively analyzed
with all the simulated results to be provided.

A. Mode selection

Initially, characteristic mode analysis (CMA) is used
to select the desired modes of the traditional MPA for
simultaneous gain and bandwidth enhancements. Note
that the following analyses, conducted as port 1 and port
2, are excited differentially. Figure 3 plots the modal sig-
nificance (MS) and modal weighting coefficient (MWC)
of antenna I. As can be seen, there are four resonant
modes (CM1, CM2, CM3, and CM4) in the wide fre-
quency band. As such, the corresponding electric fields
and radiation patterns of these four modes are illustrated
in Figs. 4 and 5. It shows that only CM3 has the maxi-

——CM]1 (desired) —Z— CM2 (undesired) —— CM3 (desired) — — CM4 (undesired)

y E
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Fig. 3. Modal significance and modal weighting coeffi-
cient of the antenna I.
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Fig. 4. Modal electric fields of the antenna I.
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Fig. 5. Modal radiation patterns of the antenna I.
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mum gain in the normal direction, while the other modes
have radiation nulls in this direction. Most importantly,
the maximum gains of its CM1, CM2, CM3, and CM4
reach to about 9.77 dBi, 8.87 dBi, 12.1 dBi, and 8.99
dBi, respectively. Hence, CM1 and CM3 are selected as
the desired modes for the realization of wide-bandwidth
and high-gain simultaneously.

B. Gain improvement

The results Fig. 5 indicate that CM1 suffers from
the non-broadside radiation beam, and the CM3 simul-
taneously has a high sidelobe level. Hence, in order to
reshape radiated fields of these dual modes, a set of four
slots are cut on the radiating patch as shown in Fig. 2 (b)
or Fig. 6. Due to the symmetrical loaded slots, these four
slots will cross each other when they reach a large length
and therefore are bent.

) @
! /\ z
g S B
b= —e— Phi=0 2 9
A ——Phi=90°| ~_|» :
e} =]
[0} [0}
N° S-S Pt | g
g 21 - g ;1; : - Phi=90°
5 -100 60 20 20 60 100,37-100 -60 -20 20 60 100
Z Theta (deg) Theta (deg)
g 2 0
E E e _
E E -9 N6 B
= S B
[} [0} °
5 }; —e—Phi=0° | = i; —e— Phi=0°
£, e Phi=90° £ —+— Phi=90°
E’ 2100 60 20 20 60 100 S7-100 -60 -20 20 60 100
Theta (deg) Theta (deg)
(b)

Fig. 6. Normalized patterns of the MPA with and without
the slots: (a) CM1 and (b) CM3.

Besides, the normalized radiation patterns of the
MPA with and without these slots are compared under
these two modes (see Fig. 6). As can be seen in Fig. 6,
the gain of the antenna in the broadside direction could
be enhanced by loading these slots at CM1. This work-
ing principle has been proven from the previous works
[25-26]. Meanwhile, the sidelobe level of its CM3 could
be gradually reduced from 3.2 dB to 0 dB via these com-
ponents.

C. Filtering response generation

Apart from gain improvement, the antenna with fil-
tering response is in high demand. As shown in Fig. 7,
when four shorting pinsl are loaded around the diag-
onal position inside antenna II, the resonant frequency
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of CM3 could be shifted up significantly to a high fre-
quency band as compared to that of CM1. As such, the
dual modes are successfully moved close to each other.

The peak realized gain curves of the antennas with
and without the loaded pinsl are illustrated in Fig. 8§,
where it can be seen that a radiation gain null in the
upper band is generated by loading the pinsl. To be
extended, the electric current distributions of antenna II
and antenna III are compared in Fig. 9. Compared with
antenna II, the current inside the antenna III undergoes a
reversal after loading the pins1. At this point, along the x-
axis or y-axis, the surface current flows symmetrically in
the opposite direction, which results in the far-field radi-
ation of the antenna to be cancelled out in the broadside
direction, thus generating a radiation null in the upper
band.

—— CM1(desired) —c— CM2(undesired) —s— CM3(desired)

Modal Significance

0 =
1.8 20 22 24 26
Frequency (GHz)

Fig. 7. Modal significance of the MPA with and without
the loaded pins|1.
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Fig. 8. Peak realized gain curves of the MPA with and
without the loaded pinsl1.

Fig. 9. Electric current distribution on the patch at 2.7
GHz for (a) antenna II and (b) antenna III.



After that, the effect of four shorting pins2 on the
resonant frequencies of antenna III is further studied. As
can be seen from Fig. 10, the frequency spacing between
two modes is further reduced. By comparing the peak
realized gain curves before and after loading pins2, it can
be found in Fig. 11 that a new radiation gain null in the
lower band is generated.

Moreover, the electric current distributions of
antenna III and the proposed antenna are compared in
Fig. 12. It can be seen that there is almost no current dis-
tribution inside the two antennas, but the current at the
edge of the proposed antenna has changed. At this point,
the current at the edge of the antenna flows symmetri-
cally and reversely along the y-axis, and the current along

—— CM1(desired) —¢— CM2(undesired) —=— CM3(desired)
1.0

- A
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0.5 £
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Modal Significance
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Fig. 10. Modal significance of the antenna with and with-
out the loaded pins2.
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Fig. 11. Modal significance of the antenna with and with-
out the loaded pins2.

(b)

Fig. 12. Electric current distribution on the patch at 1.9
GHz for (a) antenna III and (b) proposed antenna.
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the x-axis is offset by the current in the diagonal direc-
tion, which results in the far-field radiation of the antenna
to cancel out in the broadside direction, thus generating
a radiation gain null in the lower band.

III. RESULTS AND EXPERIMENTAL
VALIDATION

To validate the performance mentioned above, the
proposed antenna is fabricated and measured, with the
prototype shown in Fig. 13. Initially, the [Sy411| of our
proposed antenna is measured by using the R&S ZNB20
Vector Network Analyzer, and the relevant simulated and
measured results are presented in Fig. 14. As can be
seen, the measured S-parameter is matched well with the
simulated S-parameter under the two polarization opera-
tions. The impedance bandwidth of the proposed antenna
for [Syq11| < -10 dB is 7.4% ranging from 2.34 to 2.52
GHz.

After that, the radiation patterns, peak realized
gains, and radiation efficiencies of the proposed antenna
are measured by employing a near-field SATIMO
antenna test system. As shown in Fig. 15, the measured
radiation patterns are in good agreement with the sim-
ulated radiation patterns at 2.37 and 2.49 GHz, and the
cross-polarization is lower than -20 dB.

In addition, the simulated and measured peak real-
ized gains and radiation efficiencies of the proposed
antenna are presented in Fig. 16. As can be seen, the

(b)

Fig. 13. Photograph of the fabricated MPA: (a) Top view
and (b) side view.
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Fig. 14. Simulated and measured S-parameter of the
proposed antenna: (a) Port 1 and port 2 are differen-
tially excited and (b) port 3 and port 4 are differentially
excited.
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Table 1: Performance comparison with the previous filtering antennas

Radiator Gain Extra Easy for
Ref. Polarization Filtering Method . Filtering y e
Volume (dBi) .. Integration
Circuit
[10] single Filtering circuit 0.05640° 1 871 Yes No
[11] single Stacked patch + Slots 0.13%° 1 7.2 No No
[51, [7] dual Filtering circuit > 0.1452()3 T ~ 8dBi | Yes No
[8] dual Filtering circuit 0.0222° 8.8dBi | Yes Yes
[12], [16] dual Stacked patch > 0.09510° T ~9.2dBi | No No
[15] dual Stacked patch 0.0361y° T 5.2dBi | No No
[20], [22] dual Slots + Pins 0.1442° 0 9.5dBi | No Yes
[21], [24] dual Slots 0.1374° 1 9.5dBi | No No
—— Simulated co-pol Simulated x-pol ~125 G 2.0
- - - - Measured co-pol —— Measured x-pol 200 T >unuiated gain —a—Vieasured gai 2
) = 1.6 =
< = g
2 = 75 o
£ & 12 8
S- < 30 12.7 dB “ A
o - L
£ = 23 los 8
Té ] S 0.0 g
5 & : : loa =
Z < 2.5 —»—Simulated efficiency [S5=-s==) lﬁtﬁ“
&" 50 e Measured efficiency 0

Normalized Gain (dB)

() (d)

Fig. 15. Simulated and measured radiation patterns of the
proposed antenna: (a) xoz plane at 2.37 GHz, (b) yoz
plane at 2.37 GHz, (c) xoz plane at 2.49 GHz, and (d)
yoz plane at 2.49 GHz.

antenna has obtained a stable peak gain of around 10.1
dBi in the operating frequency band, and the radiation
efficiency of the antenna is around 90%. Hence, the pro-
posed antenna has the single-layer, low-profile (0.038
Ao), high-gain properties as desired without extra feed-
ing networks.

Finally, a comparison between the proposed antenna
and previous filtering antennas is presented in Table 1.
The antennas in [10-11] exhibit good single-polarization
filtering performance but cannot meet the requirements
in a multi-polarization scenario. The antennas in [5],
[7], and [8] achieved good filtering performance through
the design of extra filter circuits, but these filter circuits
increase design complexity and introduce insertion loss.

‘ ; : : 0.
18 20 22 24 26 28 3.0
Frequency (GHz)

Fig. 16. Simulated and measured gains and efficiencies
of the proposed antenna.

Additionally, the antennas in [12], [15], and [16] use the
method of adding stacked patches to obtain good filter-
ing performance, but they are not suitable for integra-
tion. Both the antenna proposed by us and the antennas
in [20-22] and [24] achieve good filtering performance
by slotting or loading shorting pins, and no extra filtering
circuit is used. However, our proposed antenna has more
advantages in terms of radiator volume and gain.

IV. CONCLUSION

In this paper, a novel dual-polarized filtering antenna
without extra filtering circuit is proposed. Initially, the
desired operating mode is selected by analyzing the elec-
tric field and radiation field of each characteristic mode.
Next, the frequency spacing between the selected modes
is reduced by slotting, and the radiation pattern with radi-
ation nulls in broadside direction is improved. Finally,
without using extra filter circuits, two flexibly control-
lable radiation nulls are introduced by loading the short-
ing pins inside the antenna and at the edge of the antenna,
thus to achieve the wide impedance bandwidth and fil-
tering performance of the realized gain simultaneously.
The measured results indicate that the antenna has an



impedance bandwidth of 7.4% in the range of 2.34 -
2.52 GHz, and a stable peak gain of 10.1+£0.45 dBi is
obtained in the operating frequency band. In particular,
the characteristics of low profile (0.038 A¢) and no extra
filtering circuit make this antenna a good candidate for
dual-polarization filtering applications.
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Abstract — A center-fed circularly polarized stacked
patch antenna (CF-CPSPA) with enhanced axial-ratio
(AR) bandwidth is proposed in this paper. The antenna
is composed of two microstrip patches, the lower patch
consists of a circular pad, an elliptical-ring, and two
branch lines connecting them, which is used to realize
the center-fed condition, and the upper patch is an ellip-
tical patch to achieve the wide band performance. Firstly,
two center-fed linearly polarized stacked patch antennas
with wide band are designed, one mode radiated with
x polarization, and the other generates y polarized radi-
ation. Next, the orthogonal modes of two linearly polar-
ized antennas are combined together by a specific design.
Finally, the approximate equal amplitude and quadrature
phase difference of the introduced modes are achieved
in the operating frequency band with proper parameters
analysis. And the impedance bandwidth and 3dB AR
bandwidth is improved to 30.4% and 16.5%.

Index Terms — center-fed, stacked patch, unit in phased
array, wideband circularly polarized antenna.

L. INTRODUCTION

Circularly polarized (CP) antennas have been
widely used in modern wireless communication systems
due to the improved immunity to multipath interfer-
ences, polarization mismatch losses, and Faraday rota-
tion effects [1-4]. Among the CP antennas, microstrip
patch antennas are preferred because of the advantages
of low profile, low cost, and easy integration [1].

CP patch antennas can be designed by a multi-
fed technique or a single-fed technique [1]. The former
can achieve a better axial ratio (AR) bandwidth com-
pared with a single-fed antenna. However, the compli-

Submitted On: September 30, 2023
Accepted On: October 8, 2023

cated feeding networks limit their applications in phased
arrays [5-9] when the unit spacing is restricted. For
single-fed CP patch antennas, the AR bandwidth is gen-
erally narrow, and several methods have been proposed
to enhanced the AR bandwidth, such as using thick sub-
strates with low permittivity to lower the high Q-factor
[9], or using aperture coupling or some another coupling
way to feed the patch antenna [10-12]. In [9], an approx-
imately 12% 3 dB AR bandwidth was gained by using a
foam substrate with thickness of 0.2 A.

Another way to enhance the AR bandwidth is to
introduce multiple pairs of orthogonal modes, such as
stacked patches. Currently, various stacked patch anten-
nas have been proposed [13-21]. The stacked structures
of metasurface and patch radiators provide an improved
CP performance [22-24]. Several orthogonal linearly
polarized (LP) modes are designed in [25, 26] with equal
magnitude and quadrature phase difference. In [26], a
stacked U-slot patch antenna is designed to generate five
LP modes and four AR minima poles, and the 3 dB
AR bandwidth is 55%. However, the planar size of this
design limits its application in phased arrays.

In CP phased arrays, a sequential rotation is gener-
ally applied to suppress the cross-polarization [27]. To
improve the scanning performance in the diagonal plane
of the array, a secondary sequential rotation or a random
sequential rotation is employed [28, 29]. Therefore, the
center-fed CP antennas are significantly required in rota-
tion arrays because the position of the feeding port will
be unchanged when the element is rotated. This charac-
teristic significantly simplifies the feeding structure from
the transmit-receive (TR) modules to the antenna ele-
ments in the millimeter-wave phased arrays. However,
the center-fed CP patch antennas were rarely investigated

https://doi.org/10.13052/2023.ACES.J.381004
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in the past. Some center-fed CP patch antennas are pro-
posed in [30, 31] with narrow AR bandwidths.

In this paper, a wide band CP stacked patch antenna
fed by a coaxial probe located in the center of the lower
patch is proposed. Firstly, two center-fed linearly polar-
ized stacked patch antennas are designed. One generates
two resonance modes in the x direction, and the other
generates two resonance modes at higher frequencies in
the y direction. Then, an elliptical design is applied to
combine the orthogonal modes of two linearly polar-
ized antennas together. Finally, with proper parameter
analysis, the approximately equal magnitude and quadra-
ture phase of the introduced split orthogonal modes are
achieved in the band of interest. Compared with the
center-fed patch antennas, the AR bandwidth of the pro-
posed antenna is enhanced by an additional AR minima
pole. The simulated and measured results are found in
good agreement with each other, demonstrating that a -
10 dB |S;| bandwidth of 30.4% and a 3 dB AR band-
width of 16.5% are achieved. The final results indicate
that this design is a good candidate for millimeter-wave
AiP phased arrays.

This paper is organized as follows: Section II intro-
duces the configuration, working mechanism and design
process, and parametric studies of the proposed antenna.
Section III gives the simulation and measurement results
of the proposed antenna. The last section is a brief
summary.

II. CENTER-FED CIRCULARLY
POLARIZED STACKED PATCH ANTENNA

A. Configuration

The configuration of the proposed center-fed cir-
cularly polarized stacked patch antenna (CF-CPSPA) is
shown in Fig. 1. It consists of two TSM-DS3 dielec-
tric substrates (€,1= 2.94, tand = 2.94) with thickness of
hy and hy, and two microstrip patches placed on them,
respectively. The two substrates are bonded by FR28
material (g,1= 2.76, tand = 2.94) with thickness of h3.
The size of the element is /; x [;. The proposed antenna
is fed by a coaxial probe located in the center of the lower
patch. Moreover, a substrate integrated waveguide (SIW)
back cavity based on the metalized vias is applied to sup-
press the propagation of surface waves and improve the
scanning performance [34, 35], as shown in Fig. 1 (a).

The lower patch consists of a circular pad, an ellipti-
cal ring, and two branch lines connecting them as shown
in Fig. 1 (b). The outer major radius and outer minor
radius of the elliptical ring are r;; and rg;, and the inner
radius is r;,. Also, the major axis is along the x axis, the
two branch lines are at an angle of 0; and 6, relative
to @=45° plane. The upper patch is an elliptical patch
whose direction of the major axis is consistent with that
of the lower elliptical ring, as shown in Fig. 1 (c); the
major radius and minor radius are r;; and ry;.
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Fig. 1. Configuration of the proposed center-fed circu-
larly polarized stacked patch antenna: (a) Perspective
view, (b) lower patch, and (c) upper patch (r;; = 1.64,
rg1 = 1.24, rp = 1.11, rsD = 1, Fin = 1, r'p = 055,
01 = 35°,6, = 35°r,= 0.55,wp= 0.175, h; = 0.508,
hy= 127, h3= 0.11,d,js= 0.3,d,= 0.6,1;= 5.5,
all in millimetres).

B. Working mechanism and design process

To illustrate the working mechanism of the proposed
CF-CPSPA, four antennas with different configuration,
named Ant. 1, Ant. 2, Ant. 3, and Ant. 4, are simulated
and analyzed. The lower and upper patches of the four
antennas are shown in Fig. 2, Ant. 1 and Ant. 2 are both
linearly polarized, the upper and lower patches are cir-
cular, and the dimensional parameters are different. The
directions of the two branch lines in the lower patch are
orthogonal to each other. Ant. 3 and Ant. 4 are the pro-
posed antenna structure in this paper. For Ant. 3, the
parameters in xoz plane are the same as those of Ant.
1, and the parameters in yoz plane are the same as those
of Ant. 2, and 0; and 6, are set as 6;=6,—=45°. Ant. 4
has the same parameters as listed in Fig. 1. Based on the
studies of the four antennas, the design guidelines and
methodology are summarized as follows. (fj is the cen-
ter operating frequency)

1) Design of Ant. 1 and Ant. 2.

Figure 3 exhibits the simulated input resistance of
Ant. 1 and Ant. 2. For Ant. 1, two resonance modes,
mode 1, and mode 1;, are generated from the stacked
patches. The initial parameters of the annular-ring patch
can be calculated according to the formula given in [32],
and the design of stacked patch antennas is referred to
in [33]. As the centerline of the two branch lines in the
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Fig. 2. Lower and upper patches of the four antennas
(rg1 =1.55,r,, =1.35,r,,=12,r,, =09,r;, =0.9,
r;, = 0.45, all in millimetres).
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Fig. 3. Simulated input resistance of Ant. 1 and Ant. 2.

lower patch of Ant. 1 is along the x axis, the polariza-
tion of Ant. 1 is along the x direction. To further under-
stand the two resonance modes, Fig. 4 displays the E-
field distributions in the xoz plane of the two modes of
Ant. 1. The E-field of mode 1, is concentrated between
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Fig. 4. Simulated E-field distributions in xoz plane of (a)
mode 1, and (b) mode 1.

the lower patch and the cavity, while for mode 1, the
coupling between the lower and upper patches is signif-
icantly enhanced. As for Ant. 2, two resonance modes,
mode 2, and mode 2, are generated at higher frequen-
cies due to the smaller dimensional parameters. More-
over, the centerline of the two branch lines in the lower
patch of Ant. 2 is along the y axis; therefore, the polariza-
tion of Ant. 2 is along the y direction, which means mode
2, and mode 2, are orthogonal to mode 1, and mode 1.

2) Design of Ant. 3 with an elliptical patch.

Ant. 3 introduces mode 1, and mode 1, by setting
the parameters in the xoz plane the same as those of Ant.
1, and introduce mode 2, and mode 2, by setting the
parameters in the yoz plane the same as those of Ant. 2.
Meanwhile, the variations of the parameters in the yoz
plane affect mode 1, and mode 1, slightly, and the vari-
ations of the parameters in the xoz plane affect mode 2,
and mode 2, slightly. Therefore, the operating frequency
of the orthogonal mode can be adjusted separately. The
two branch lines of the lower patch of Ant. 3 are reset
along the x axis and y axis, respectively, to excite the
introduced orthogonal modes. Figure 5 shows the mag-
nitude of far-field broadside Ey and E, components of
Ant. 1, Ant. 2, and Ant. 3, and agreement of the working
frequencies can be observed. The differences in the mag-
nitude of E, and E, of the three antennas result from the
coupling between modes. As shown in Fig. 6, there are
two AR minima poles satisfying AR < 3dB, and if these
two minima poles are close enough to each other, a wide
3dB AR bandwidth will be generated.

3) Tune the parameters to optimize the CP performance
of Ant. 3.

To achieve approximately equal magnitude and
quadrature phase difference of the orthogonal modes in
the operating frequency band, the dimensional parame-
ters of Ant. 3 need to be optimized. The critical param-
eters included the outer major radius of the lower patch
(r;1), the ratio of ry to ryy (ary=rg /i), the angle of
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Fig. 5. Simulated magnitude of far-field broadside E and
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Fig. 6. Simulated boresight AR of Ant. 3 and Ant. 4.

the branch lines relative to the plane at @=45° (6,
6,), and the major radius and minor radius of the upper
elliptical patch (rp, r) is slightly tuned. Finally, Ant. 4
is obtained, the simulated AR result is plotted in Fig. 6,
showing an improved CP performance compared with
Ant. 3, and a 3 dB AR bandwidth of 17.3% is realized.
Besides, Fig. 7 demonstrates the surface currents on
the lower and upper patches of Ant. 4 varying with time.
Whether at 0.946fy or 1.062fj, the surface currents on
the upper and lower patches are both along the x direc-
tion when t = 0, and the surface currents on the upper
and lower patches are both along the y direction when t
= T/4, meeting the CP wave generation condition. The
difference is that the surface current on the upper patch
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Fig. 7. Simulated surface currents on the lower and upper
patches of Ant. 4: (a) When t = 0 at 0.946 /9, (b) when t

=T/4 at 0.946 ), (¢c) when t = 0 at 1.062fy, and (d) when
t="T/4 at 1.062f;, where T is the period of time.

at 1.062fj is slightly stronger than that at 0.946 f, which
is consistent with the coupling of the upper and lower
patches being enhanced at higher frequencies, as dis-
played in Fig. 4.

C. Effect of parameters on the far-field broadside E,
and E, components

To quantitatively investigate the influence of the
dimensional parameters on the CP performance, the
effects of some critical parameters on the far-field broad-
side Ey and Ey components of the proposed CF-CPSPA
are studied. Compared with AR, E\ and E, components
can reveal the CP performance more essentially and vis-
ibly. In this paper, to assess the Ey and E, components,
the parameter “rE” in HFSS software is selected, which
eliminates the effect of distance; in other words, the unit
of “rE” is “V”.

Figure 8 shows the effects of some critical parame-
ters on the magnitude or the phase difference of E, and
E, components of the proposed CF-CPSPA, including
the ratio of rg to ryy (ary = re /1), the angle of the
branch lines relative to the plane at ¢=45° (0;, 6,), and
the major radius and minor radius of the upper elliptical
patch (rp2, r52).
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Fig. 8. Simulated results of the magnitude or phase dif-
ference of far-field broadside E; and E, components
under different parameters: (a) ary, (b) 6y, (c) 62, (d) 2,
and (e) rg.

As shown in Fig. 6 (a), ar; mainly affects the phase
difference of E, and E; components, and a phase differ-
ence of about 90° in the operating frequency band can
be achieved with a proper value of ary. ar; controls the
ratio of ry to ry1, which splits the two pairs of degenerate
resonance modes. Therefore, ar; is the most important
parameter for the CP performance and should be tuned
first.

Figures 8 (b) and (c) exhibit the magnitude of E
and E, components at different values of 6; and 6. It
indicates that when line 1 is along the major axis of the
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elliptical ring, i.e., 6= 45°, the two resonances of E, are
the most strongly excited, and as 0; reduces, both of the
ring, i.e., 6= 45°, the two resonances of E, are the most
strongly excited, and as 0 reduces, both of the lower
and upper resonances of E, decrease, while the two reso-
nances of E, increase. The effect of 6 is just the opposite
but weaker than that of 8;. The variation presents a prin-
ciple that when the coupling to one mode increases, the
coupling to the other mode at the same frequency will be
reduced. This principle also works in the studies of other
parameters.

As can be seen from Figs. 8 (d) and (e), when
rjp increases, the magnitude of E, increased, while the
magnitude of E, decreased at the lower frequency and
increased at higher frequency. As ry increases, the lower
resonance of E, decreases, but the upper resonance does
not increase due to the increase of high input resistance
and the worsened matching at the upper resonant fre-
quency.

The effects of some other parameters are not dis-
cussed in detail. When A, increases, the resonant fre-
quencies decrease and get closer. Keeping the difference
of ;1 and rp, fixed, the frequencies of the two resonances
vary with . As r;, and r, increase, the overall input
resistance increases.

III. SIMULATED AND MEASURED
RESULTS
According to the design steps above, the optimized
dimensional parameters of the proposed CF-CPSPA are
given in Fig. 1. And the magnitude and phase difference
of the far-field broadside E, and E, components of the
final antenna element are plotted in Fig. 9. At the fre-
quencies of 0.946 fy and 1.062f;, the magnitudes of the
two orthogonal components are roughly equal and the
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Fig. 9. Phase difference and magnitude of far-field broad-
side E, and E; components of the proposed CF-CPSPA.
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Fig. 10. Photographs of (a) the test environment, (b) the
CF-CPSPA on the test bench, and (c) the top view of the
CF-CPSPA.

phase difference is close to 90°, indicating two AR min-
ima poles, as shown in Fig. 6. To validate the simulated
results, a prototype is fabricated and measured, as shown
in Fig. 10, and the size of the substrates and the metal
ground are enlarged for easier fixing. The reflection coef-
ficients and AR are measured as shown in Fig. 11.

As shown in Fig. 11 (a), the measured and simu-
lated AR responses are found in good agreement with
each other, the simulated and measured 3 dB AR band-
widths are 0.923f) - 1.096fy (17.3%) and 0.942f, -
1.107 fp (16.5%), verifying an enhanced wideband per-
formance. The tolerable frequency offset is mainly due
to the enlarged metal ground and inevitable measure-
ment errors. Figure 11 (b) exhibits the simulated and
measured reflection coefficients and realized broadside
LHCP gains. A -10 dB |S};| bandwidth from 0.834 fj to
1.138 fy GHz (30.4%) is achieved, which is well con-
sistent with the simulated result. Besides, the realized
broadside LHCP gain are between 4.9 and 6.0 dBic in
the 3 dB AR bandwidth. Figure 12 shows the simu-
lated and measured results of the normalized RHCP and
LHCEP far-field radiation patterns in xoz and yoz planes,
and a large angular beamwidth is observed. Note that,
because of the enlarged metal ground, the forward radia-
tion of the element increases, the measured gain is there-
fore slightly higher than the simulated gain, and the mea-
sured beamwidth is narrowed compared with the simu-
lated results.

The measured performances of the proposed CF-
CPSPA are tabulated in Table 1 and compared with
other reported single-fed CP patch antennas. Compared
with traditional CP stacked patch antennas [16, 19], our
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Fig. 11. Simulated and measured results of the proposed
CF-CPSPA: (a) Boresight AR and (b) |S;1| and realized
boresight LHCP gain.
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Fig. 12. Simulated and measured normalized radiation
patterns of the proposed CF-CPSPA at (a) 0.962f, and
(b) 1.038 .

Table 1: Comparisons of different single-fed CP patch

antennas

Ref. Size IMBW ARBW | CF Wideband
(A3) (%) (%) | (Y/N) Approaches

9] 01%*2(2)142 25.3 11.8 N Thick air substrate

[16] 018*12030 40 173 N Stacksgzgrl:;s,air

19 |0 [vswre1s] 35 | N | ncandering o

2 PO sr [ aor | n | St

20 PO awr |y | v [k v

50 | oous -y :

V(\?(‘)lrrk O‘ig*lgfs 30.4 16.5 Y Stack patches

Ao : The free-space wavelength at the center operating

frequency fo. IMBW: Impedance bandwidth, default is
—10 dB S| bandwidth. ARBW: 3 dB AR bandwidth.
CF: Whether the antenna is center-fed.



proposed CF-CPSPA has similar impedance bandwidth
and AR bandwidth, Meanwhile, it has the character-
istic of being center-fed. And compared with existing
center-fed CP patch antennas [30], our proposed CF-
CPSPA has much wider impedance bandwidth and AR
bandwidth. Besides, the proposed CF-CPSPA is easy
to design (compared with [26]) and meets the spac-
ing requirement of the wide-angle scanning (compared
with [24]).

IV. CONCLUSION

In this paper, a center-fed CP stacked patch antenna
has been proposed to improve the AR bandwidth. By an
elliptical patch design, the orthogonal linearly polarized
modes are combined together in the proposed antenna.
The working mechanism and design process have been
illustrated, and the effect of antenna parameters on the
far-field broadside E, and E, components has been inves-
tigated. Then, the proposed antenna is fabricated and
measured. The simulated and measured results are con-
sistent with each other, showing a -10 dB |S;| band-
width of 30.4% and a 3 dB AR bandwidth of 16.5%.
The final results indicate that the proposed antennas will
be promising candidates for millimeter-wave AiP phased
arrays.
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Abstract — A miniaturized, wideband circularly polar-
ized (CP) antenna based on coupled triangular patches is
presented. Initially, two identical triangular patches with
shorting pins are placed close to each other in a perpen-
dicular orientation. Hence, a pair of orthogonal modes
can be produced based on the coupled resonators. Under
the characteristic mode analysis (CMA), it can be found
that the 90° phase difference is achieved by modulating
gap distance and shorting pins numbers. Both the shape
of triangle patches and shorting pins contribute to the
miniaturization. To further improve the AR bandwidth,
a third patch is added to form a new mode. Thanks to
the triple modes produced by the three patch elements,
two AR minima are constructed to broaden the AR band-
width. With this compact arrangement and shorting pins,
a miniaturized wideband CP patch antenna with a 5.2%
AR bandwidth is successfully implemented. The overall
size of the antenna is merely 0.344x0.339x0.0461.

Index Terms — Antenna miniaturization, characteristic
mode analysis, circularly polarized patch antennas, tri-
angular patches, wideband patch antennas.

I. INTRODUCTION

Wideband circularly polarized (CP) patch antennas
play an important role in wireless communication and
sensing systems. They are also capable of consistent
polarized orientation between transmitter and receiver,
reduction of Faraday rotation effects, and mitigating
multi-path distortion [1]. CP antennas with compact
structures and low profiles are highly needed in size-
limited devices, such as satellite communications, wire-
less sensors, and unmanned aerial vehicles.

Traditional CP antennas have a relatively narrow
axial-ratio (AR) band because a pair of degenerate
modes as orthogonal components are not able to support
equal amplitude and stable 90° phase difference in wide-
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band. To extend AR bandwidths, three kinds of tech-
niques have been proposed: multi-ports feeding networks
[2-7], lower quality factor [8—15], and multi-mode tech-
niques [16-25].

The first technique, using dual-ports [2-4] and
sequential-phase [5-7] feed networks, can introduce
additional AR bandwidth. However, the extraordinar-
ily coupled resonators would inevitably increase the
patch antenna’s profile [2] and occupy more space [3—
4]. Power divider [5] also decreases antennas’ total effi-
ciency, and shorting strips [6—7] between antennas make
the system not suitable for integration. The second tech-
nique is to decrease the quality factor of antennas, which
can be realized by a thicker substrate [8§-15]. To com-
pensate inductance of the probe and realize impedance
matching, the capacitive coupling feed [8-9, 13—15] and
slot-loaded patch [10-13] are proposed. However, the
increased AR bandwidths are still limited, and antennas
are relatively thick. The third technique, based on the
multi-mode technique, can introduce more AR minima
and increase AR bandwidths. For instance, metasurface
[17], stacked patches [16, 18], and parasitic patches [20-
21] are introduced above or around the driven patch as
parasitic elements. Fewer numbers of parasitic patch ele-
ments can also be realized if a 90° phase difference is
introduced between adjacent elements [22-23] or modes
[24-25]. In [22], a quantitative design method based
on the equivalent circuit model is proposed. With this
method, multiple minima in the axial ratio response are
produced by employing several adjacent coupled radia-
tors, resulting in wideband CP radiation. In general, half-
wavelength resonators or high-order modes are usually
utilized to design wideband CP antennas, whereas there
is little consideration for miniaturization.

In this paper, miniaturized wideband CP patch
antennas using coupled radiators are proposed. To begin
with, a narrow band CP antenna is designed based on

https://doi.org/10.13052/2023.ACES.J.381005
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a pair of closely spaced triangular patch antennas with
shorting fences, as shown in Fig. 1 (a). A 90° phase
difference is achieved between two orthogonal patches
due to the electromagnetic coupling for fringing fields.
It can be flexibly adjusted by different gap dimensions
and pin numbers. After that, the third patch is coupled
with the former ones to produce triple modes in gen-
eral. The whole of them can generate two AR minima
and extend CP bandwidth, as shown in Fig. 1 (b). Dif-
ferent from traditional wideband CP antennas, the pro-
posed one is based on multi-modes generated by multi-
radiators instead of two adjacent elements. Besides, both
the quarter-wavelength triangle patches and sequentially
close arrangement in a counterclockwise direction con-
tribute to a more compact and miniaturized antenna pro-
totype.

AR (dB)
AR (dB)

Frequency
(a) (b)

Fig. 1. Process of the evolution of the proposed CP
antenna: (a) CP antenna I with single AR minimum and
(b) wideband CP antenna II with two AR minima.

Frequency

I1. NARROW BAND CP PATCH ANTENNA
WITH ONE AR MINIMUM

A miniaturized narrow band CP patch antenna is
proposed in this section, as shown in Fig. 2. A pair of
triangular patches are printed on the top of the 0.813
mm-thick dielectric substrate Rogers4003 (e, = 3.55,
tand = 0.003). They are arranged orthogonally, and
both are closely spaced to be coupled with each other.
A row of shorting pins is inserted at the right-angle
edge of each patch. Hence the patches can operate at
quarter-wavelength modes. The hypotenuse of triangu-
lar patches can also contribute to miniaturization. A
coaxial probe is soldered on the finite ground to excite
two orthogonal modes simultaneously, which will be
demonstrated in the following using characteristic mode
analysis.

A. CMA of two coupled triangular patches

Characteristic mode theory is full of physical mean-
ing, and it is effective in antenna design to reveal the
operating modes. Following the theory of characteris-
tic modes (CMs) for PEC objects [26-27], a generalized
eigenvalue equation can be written as
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Fig. 2. Geometry of the proposed CP patch antenna I.
Dimensions are W, = 120,a = 38.5, gap = 0.8,D, =
8, Dy =16,d; =dr, =3.65,R, = 1.2,H = 8.813 (unit:
mm), pin number N, = Ny = 10.

XJ, = lnRJna (D
where A4, is the eigenvalue associated with each charac-
teristic current and J,. R, and X are the real and imagi-
nary Hermitian parts of the matrix Z, respectively. Model
significance (MS) and characteristic angle (CA) are other
two helpful indicators, and they are defined as

1
MS, = —, 2
T 4jA @
CA, = 180° — tan"'A,. (3)

The associated modes are resonant modes when A,
=0, MS, =1, and CA,, = 180°. In characteristic mode
analysis (CMA), a pair of orthogonal modes with equal
amplitude and 90° phase difference can be used to pro-
duce CP waves [28]. The difference in the two modes’
characteristic angles is related to the phase difference of
their radiated far fields. If the port is placed where the
two modes have equal characteristic current amplitude,
modal significance can reflect the amplitude of CMs. In
this work, the CST Studio Suite 2021 will be used to ana-
lyze the CMs of antennas.

To reveal the working principle of the proposed nar-
row band CP patch antenna I in Fig. 2, CMA is con-
ducted with an infinite substrate and ground plane. Its
modal significance and characteristic angle are shown
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Fig. 3. MS and CA of CP patch antenna I.

in Fig. 3. There are two potential CMs in the operat-
ing band of antenna I. CM1 and CM2 are resonant at
1.586 GHz and 1.686 GHz, respectively. Note that the
90° phase difference between the two CMs is achieved
because of electromagnetic coupling between two iden-
tical antennas [29]. Besides, both share the same magni-
tude of modal significance (MS) at 1.603 GHz. To excite
the two modes with the same amplitude, shown in Fig. 2,
the probe is fed the right patch #1 where the current mag-
nitude of the two modes is approximately equal.

Characteristic currents as well as modal patterns are
also depicted in Fig. 4. It can be found that the two modes
have orthogonal characteristic currents in Figs. 4 (a) and
(b). For CM1, the total equivalent currents mainly flow in
—45° direction, while for CM2 the total equivalent cur-
rents mainly flow in +45° direction. Figs. 4 (c) and (d)
show the modal radiation patterns of the CMs. It shows
that both modes have broadside radiation patterns.

B. Parametric study

Coupling strength between two adjacent resonators
is of great importance in designing bandpass filters. In
the same way, it is also the key to designing CP anten-
nas based on coupled resonators. To achieve the required
90° phase difference between the two modes, a paramet-
ric study of the proposed antennas is conducted. In brief,
both the coupling gap between the two patches and the
number of loaded pins are the key parameters to modu-
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Fig. 4. Characteristic currents and modal radiation pat-
terns of the antenna I: (a) and (¢c) CM1 at 1.586 GHz, (b)
and (d) CM2 at 1.686 GHz.

lating the coupling strength.

Increasing the number of loaded pins in the patch #1
(Np1) can dramatically raise CM1’s resonant frequency.
For example, in Fig. 5 (a), increasing Np; from 3 to
10 leads to an increase in the resonant frequency of
CMI1 from 1.53 to 1.68 GHz when gap = 2 mm, N>
= 10. However, the resonant frequency of CM2 remains
approximately constant at 1.703 GHz.

Gap distance can also dramatically affect CM1°s res-
onant frequency. In Fig. 5 (b), by increasing gap dis-
tance between patches, the resonant frequency of CM2
is almost unchanged while that of CM1 rises under the
condition of fixed pins N1 and N o,

To obtain further insight into how the pin number
and gap width impact the CP performance, the full-wave
simulation is carried out. The magnitude and phase dif-
ference of Eg and E, at broadside with different pin
numbers, and gap dimensions are shown in Figs. 6 and 7,
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Fig. 5. Modes’ resonant frequencies of proposed antenna
I'as a function of (a) varied N, and (b) varied gap.

o
)
n
)
a
=

19
=]

—
1%
=



respectively. In Fig. 6 (a), although N, varies from 4
to 10, the frequency with |Eg| = |Ey| is maintained at
1.58 GHz. However, the phase difference has decreased
with increased N, . In Fig. 6 (b), the AR responses with
respect to different values of N, show that the AR min-
imum occurs at 1.58 GHz. The sole AR minimum will
degenerate with fewer pins, as a result of phase change.

180 12
12
3 150 _ 9
0 —~
2 4 1208 &
2 ~ 6
= T £
i 0 . 0 r;f S .
= . T =
< -4 s g 0 é E
-8 10~ -
! ~Bo 0 Ny=4 ——N, =8
Iz,_,,\,./.'/ 73_N>1=6 — N, =10
1.4 1.5 1.6 1.7 1.8 14 L5 1.6 1.7 1.8
Frequency (GHz) Frequency (GHz)
(a) b)

Fig. 6. Simulated results of antenna I with respect to dif-
ferent values of N;: (a) magnitude and phase difference
of Eg and E, at broadside and (b) AR responses at broad-
side.

In Fig. 7 (a), as the gap varies from 0.4 to 1.2 mm,
the frequency with |Eg| = |E¢| rises from 1.465 to 1.645
GHz. The phase difference decreases at the same time.
The frequency of the AR minimum also varies from
1.465 to 1.645 GHz. When the gap equals 0.8 mm, both
the same amplitude and a 90° phase difference are satis-
fied simultaneously. As a result, the best CP performance
with a minimum AR value of 0.15 dB is successfully
achieved at 1.58 GHz. The 3dB-AR bandwidth is from
1.57 to 1.59 GHz (1.3%), as shown in the black curve in
Fig. 7 (b).

12 bgap = 0.4 unit:mm
8 —_
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g 4 )
< ~ 9
= [ ST
s 0 DR
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-8 = 0 | unit:mm
gap =04 gap=0.8
-12 gap =0.6 gap=12
1.4 1.5 1.6 1.7 1.8 1.4 1.5 1.6 1.7 1.8
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 7. Simulated results of antenna I with respect to dif-
ferent values of gap: (a) Magnitude and phase difference
of Eg and Ey at broadside and (b) AR responses at broad-
side.
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II1. WIDEBAND CP PATCH ANTENNA
WITH TWO AR MINIMA

To further improve the AR bandwidth, the third
patch is coupled with the former two patches to intro-
duce the second AR minimum. The wideband CP tri-
angle patch antenna II with detailed dimensions is pro-
posed as shown in Fig. 8. Each patch element has the
same dimension, and they are printed on the 0.813 mm-
thick dielectric substrate Rogers4003 (&, = 3.55, tand =
0.003). Three isosceles right-triangular patches are posi-
tioned sequentially along a counter-clockwise path to
be orthogonal with each other. All of them are closely
placed to be strongly coupled with each element by fring-
ing fields. There is also different gap distance between
two adjacent elements. To further miniaturize the over-
all size, each patch is loaded with a different number
of shorting pins. Thanks to the constructed short circuit
boundary, this enables the patch to operate in quarter
wavelength mode.

A. Characteristic mode analysis and design of three
coupled triangular patches

Characteristic mode analysis is conducted to reveal
the working principle of the proposed wideband CP
antenna shown in Fig. 8. The substrate and ground plane

N 4f]
43 : £

O O
. A
Plastic screws x Substratg\
i) J ..
1 I
T T HE X N hij
Shorting-Pins Probe  Ground

Fig. 8. Geometry of the proposed wideband CP patch
antenna II. Dimensions are W, = 120,a = 42.5, gap| =
2.6, gapy = 3.5,D, = 8,D, = 16,d, = 13.43,dr, =
4.03,d3 = 3.65,R, = 1.2,H = 8.813 (unit: mm), pin
number Ny = 3,Np2 = 10,N,3 =5.
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Fig. 9. MS and CA of CP patch antenna II.

are set infinite in the multilayer solver of CST. In Fig. 9,
modal significance and characteristic angle show that
there are three potential CMs in the working band for
antenna II. Three modes respectively resonate at 1.554,
1.612, and 1.82 GHz. Hence, they can be recognized as
two pairs of adjacent modes (CM1 and CM2, CM2 and
CM3). It can be found that there is a 90° phase difference
and equal MS occurring at 1.575 and 1.663 GHz. Mean-
while, the phase of CM1 delays behind CM2, and that
of CM2 delays behind CM3. Thanks to the same phase
delay between two pairs of adjacent modes, the two pairs
of modes can produce the same sense of CP waves to
enhance the CP bandwidth.

Figure 10 shows the associated characteristic cur-
rents and modal radiation patterns of the CMs at their
resonant frequencies. The currents of each two adjacent
modes are orthogonal to each other. The total equivalent
surface currents of CM1 and CM3 are in opposite direc-
tions, and both are orthogonal to that of CM2. Besides,
all the CMs can generate broadside radiation patterns. To
excite the three CMs, a coaxial probe is placed beneath
the patch #1, where the current magnitude of each CMs
is almost the same.

In the previous section, the relationship between AR
responses and different gap dimensions as well as pin
numbers was discussed. It is found that they both can
affect the magnitude and the phase difference of the
CMs to some extent. Considering that the probe posi-
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Fig. 10. Characteristic currents and modal radiation pat-
terns of the antenna II. (a) and (d) CM1 at 1.554GHz. (b)
and (e) CM2 at 1.612 GHz. (c) and (f) CM3 at 1.8GHz.
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Fig. 11. Simulated AR responses of antenna II with
respect to different coupling gap widths of (a) gap; and

(b) gap,.

tion is selected on patch #1, the pin numbers on it (V1)
should not be too large because the input impedance will
become too low to be matched. Thus, it is suggested
to first determine the pin numbers on each patch in the
design. After that, the parametric analysis is conducted
on the gap distance (gap; and gapy).

In this section, a compact and miniaturized wide-
band CP antenna is proposed where two AR minima
are introduced to broaden AR bandwidth. When gap; is
equal to 2.6 mm and gap, is equal to 3.5 mm, the best
CP performance can be realized. On the one hand, the
first AR minimum is sensitive to the value of gap; as
shown in Fig. 11 (a). When gap; varies from 2.6 to 3.8
mm, the first AR minimum tends to deteriorate at a high
value of 7.9 dB. On the other hand, the second AR min-
imum point is sensitive to the variations in gap,. When
gapy reaches 5.5 mm, the second AR minimum tends



to reach 3.5 dB. Hence it can also affect the CP perfor-
mance. The best CP performance will be achieved if the
coupling gaps are further optimized.

B. Simulated and measured results

To verify the validity of the proposed wideband CP
patch antenna, the prototype of the antenna is simulated,
fabricated, and tested. The S-parameter and radiation
patterns are measured by the R&S ZVA-40 vector net-
work analyzer and the near-field chamber, respectively.

Figure 12 shows the simulated and measured broad-
side AR and left-handed circular polarized (LHCP) gain
of the proposed antenna. Right-handed CP can also be
realized if the probe is soldered at the second patch. The
measured AR data matches well with the simulated one.
The measured 3 dB-AR bandwidth is from 1.58 to 1.67
GHz (5.5%), and the simulated one is from 1.58 to 1.665
GHz (5.2%). The measured LHCP gain at a higher fre-
quency is slightly lower than the simulated value because
the real material loss is higher than the simulated value.
The average LHCP gain of the measured and simulated
are approximately 5.05 and 5.7 dBic, respectively. The
simulated and measured reflection coefficients and effi-
ciencies are also depicted in Fig. 12. The simulated and
measured —10 dB matching bandwidths are both from
1.58 to 1.665 GHz (5.2%). The measured efficiency is
slightly lower than the simulated one at the higher fre-
quency, which may be because that the tand of the fabri-
cated material is higher than the simulated setting one.
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Fig. 12. Measured and simulated ARs, LHCP gains, S-
parameters, and efficiency of antenna II.
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Fig. 13. Measured and simulated radiation patterns of
Antenna II: (a) 1.59 GHz and (b) 1.64 GHz.

Figure 13 shows the simulated and measured radia-
tion patterns at two AR minima, 1.59 and 1.64 GHz. At
broadside, the LHCP high cross-polarization ratios are
achieved, which are up to 27 dB and 18 dB at 1.59 GHz
and 1.64 GHz, respectively. The maximum beam direc-
tion at higher frequencies is slightly tilted, and the cross-
polarization rises with increased theta angle because of
the current asymmetry of the three modes.

IV. CONCLUSION

In this paper, a miniaturized wideband CP antenna
has been proposed based on coupled triangular patch
elements. Initially, two perpendicular patch radiators are
closely spaced to be coupled with each other. Two rows
of shorting pins are inserted, and the patch can operate at
quarter-wavelength modes. Hence, the shorting pins and
antenna arrangement contribute to antenna miniaturiza-
tion. By means of CMA, we can find that gap dimen-
sion and pins numbers are key parameters for manipu-
lating the phase difference between CMs and generating
a minimum AR value. Subsequently, the third patch is
introduced, and a widened bandwidth with two AR min-
ima is achieved by allocating its three CMs. The AR
bandwidth is enhanced up to 5.2% in a small overall
size of 0.3449%(.3340%x0.046Ay. Hence, the proposed
CP antenna will be a good candidate in modern wireless
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communication systems to meet miniaturized and wide-
band requirements.
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Abstract — This paper proposes a low-profile high-
isolation dual-polarization array antenna operating in
the L/S band. The radiating unit of the array antenna
adopts U-shaped bending dipoles to realize the staggered
arrangement of high- and low-band units, and is con-
nected to the feeding network by a coaxial cable. To
achieve the non-influence of high-band and low-band
feed networks, multi-layer printing technology is used
and grooves are etched on the metal plate. In order to
reduce the coupling of the high- and low-band dipoles
at low frequency, a bandpass filter is added to the high-
band feed network, which greatly improves the isolation
at low-frequency. The measured results show that the
impedance bandwidth of the array is 4.5% (0.971-1.015
GHz) and 7.5% (1.89-2.04 GHz), with gains of 15 and 19
dBi at 1 GHz and 2 GHz, respectively. And the isolation
between the dual-polarized ports more than 50 dB and
35 dB was achieved at 1 GHz and 2 GHz, respectively.
The proposed array will have practical value in L/S band
full-duplex wireless communication systems.

Index Terms — dual-polarization, high-isolation, multi-
layer network, U-shaped bending dipoles.

L. INTRODUCTION

In recent years, a variety of antenna technologies
have been developed in the direction of easy integration,
multi-band [1-2], multi-polarization [3—4] and low pro-
file to meet the requirements of modern communication
technology. Among them, the dual-polarization technol-
ogy and the dual-band technology can not only increase
the capacity of the communication system but also real-
ize various radiation functions, such as transceiver inte-
gration [5—6]. The arrangement of multiple antenna units
with different polarizations and bands in the same aper-
ture greatly reduces the size of the antenna array.

Some multi-band and multi-polarization co-aperture
array antennas have been proposed by researchers. Ini-
tially, a single antenna [7-10] or combination antenna
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[11-12] with dual-band and dual-polarization character-
istics is used as an element to construct the array to
improve the channel capacity of the array antenna. This
antenna is usually connected to a broadband or dual-
band feed network. However, it usually results in low
aperture efficiency and low gain in the high-frequency
band, and it cannot effectively use the array aperture.
To improve the aperture efficiency at high frequency,
the researchers have interspersed the high-band units in
the low-band array to increase the number of units in
the high-frequency arrays [13—16]. The authors in [16]
propose a co-aperture antenna with L/S band placed
in the same layer. To realize the dual-band co-aperture
antenna, the L-band dipole is bent, and the S-band dipole
is placed in the same layer in the empty part of the L-
band dipole, taking advantage of the small physical size
occupied by the bending dipole. Furthermore, different
frequency antennas can also be placed on different lay-
ers [17-20]. In [20], to realize the dual-band antenna co-
aperture placement in different layers, the antenna etches
the weak electric field area in the middle of the upper C-
band patch to make room for the normal radiation of the
lower X-band patch antenna. In addition to modifying
the low-frequency antenna to realize the displacement of
the horizontal space and the vertical space, the dual-band
co-aperture can be obtained by using the antenna with
small lateral occupation area. For example, the author in
[21] adopted Vivaldi and dipole antennas to realize the
co-aperture placement of arrays with different frequen-
cies of S/X, but the profile is higher.

In this paper, a multi-layer feeding network with
filter is designed to solve the feeding problem of a
dual-frequency dual-polarization array based on refer-
ence [16]. It is easy to fabricate by reasonably arrang-
ing the HB and LB feed networks, and it achieves high
isolation between the two ports. Through simulation and
measurement, it is found that the antenna achieves the
impedance bandwidths of 4.5% and 7.5% and gains of
15 and 19 dBi at 1 GHz and 2 GHz, respectively. The
isolation between the two ports reaches 35 dB.

https://doi.org/10.13052/2023.ACES.J.381006
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II. ANTENNA DESIGN

The overall configuration of the array antenna is
shown in Fig. 1. The low-profile dual-band and dual-
polarized co-aperture array antenna consists of a stag-
gered arrangement of high-band and low-band dipoles
and a multi-layer power divider network. The overall
structure of the antenna is divided into antenna radiation
layer, coaxial cable, low-band feed network, and high-
band feed network from top to bottom.

HB network

Fig. 1. Configuration of the dual-band and dual-
polarization array antenna.

The hierarchical structure of the entire array antenna
is shown in Fig. 2. The radiation layer of the antenna is
printed on the bottom layer of FR4 with a thickness of 1
mm. The reasonable arrangement of the high- and low-
band dipoles is realized by using the gap of the low-band
bending dipole and the miniaturization of the high-band
bending dipole, and they are connected to the high- and
low-band feed network of the ground through the coaxial
cable. The feed network is printed on a two-layer dielec-
tric substrate F4B (g,=2.1) with a thickness of 1 mm
by using multi-layer dielectric printing technology. The

Radiation dipole

Coaxial cable

Ground 1

Ground 2

Grooved floor

[ 1 Substrate 1 ["] Substrate 2 [ Substrate 3

Fig. 2. Schematic diagram of multilayer stacked struc-
ture.
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low-frequency feed network adopts the transmission line
form of CPW to realize a 1:16 power division network.
The high-band feed network is located in the lower layer
of the low-band feed network, and the stripline power
division feed network is realized by etching slots on the
metal ground. In addition, the high-band network is also
cascaded with a bandpass filter to achieve high isolation
between the two ports at low frequency.

A. Analysis of antenna unit

The array unit uses U-shaped bend dipoles. The feed
structure and relative positions of the high- and low-band
dipoles are shown in Fig. 3 and Fig. 4. The coupling
microstrip line (MPL) is used to achieve a wider oper-
ating bandwidth, and the coaxial cable is used to con-
nect the dipole unit to the feed network. To validate the
antenna unit design, the dual-band array antenna unit
is simulated. The simulated S-parameters and radiation
patterns are shown in Figs. 5 and 6. Both work well, but
the isolation of the two ports is slightly worse at low fre-
quency.

Coupling MPL ~

N

Dipole

Substrate 1

Coaxial cable H,

Ground

Fig. 3. The configuration of a dual-band coaxial feed
dipole (side view).

Fig. 4. The configuration of the dual-polarized dipoles
(top view).
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——S (L) s is designed. The key size parameters of the radiating
. \ /< T g O dipoles and the feed network are shown in Table 1.
L AR
é :f., \ Table 1: Value of the parameter in the antenna array
2 15 :é ..___,//\ Parameter |Value (mm)|Parameter |Value (mm)
. H, 28 I3 24
P R A uo
W1 11 L5 11
@ ®) W2 2 dx 75
Fig. 5. Simulated S-parameters of the dual-band element: W3 1.25 dx2 63
(a) Return loss and (b) coupling coefficient between the W4 550 dx3 136
dual-polarized ports. W5 550 dyl 68
L1 131 dy2 136
L2 72

Gain (dB)

(b)

Fig. 6. The radiation patterns of the dual-band element:
(a) LB element @ 1 GHz and (b) HB element @ 2 GHz.

B. Analysis of dual-band network with filter

The array antenna usually prints the power division
feed network on the dielectric substrate, but the high-
band and low-band feed networks have the problem of
overlapping or crossing transmission lines on the same
layer. As shown in Fig. 7, a multi-layer feed network is
proposed in this paper. The high-band and low-band feed
network is realized by using two layers of dielectric sub-
strates and a metal plate with etched grooves.

To avoid interference between the upper and lower
layers, the high-band network is placed in the lower layer
and is designed in the form of striplines, and the low-
band network is placed on the upper layer using CPW.
The two sides of the stripline and CPW realize the poten-
tial of the upper and lower ground through metal holes
to balance and eliminate resonance, which is represented
by a metal wall in Fig. 7. In addition, in order to solve
the problem of strong coupling between high-band and
low-band dipoles at low frequencies, the bandpass filter
and the high-band feed network are cascaded to achieve
high isolation between two ports. The low-band network
is connected to an open branch at the main port to adjust
the impedance of the low-band array to avoid frequency
offset problems caused by manufacturing.

Based on the principle of T-type equal-amplitude
power divider, a dual-band multi-layer feed network

Coacxial cable

(a)

Y Matching Branches

X
Coaxial cable

(b)

Fig. 7. Schematic diagram of the HB and LB feed net-
work based on T-shape power divider: (a) HB network
and (b) LB network.

In order to verify the design of the multi-layer feed
network, the high-band and low-band feed networks are
simulated and verified. The S-parameters of the network
are shown in Fig. 8. According to Fig. 8, the high-band
and low-band feed networks achieve good impedance
matching in their respective bands, and the bandpass fil-
ter also achieves blocking characteristics in the low fre-
quency, finally achieving high isolation between the two
ports.
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By analyzing the dual-band radiating dipoles and
feed network, the low-profile array antenna can achieve
higher gain, better impedance matching, and isolation at
1 GHz and 2 GHz.

T T
. /\

T ~/ | <

0.8 1 1218 2 22
Freq (GHz)

VSWR
M
g
S-Parameter (dB)

s 1.0 15 20 25
Freq (GHz)

(a) (b)

Fig. 8. Simulated results of the feed network and filter:
(a) VSWR of the HB and LB feed network and (b) S-
parameters of the filter.

III. RESULTS AND EXPERIMENTAL
VALIDATION

In order to verify the above design effectively,
the array antenna is simulated and fabricated. The S-
parameter of the antenna was measured using a vec-
tor network analyzer, and the radiation patterns of the
antenna at 1 GHz and 2 GHz are measured in an ane-
choic chamber.

Fig. 9. Photograph of the fabricated network and
antenna.

The photographs of the fabricated antenna and the
measurement environment are shown in Figs. 9 and 10,
respectively.

Firstly, the voltage standing wave ratio (VSWR) of
the proposed antenna is measured, and the results are
shown in Fig. 11. The simulation results of the two bands
are in good agreement with the measured results, but
there is a slight deviation in the operating frequency. But
the VSWR<2 can still be satisfied at 1 GHz and 2 GHz.
In addition, the results show that the impedance band-
width of the antenna is 4% (0.971-1.015 GHz) and 7.5%
(1.89-2.04 GHz), respectively, which is basically consis-
tent with the simulation.
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Fig. 10. Photograph of measuring the fabricated antenna.

LB ports simulated
| : | HB ports simulated
5_ ,,,,,,,,,,,, ,,,,,,,,,,,,,, ,,,,,, — HB ports measured
‘ ‘ —— LB ports measured

14— —/f ; ;
0.8 1.0 1.2 1.8 2.0 2.2
Freq (GHz)

Fig. 11. Simulation and measurement VSWR of the dual-
band antenna.

As shown in Fig. 12, the isolation between the dual-
polarized ports is more than 50 dB and 35 dB at 1 GHz
and 2 GHz, respectively. It shows that the filter has the
effect of significantly improving the isolation.

The radiation patterns of the proposed dual-band
dual-polarized antenna are shown in Figs. 13 and 14.
Among them, they are the radiation patterns of the yoz-
plane when the high- and low-band arrays, respectively,
are excited. It can be seen that the main beam of the
antenna array at low frequency and high frequency is
consistent with the simulation, but the measured side
lobe level is slightly higher at -11.5 dB, and the mea-
sured gain is 15 dB and 19 dB, slightly lower than the
simulation 15.5 dB and 19.6 dB. The cross-polarization
of the array at high frequency is obviously different from
the simulation results. This is mainly because the cross
polarization level is high when the antenna unit deviates
from the broadside direction, and the installation error
causes the dipole plane to tilt slightly, so that the broad-
side direction of the antenna is not all pointing to 0°, thus
increasing the cross polarization level.
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Fig. 12. Simulation and measurement coupling coeffi-
cient of the dual-band antenna.
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Fig. 13. Simulated and measured pattern of the antenna
array @ 1 GHz (yoz).
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Fig. 14. Simulated and measured pattern of the antenna
array @ 2 GHz (yoz).

According to the actual measured gain, it is calcu-
lated that the aperture efficiency of the co-aperture array
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antenna at low frequency and high frequency is 85%
and 54%, respectively. The low aperture efficiency of the
high frequency is mainly due to the insertion loss of the
filter and power division network.

IV. CONCLUSION

In this paper, a low-profile dual-band and dual-
polarization co-aperture array antenna with a multi-layer
feed network is proposed, in which the antenna elements
are printed on the dielectric substrate in a staggered man-
ner, and the feed network is fabricated using multi-layer
printing technology to achieve high and low-band net-
work without affecting each other. The array antenna can
achieve different polarizations and better isolation at dual
frequencies, can also obtain higher gain at the same time,
and it has practical value.
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Abstract — This paper proposes a 4-element multiple-
input multiple-output (MIMO) antenna system, which
is intended for ultra-wideband (UWB) applications. The
antenna has a dimension of 92 x 70 x 1.6 mm?>. It
achieves element isolation via the defected ground struc-
ture (DGS) and symmetric E-shaped branch structures
design. The realized operating bandwidth is from 3 GHz
to 18 GHz, with 15 dB isolation within the whole wide
band. The envelope correlation coefficient (ECC) is less
than 0.01 with diversity gain (DG) greater than 9.95. The
prototype is fabricated and measured to verify its poten-
tial applications for UWB MIMO communication.

Index Terms — DG, ECC, isolation, MIMO, UWB.

L. INTRODUCTION

The ultra-wideband (UWB) technology has been
highly committed for decades due to low power con-
sumption and high-speed data transmission [1-3], mak-
ing it continuously promising technology in versatile
future fields including indoor positioning [4], radar
detection [5], and wireless communications [6—8]. As the
demand for UWB applications increases, research and
developments of UWB technologies and devices have
attracted considerable attention.

More recently, multiple input multiple output
(MIMO) technology has become one key technology of
future mobile and wireless communication systems. It
is worth noting that MIMO significantly improves the
spectral efficiency of the UWB system. As a result, com-
bining MIMO technologies in UWB design has become
the main trend in UWB studies [9-10]. In this sense,
research on UWB MIMO antennas has emerged as a
hotspot in wireless communication system research. The
combined use of UWB and MIMO technologies is antic-
ipated to bring about new opportunities and challenges
for UWB antennas [11].

The main challenge of UWB MIMO antennas in
mobile terminals is achieving high isolation between

Submitted On: May 27, 2023
Accepted On: December 13, 2023

antenna elements [12]. In [13, 14], neutralization line
structures are used between antenna elements to reduce
mutual coupling, while in [15-19], polarization diver-
sity technology is used to achieve natural isolation. In
[20-24], mutual coupling is reduced by using defected
ground structures (DGS). For instance, [23] etches two
novel bent slits into the ground plane and achieves -10
dB S; and -18 dB S5 from 2.4 to 6.55 GHz. In addition,
antenna elements isolation can also be improved by load-
ing parasitic elements [25-28]. For instance, a parasitic
T-shaped strip is used as a decoupling structure between
the radiating elements in [28], enabling the antenna to
operate from 3.08 to 11.8 GHz with 15 dB isolation.
Electromagnetic band gap (EBG) structures are also con-
sidered [29-31]. The proposed EBG structures employ
two closely coupled arrays, one comprising linear con-
ducting patches and the other comprising apertures (slits)
in the ground plane, to reduce the Si, to values lower
than -20 dB from 3.44 to 6.13 GHz [31]. All these tech-
niques have proven useful for constructing different res-
onant structures corresponding to different frequencies.
Since DGS is preferably used for improving decoupling
while parasitic structures are more often used to broaden
the bandwidth, this work combines these two techniques
to design a MIMO antenna system meeting both require-
ments.

In this paper, a 4-element UWB MIMO antenna
is designed and fabricated. For the element design, the
proposed tapered fed hexagon-shaped patch microstrip
is simulated and verified to achieve a wide operat-
ing band from 3 GHz to 10.6 GHz. A dual-element
MIMO antenna is then constructed, and 15 dB isola-
tion performance is achieved through DGS and para-
sitic branch structure. Furthermore, a 4-element MIMO
antenna is realized where decoupling of the compact
MIMO antenna is achieved through the design of two
E-shaped branch structures. Simulation results show
that the overall operating bandwidth of the system
is further broadened up to 18 GHz. The isolation of

https://doi.org/10.13052/2023.ACES.J.381007
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each two elements is greater than 15 dB. Section II ~ Table 1: Dimensions of the single-element antenna

describes the methodology of this work; it illustrates Par. Value (mm) Par. Value (mm)
the design process from a single element to the 4- L 17.5 Ly 5.77
element array, as well as theoretical analysis and simula- w 46 W, 10
tion verification. Section III shows the measured results L 18.1 W, 3.01
as well as discussion, and Section IV concludes the L, 16.9 W5 201
paper. L 13.26 Ry, 7

II. METHODOLOGY a b c J
A. Design of the single-element UWB antenna

The configuration of the proposed UWB antenna
element is presented in Fig. 1. It uses 1.6 mm thick
FR4 (g, = 4.4) as the substrate. On top of the substrate,
a hexagon-shaped radiated patch and a tapered feedline
form a hexagon-shape monopole. On the bottom of the
substrate, the ground plane is half cut off to form a
DGS, which effectively improves the impedance match-
ing bandwidth of the antenna. Detailed dimensions of the [N\, T Tc-______
single-element antenna are given in Table 1. -5

In the process of impedance matching design, the
evolution of the proposed UWB antenna is exhibited in
Fig. 2. Simulated results of each step (shape of element
patch transferred from sample a to d) are illustrated in
Fig. 3. The hexagon-shaped patch microstrip has bet-
ter broadband characteristics (3 to 10.6 GHz) compared 5J - - Rectangular
with other common microstrip patch shapes, such as - - Triangular \
rectangular, triangular, and circular shapes, because the -304 - - Circular
hexagonal radiating patch owns more uniform electric 35 — Hexagonal !
field distribution at the edges of the antenna, which T 4 6 3 10 2
reduces edge effects and impedance changes.

Fig. 2. Evolution of a UWB antenna element.

Sy,(dB)

20 4

Frequency (GHz)

Fig. 3. Simulated S-parameters of the four types of
W antenna element in Fig. 2.

B. Design of dual-element UWB MIMO antenna
Since the single-element antenna has achieved sat-
isfying bandwidth, we make one step further to develop
a dual-element MIMO system. The configuration of the
dual-element UWB MIMO antenna element is presented
in Fig. 4. It uses 1.6 mm thick FR4 (&, = 4.4) as the sub-
strate. On top of the substrate, two tapered feeds and two
hexagonal radiating patches are arranged in parallel. On
the bottom of the substrate, the ground plane uses etched
rectangular slots to improve the mutual decoupling. It is
found that the effect between the two elements changes
the surface current and the electromagnetic field distri-
bution near the feeding point, and therefore changes the
impedance bandwidth. This dual-element antenna oper-
ates within a wide frequency range of 3-18 GHz. The
dimensions of the dual-element antenna are given in

- Ground - Top Table 2.

In [32], the mentioned antenna system achieves
Fig. 1. Structure of the proposed antenna element. 15 dB isolation (3.1-11.8 GHz) using parasitic branch

=
iy
.

-



- === - === - =]

- Ground

(] Top

Fig. 4. Dual-element UWB MIMO antenna.

Table 2: Dimensions of the dual-element antenna

Par. | Value | Par. Value | Par. | Value
(mm) (mm) (mm)
L 35 Ls 6 Wy 2.01
w 46 Lg 5 Ws 3
Ly 18.1 Ly 4 We 0.5

Ly 16.9 Wi 10 Ws 0.5
L3 13.26 Ws 3.5 Ws 1.5
Ly 5.77 W3 3.01 Ry, 7

structures. This method provides good isolation over
a wider bandwidth. On the other hand, in [36], the
described antenna system achieves 19 dB isolation (2.4-
6.55 GHz) using DGS. This method offers better isola-
tion compared to the method in [32], but over a narrower
bandwidth. The proposed dual-element UWB MIMO
antenna system in this paper utilizes both DGS and par-
asitic branch structures.

This design proposes a series of solutions to address
the issue of mutual interference among multiple antennas
in MIMO systems. Figure 5 illustrates the design pro-
cess (from model a to d) and evolution of S-parameters
of the dual-element UWB antenna. The operating fre-
quency range of all these setups are 3-18 GHz. From
model a to d, a loop structure was realized by etching
a rectangular groove in the metal strip to guide the sur-
face current into the ground plane. Further improvement
was achieved by etching three rectangular slots into the
ground of b, resulting in the isolation (S;2) of the antenna
elements greater than 15 dB at high frequencies (14-18
GHz). To ensure the isolation of the elements depicted
in ¢ remained greater than 15 dB in the 7-10 GHz range,
two rectangular metal stubs were added to the edge of the

ACES JOURNAL, Vol. 38, No. 10, October 2023

Table 3: The performance comparison of the 2-element
antenna

Ref Size (mm) Isolation (dB)
[32] 38 x 38 x 1.6 |>15(3.1~11.8 GHz)
[33] 90 x 40 x 0.79 | >17 (2.4~4.2 GHz)

[34] 50 x 40 x 1.6
[35] 48 x 48 x 0.8
[36] 78 x 40 x 1.6
Proposed| 46 x 35 x 1.6

>15 (2.5~12 GHz)
>18 (2.5~12 GHz)
>19 (2.4~6.55 GHz)
>15 (3~18 GHz)

S,,(dB)

= = P, S|2(sim.)

= = P, §)2(sim.)
= = Py S8)2(sim.)

Py S12(sim.)

T T

2 :1 6 8 10 12 14 16 18
Frequency (GHz)

Fig. 5. The evolution of structure and surface current in
the dual-element MIMO antenna.

¢ metal strip. The final dual-element design is referred to
asind.

The S-parameters for the dual-element UWB MIMO
antenna are shown in Fig. 6. The operating frequency
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Fig. 6. The S-parameters of the dual-element MIMO
antenna.



range of the antenna meets the requirement of being less
than -10 dB from 3 GHz to 18 GHz. The S, of the
antenna remains less than -15 dB across the UWB fre-
quency range, meeting the requirement of antenna isola-
tion for MIMO systems.

C. Design of 4-element UWB MIMO antenna

Based on the dual-element MIMO antenna, the final
pattern of the proposed 4-element UWB MIMO system
is realized and presented in Fig. 7. It has an overall size
of 92 x 70 x 1.6mm3>. On top of the FR4 substrate,
the dual-element antenna pairs are placed symmetrically,
while on the bottom, two E-shaped branch structures
are designed to further improve the mutual decoupling.
The operating bandwidth of the MIMO system is also 3-
18 GHz, sufficiently meeting the wideband requirement.
The dimensions of the quad-element antenna are given
in Table 4.

B Ground B Top

Fig. 7. Configuration of the 4-element MIMO antenna.

Through simulation of the proposed 4-element
UWB MIMO antenna, the S-parameters in Fig. 8 are
obtained and discussed. It is clear that S;; is less than
-10 dB from 3 GHz to 18 GHz. On the whole operating
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Table 4: Dimensions of the 4-element antenna

Par. | Value | Par. Value | Par. | Value
(mm) (mm) (mm)
L 35 Ly 4 We 0.5
w 46 Lg 5 W4 0.5

Ly 18.1 Lo 0.5 Wy 1.5
Ly 16.9 Wi 10 Wy 5
Ls 13.26 W, 3.5 Wio 4
Ly 5.77 W3 3.01 Ry, 7
Ls 6 Wy 2.01
Lg 5 Ws 3

'
(%]
1

—
(=}
1

—
W
1

=20

S-parameters(dB)

254

-30 4

Frequency (GHz)

Fig. 8. The selected simulated S-parameters for the quad-
element UWB MIMO antenna.

band, the isolation degree of arbitrary two elements reach
more than 15 dB, indicating that the mutual coupling
between the four elements is effectively suppressed. One
of the key advantages of this system is its ability to
achieve a 15 dB isolation range of operating (3-18 GHz)
frequency.

When one port is excited and the other three ports
are terminated, the surface current distribution is sim-
ulated at 5 GHz, 10 GHz, and 15 GHz, respectively,
as shown in Fig. 9. The design of E-shaped branches
between the two dual-element MIMO antenna pairs
forms current loops, and the current generated by the
radiation patch flows into the ground plane through the
rectangular metal strip. This effectively reduces the cou-
pling between the four antenna elements, resulting in
good independence between the antenna elements and
achieving the expected isolation.

The total efficiency of the 4-element UWB MIMO
antenna is shown in Fig. 10; the simulated efficiency
value within the whole operating band testifies to the
functionality and applicability of the proposed system.
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Fig. 9. Surface current distribution of the 4-element
UWB MIMO antenna at (a) 5 GHz, (b) 10 GHz, and (c)
15 GHz.

1.0

0.9 4

tot.efficiency
=
=
1

tot.efficiency

0.6

0.5

S}
N
N
(o)
—_
(=]
—
[}
—_
N
—_
o)}
—_
oo

Frequency (GHz)

Fig. 10. The total efficiency of the 4-element UWB
MIMO antenna.

The four-element MIMO antenna system can
enhance the capacity and data rates of wireless com-
munication systems. It enables improved signal qual-
ity, increased spectral efficiency, and enhanced cover-

ACES JOURNAL, Vol. 38, No. 10, October 2023

age, making it suitable for applications such as 5G and
beyond.

III. MEASUREMENT AND DISCUSSION

Figure 11 shows a snapshot of the fabricated model
of the proposed UWB MIMO antenna, with Fig. 11 (a)
representing the front side view of the antenna and
Fig. 11 (b) representing the back side view of the
antenna. Through measurements of the fabricated pro-
totype, Fig. 12 shows the comparison between simulated
and measured data of the MIMO antenna’s S-parameters.
The measurements demonstrate that the bandwidth and
isolation of the proposed antenna closely match the sim-
ulations. The operating bandwidth is from 3 GHz to 18
GHz with a 15 dB isolation performance, indicating that
the design of the MIMO system does not affect the radi-
ation characteristics of the UWB antenna.

The envelope correlation coefficient (ECC) quanti-
fies the correlation between signals transmitted from dif-
ferent wireless communication channels and received by
antennas, reflecting the degree of coupling in MIMO
antennas. A lower ECC value indicates less coupling
between ports, which is desirable for achieving high
diversity performance. ECC values below 0.5 are typi-
cally preferred. ECC can be calculated using the scatter-
ing S-parameter, with the formula

2
SiSi+ SiSii|

(110 =[5 ) - (1= Issl* = sul?) |

ey

ECC=

(a) Front side

(b) Back side

Fig. 11. Snapshot of fabricated prototype of the 4-
element UWB MIMO antenna: (a) Front view and (b)
back view.
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Fig. 12. Measurement and simulation results of the S-
parameter for this 4-element MIMO antenna: (a) Sy, (b)
S12, (¢) S13, and (d) S14.

Diversity gain (DG) is a key metric for evalu-
ating diversity performance. A higher diversity gain
is achieved when there is less correlation among the
antenna elements. The relationship between DG and
ECC is illustrated in equation (2):

DG =10 x /1 —|ECC|. 2)

These two parameters are calculated in this work
according to (1) and (2), as shown in Fig. 13, where the
ECC performance is less than 0.01 and DG is greater
than 9.95.

The overall data comparison shows excellent agree-
ment between the measured results and the simulation
results, indicating good isolation and high gain charac-
teristics of the antenna. Furthermore, the ingenious and

VY

10.00

0.05
w\)

9.9

o)
(=

04
9.9:

=3

9.97

9.96

DG (dB)
ECC

0.02

9.95 —— DG

—— ECC
9.94

9.93

9.92 /\_/\/\ A J\ //\/\
3 4 5 6 7 8 9 10 11 12 13 14 15

Frequency (GHz)

0.01

0.00
16 17 18

Fig. 13. ECC and DG results of the MIMO antenna.

novel structure confirms the proposed antenna as a desir-
able candidate for UWB-MIMO applications.

IV. CONCLUSION

In this paper, a four element UWB-MIMO antenna
with DGS and parasitic decoupling structures is pro-
posed and analyzed. The antenna is operatable from 3
GHz to 18 GHz, which is a superior wide operating
band. Design of decoupling structures such as multiple
slots, stubs, and E-shaped symmetric strips achieves a 15
dB high isolation within the ultrawide operating band.
Simulated total efficiency is greater than 0.8 and the ECC
is less 0.01, whereas DG is greater than 9.95 across the
frequency range. Simulations and measurements agree
well and show that the proposed antenna is a good can-
didate for the UWB-MIMO applications.
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Abstract — A high-precision cavity model of resistor-
loaded patch antenna (RLPA) with adjustable gain is
proposed and rigorously studied in this article. In our
analysis, the loaded resistors are perceived as controlled
current sources, thus the RLPA can be solved as a mod-
ified cavity model. Accurate expressions of field dis-
tribution, input impedance, and radiation patterns are
derived in this way, and a gratifying agreement has been
achieved between the calculated and simulated results.
Based on this approach, RLPAs for indoor motion radar
are designed and analyzed. Comprehensive analysis is
conducted to reveal the loading effect on radiation gain,
radiation efficiency, and quality factor of RLPAs under
various circumstances. Through altering the value of
the loaded resistance, its radiation gain and coverage
range can be flexibly adjusted. Besides, enhanced oper-
ating bandwidth and improved performance stability are
also achieved due to the loaded resistors. Last but not
least, several indoor motion radars based on the proposed
patches are carried out and measured, which demon-
strates the validity of the proposed method and design.

Index Terms — Cavity model, flexible gain, indoor
motion radar, resistor-loaded patch antennas.

L. INTRODUCTION
As the applications of smart home services are
experiencing an appreciable growth in recent years, the
microwave motion sensor system used for human body
sensing has become an attractive solution for the realiza-
tion of indoor intelligent services [1]. A microwave sen-
sor is able to detect humans in a certain range [2], thus
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providing necessary data for the control strategy of smart
home services.

Microstrip patch antennas are widely applied in
these sensors, and they satisfy most requirements except
the capacity of recognition scope adjustment, which is in
high demand. The working scenario sample is illustrated
in Fig. 1. Due to the penetrability of microwaves [3],
humans in the occupied room are potentially detectable
by the radar in the empty room. Consequently, the lights
and air conditioner in the empty room will be falsely
triggered. In the need of resolving this problem, a gain
adjustable antenna is required for the purpose of flexible
radiation coverage.

Fig. 1. A scenario of the indoor motion sensor applica-
tion. The 5.8 GHz radar in the occupied room detects the
existence of humans and automatically turns the light on,
while the radar in the empty room detects no living crea-
ture and turns the domestic appliances off.

https://doi.org/10.13052/2023.ACES.J.381008
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Altering the transmitting power of the chip might be
the most direct solution. However, most low-price chips
cannot afford additional power-control circuits [4]. A rel-
atively simple solution is to load a chip capacitor to the
feeding circuit, which changes the reflection and thus
adjusts realized gain.

To achieve a similar effect, lumped impedance can
be loaded to the patches as well. Through loading capac-
itors or inductors to the patches, miniaturization [5-9],
frequency/polarization tuning [10-17], or gain enhance-
ment [18] can be achieved. However, the aforementioned
antennas suffer from narrow bandwidth and are sensitive
to manufacture deviation.

Compared with the sufficient studies above, rel-
atively little research has concentrated on the topic
of resistor-loaded patch antennas (RLPAs). In reported
works, the resistor loading technique is primarily
adopted for impedance matching [20], frequency tun-
ing [21], and bandwidth widening [22-25]. These works
have already noticed the non-negligible impact brought
by resistors on the total efficiency. However, few of
them propose precise models or analytical methods for
RLPAs.

As is well known, the cavity model theory is an
effective and high-accuracy method to analyze regular
patch antennas [26-27]. However, to the best of our
knowledge, no one used to apply the cavity model to the
analysis of RLPAs.

In this article, a reformative cavity model for the
rectangular patch antenna loaded with resistors is pre-
sented, which offers an alternative perspective on the
analysis of this kind of patch antenna. This model per-
ceives the loaded resistors as multiple controlled current
sources, thus transferring the RLPA model into a multi-
excitation cavity model. For validation, the calculation
results with the proposed method are compared with the
simulation results of the commercial ANSYS HFSS sim-
ulator, and satisfactory agreement is achieved.

Last but not least, an indoor radar module equipped
with the proposed RLPA is designed and measured. By
changing the loaded resistance, different coverage ranges
are achieved. Additionally, the enhanced bandwidth can
alleviate the risk of performance deviation of final prod-
ucts, which validates the promising practicality of RLPA.

II. ANALYSIS OF CAVITY MODEL

In this section, an improved cavity model is devel-
oped for the rectangular RLPA, which aims to provide
a rigorous and accurate solution for the antenna design.
The configuration of the antenna is shown in Fig. 2 (a).
The patch is placed on the x-y plane, and four resistors
are symmetrically loaded to the four corners of the patch
for load-balance. The patch is fed by a probe along the
central line.
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Fig. 2. The proposed resistor-loaded patch antenna and
its cavity model: (a) Configuration and (b) equivalent
cavity model.

Table 1: Parameters of the resistor-loaded patch

Param. Val. (mm) Param. Val. (mm)
w 11.8 (x1, ¥1) (11.8,0)
L 11.8 (x2, ¥2) 0, 0)
h 0.8 (x3, ¥3) (0, 11.8)
(x5, V) (5.9,0.5) (x4, y4) (11.8, 11.8)

A. Electric field distribution

The electric field expression is critical for predict-
ing the impedance and radiation patterns of the patch
antenna, and so it is derived first. According to the clas-
sical cavity model [28], the rectangular patch antenna is
perceived as a lossy cavity in which the electric field dis-
tribution is bounded by two parallel electric walls (at the
top and bottom) and four magnetic walls surrounding the
periphery of patch, as shown in Fig. 2 (b). Its interior
field wave equation is written as

(V241 E, = jouol:, (1)
where k is the wave number in the dielectric and J,, is the
total excitation source inside the cavity.

In the cavity model, the excitation is frequently
equivalent to a current sheet which has width d; and is
located at (x;, ys) with a joint current of /;. In order to
solve the resistor loading problem, a resistor Z; loaded to
the patch is regarded as an E,-controlled current source,
which is equivalent to a current sheet with width d; and
located at (x;, y;) with a joint current of E.(x;, yi)h/Z;, as
shown in Fig. 2 (b). Therefore, the total excitation J, is
expressed as

é—i xs—%<x<xs+%7y:ys
J.= 752()‘:’{"% Xi— % <x<xi+ %, y=y,i=1,23...>
0 others
)
where the variable i represents the number of resistors
loaded on the patch and the total amount of loaded resis-
tors is set as q.

On the basis of this assumption, the loaded resis-

tors do not change the eigen wave equation of this cavity.
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Utilizing the eigenmode expansion method, the solution
of (1) can be expressed as the superposition of various
eigenmodes of the cavity.

E; (x,y) = ZAmnWmn (x7y)7 3)
Wi = Cpun €08 (kyx) cos(kyy). )

As shown above, the eigenfunctions are completely
determined by the boundary condition of the cavity, and
they are independent of the loaded resistors themselves.

Separately, the mode weighting coefficients A,,, are
determined by the total excitation J; in the cavity.

jouy [ JW,ds
k% — krznn fs Yinn W;mds .
The numerator and denominator of (5) are calcu-
lated by

Amn =

&)

dy
fs JZWandS = Cun (COS (knys) sz+d3 gCOS(kmx)d)H»
xs—% ds

dj
Yo cos(kyyi) [ X':? Wcos(kmx)dx
5 1“1

Xi—75

(6-2)
Js YinnWpnds = C}%m fOW cos? (kmx)dx fOL cos? (kny)dy
= Con i ’
(6-b)
where
2,p#0
601,:{1717:0. @)

Substituting (4), (5), (6-a), and (6-b) into (3) gives

E (x,y) = sinc ("5 ) ao (x,9) +

' -y , (®)
Yl sinc ( 2’;?’)Ez (xi,yi) ai (x,)

in which
jk
S TR
m,n
_J -cos(kmxs) cos(kyys) cos (kpx) cos(kyy), i =0
@)= ook y Gonlin :
ab Z; & k2,
-cos(kmx;) cos (kny;) cos (kmx) cos(k,y), i £ 0
©)

Since the dimensions of the excitations in this cavity
model satisfy dy < Wand d; < W (i =1, 2, 3...), the
expression of (8) is simplified as

q
E: (x,y) = ao (x,y) + )} E:(xi,yi)ai (x,y).  (10)
i=1
It is worth mentioning that both the general solu-
tion and the specific solutions of E, in (10) still remain
unknown at this stage, so it is necessary to construct a set
of homogeneous equations to solve E..

By substituting (x1, y1), (x2, y2), ..., (xg Yg)
into (10), respectively, a set of equations are thus estab-
lished as
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ao (x1,y1) +[ar (x1,y1) — 1E; (x1,1)

+ay (x1,y1) Ez (x2,2) + -+ +ag (x1,51) E; (x4,54) =0

ao (x2,y2) +ai (x2,y2) E; (x1,y1)

+az (x2,y2) = 1E; (x2,52) + -+ +aq (x2,52) E- (X4,54) =0

ao (xq:Yq) +ai (xq»)’q) E; (x1 V1)

+az (Xg,¥q) Ez (x2,y2) + -+ + lag (xq,¥¢) = 1Ez (xq,y4) =0
(1D

which is able to be written more concisely as a matrix

equation below.

Ab = c, (12-a)
ar (x;,y1)—1 az(x1,y1) ag (x1,y1)
ai (x2,y2) ax(x2,y2)—1 -+ aq(x2,y2)
a1 (xq,q) az (xg,4) ©ag(xg,yq) — 1
(12°b)
E; (x1,y1) ao (x1,y1)
E. (x2,y2) ao (x2,y2)
b= , , c=— : (12-¢)
E, (xq»Yq) ap (xqayq)

As shown in (9), a;(x,y) is expressed as the sum of
infinite series, and the orders m and n in the series rep-
resent the operating modes excited in the cavity. Since
the computational script solely supports the summation
of finite series, the maximum order of calculated modes
should be limited. Considering the fact that the modes
excited within a rectangular patch are generally dom-
inated by a single dominant mode (such as the TMq;
mode), the influence of higher-order modes is quite lim-
ited, which merely contributes to a small quantity of the
imaginary part of the input impedance. Consequently, a
finite-order model with m < 5 and n < 5 is adopted
in this work, which is sufficient to provide satisfactory
accuracy. Thus, every element of matrixes A and ¢ can
be calculated.

On condition that the ¢x ¢ matrix A is full rank, the
field distribution vector b can be solved in a breeze. As
a result, the E,-field value at arbitrary points within the
cavity is obtained from expression (10).

In addition, it is also worth mentioning that the W
and L sizes are slightly larger than the physical sizes
W' and L' of the patch because of the fringing-field
effect [28].

W=W+2Al(L'),L=L+2AI(W').  (13)

B. Input impedance and radiation parameters

To obtain accurate input impedance and radiation
efficiency of the patch antenna, its radiation and other
loss should be included in the cavity model. Therefore, a
wave number k¢ in the dielectric is introduced.

kerf =koy/& (1 — jtan&,ps). (14)



The equivalent loss tangent 8.7y derives from the
radiation power, the conduction loss, the dielectric loss,
and the surface-wave loss, which can be calculated by
referring to the formulations in [28]. Because the resistor
loss has already been included in the cavity functions,
there is no need to calculate it separately.

Replacing each wave number k in the abovemen-
tioned equations with k.rf, the matrix equation (12-a)
needs to be solved once more, since the E-field distribu-
tion gets changed. Then the input impedance at the feed
point is acquired by
E, (xsvy s) h

I '

Since the E-field distribution at the periphery has
been acquired, the far fields are able to be calculated
by the magnetic current model, in which the edges of
the cavity are perceived as equivalent magnetic current
sources [28].

Zin = — 15)

III. CALCULATION AND SIMULATION

A. E-field distribution and input impedance

For reasons of observing the influence of resistor
loading on input impedance, chip resistors of 200, 510,
and 2000 Q are respectively loaded. The E-field dis-
tribution of RLPA is calculated through the proposed
cavity model. The calculated and simulated E-fields are
depicted in Fig. 3, and they are coincident with the cosine
distribution of TM; mode. In particular, by reducing the
loaded resistance, the overall magnitude is attenuated.
This indicates that smaller resistance will result in more
consumed power at load.

With the derived E-field distribution, the input
impedance can be calculated. Figure 4 illustrates the

® 2000 510 Q 2000 O
Eft15

%

Sk B :

Calculated E-field

P 2000 510 Q 2000 Q
ER15
==
% 10 B8 !
0 Simulated £-field

Fig. 3. Calculated and simulated E-field magnitude dis-
tributions of resistor-loaded patch antenna loaded with
200 €, 510 Q, and 2000 Q resistors. The feeding powers
are fixed to 1 W.
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-0.6j _].5}. I—HC‘alcuIated
-1j = Simulated

Fig. 4. Calculated and simulated input impedances in the
Smith Chart under different loaded resistance within fre-
quency range of 5.3 to 6.3 GHz.

comparison results, which show excellent agreement
with each other.

Inexpensive commercial substrates, such as FR4,
usually suffer from unstable permittivity, which may be
harmful to the homogeneity of products in mass produc-
tion. Fortunately, the enhanced bandwidth brought by
resistor loading can well address this issue. Supposing
the relative permittivity €, of FR4 has a deviation of A
= 0.4, the reflection coefficients |Si;| with and without
resistor loading are carried out with calculation and sim-
ulation, and they are compared in Fig. 5. It can be seen
in Fig. 5 (a) that the &, fluctuation has largely shifted the
resonant frequency, and maximum [S} | without resistors
consequently increases to -1.8 dB in the band, which is
almost total reflection. In contrast, as shown in Fig. 5 (b),

=

n

=

n

EtA & Er-A

]
=]

E+A Er Er-A

Reflection coefficient (dB)
Reflection coefficient (dB)

.25 -25
50 52 54 56 58 6.0 62 64 50 52 54 5.6 58 6.0 62 64

Frequency (GHz) — —_ g‘;};;m:;‘ Frequency (GHz)

() (b)

Fig. 5. Calculated and simulated reflection coefficients
of the resistor-loaded patch antenna under different rela-
tive dielectric permittivity (&, = 4.4, A = 0.4): (a) Patch
antenna without resistors and (b) patch antenna with
510 Q resistors loaded.
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the |S;1| of RLPA remains comparatively steady, and the
maximum value is kept below -6 dB, which will not
cause significant gain variation. As a result, even if a
cheap substrate with unstable €, is employed, RLPA can
still maintain steady performance.

B. Radiation gain and efficiency

The absorption of resistors will also affect the radia-
tion gain and radiation efficiency of RLPA. The gain pat-
terns under 200, 510, and 2000 Q resistance loadings are
calculated and simulated in Fig. 6. The maximum gain
of RLPA gradually diminishes from 0.75 to -4.6 dBi,
when the resistance reduces from 2000 to 200 Q. The
half-power beamwidth (HPBW) is kept constant. This is
well coincident with the field distribution in Fig. 3. The
power dissipation from radiating edges to loaded resis-
tors primarily contributes to this phenomenon. Besides,
the calculated gains are slightly lower than the simulated
ones. This phenomenon derives from the delicate differ-
ence between calculated and simulated E-field distribu-
tion. As is shown in Fig. 3, the E-field magnitude at the
corner in the simulation is slightly lower than the one in
the calculation result, which results in reduction of power
consumption caused by loaded resistors.

Further, R-Efficiency curves under different per-
mittivity &, are calculated and plotted in Fig. 7 (a).
There is an overall tendency that the radiation efficiency
decreases as the loaded R declines. The efficiency curve
alters drastically when loaded R is small, whereas it
becomes more insensitive when loaded R gets larger.
Additionally, as €, varies from 2.2 to 6.6, the overall radi-
ation efficiency decreases, which evidently demonstrates
that the increased substrate €, is adverse for antenna radi-
ation.

The curves of derived quality factor Q and band-
width (BW) are concentrated as well in Fig. 7 (b). The
Q factor remains relatively low when 200 € resistors are
loaded, while it significantly rises as larger resistance is
adopted. As a result of this increment, BW is narrowed
down, which validates the inverse relationship between
Q and BW. Further, when €, increases from 2.2 to 6.6,
the Q factor gradually gets higher, while BW gets even
narrower in the meantime. These results will serve as a

E-plane 0 A2000 Q
2 30 == 30 Q05100
& 3 5 NN, 02000
Z 4 60/ SNy 60 =60/
E fl ,-/ X \ ; 4 -“
ot {1 R /
20r | o i |
-12L00t . 90 90 -
—— Calculated — - =Simulated
(a) (b)

Fig. 6. Calculated and simulated gain patterns at 5.8 GHz
of the infinite-ground model under different loaded resis-
tance: (a) E-plane patterns and (b) H-plane patterns.
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Fig. 7. Calculated and simulated results of (a) radiation
efficiency and (b) quality factor and bandwidth for 10-
dB return loss. The substrate thickness is 0.8 mm.

constructive guideline for the design of RLPAs accord-
ing to the requirements.

From the calculated and simulated results above,
it is known that the radiation efficiency becomes rel-
atively lower when smaller resistors are loaded to the
patch. But in the case of indoor motion radar applica-
tions, the superiority of the resistor-loading technique
far outweighs its drawback. In practical situations, the
recognition scope varies from 0.1 m to 10 m, thus a high
agility of efficiency adjustment is required. The resistor-
loading technique brings noteworthy design flexibility
and extra bandwidth, which contribute to a better adapt-
ability to the diverse application requirements.

IV. MEASUREMENTS AND APPLICATIONS

The prototypes of the proposed RLPA with varied
resistance are fabricated and measured. The photograph
is shown in Fig. 8 (b). The measurements are conducted
with Rohde & Schwarz ZVA vector network analyzer
and a SY-16M near-field chamber.
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Fig. 8. (a) Simulated and measured reflection coefficient
of the fabricated patch antennas; (b) photograph of the
fabricated prototype.



Figure 8 (a) illustrates the measured and simulated
reflection coefficients of RLPAs loaded with resistors of
200, 510, and 2000 Q, while Fig. 9 illustrates the mea-
sured peak gain from 5.3 to 6.3 GHz. The simulated and
measured results agree with each other. It is evident that
both the impedance bandwidth and gain bandwidth are
effectively enhanced. Figure 10 depicts the realized gain
patterns of the prototypes in the E- and H-planes. The
measured peak gains account for 2000, 510, and 200 Q
resistance are 1.39, -1.73 and -3.78 dBi, respectively, and
the HPBWs are kept unchanged.

An indoor motion radar module based on the pro-
posed RLPA with flexible coverage area is developed,
manufactured, and tested. The photograph of the radar
module and the test facility is presented in Fig. 11. The
transmitter and receiver are connected to two orthogo-
nal feeds of the patch, which corresponds to two orthog-
onal polarizations. The radar module is horizontally
installed with the wave beam directed at the dummy.
The working principle is based on the Doppler effect of
microwaves, and the detection distance is chiefly deter-
mined by the antenna gain, which is affected by loaded
resistance.

The measured coverage range is also displayed. The
recognition scopes of different radar modules range from
4.42 to 7.60 m, which could cover most of the domestic
application demands of indoor motion radar. Our indus-
trial partner has already put a series of microwave radar
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Fig. 9. Peak gain of the antenna prototypes in the fre-
quency range of 5.3 to 6.3 GHz: (a) Measured results
and (b) simulated results.
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Fig. 10. The radiation patterns of the antenna prototypes
at 5.8 GHz: (a) E-plane and (b) H-plane.
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—
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Fig. 11. Photograph of the test site and the fabri-
cated radar module. The measured recognition scopes of
indoor motion radar modules loaded with 200-Q, 510-Q,
and 2000-Q resistors are also illustrated. (The installa-
tion height is 0.9 m).

products with the proposed RLPA to the market, and
a few gratifying application effects have been obtained
from consumers.

V. CONCLUSION

In this article, a reformative cavity model of resistor-
loaded patch antenna is proposed and comprehensively
analyzed. The loaded resistors give rise to the reduction
of Q factor, hence widen the bandwidth. The enhanced
bandwidth provides better impedance-matching stability,
which makes it possible that inexpensive material with
unstable permittivity can be employed. The calculated
results of the cavity model and the simulated results also
present excellent agreement, which validates the preci-
sion of the proposed method. Further, in theory, the pro-
posed cavity model is also applicable to other types of
impedance loadings.

What is more, prototypes of RLPA with different
gain levels are fabricated and measured, whose mea-
sured results solidly confirm the gain adjustment capac-
ity. Besides, indoor motion radar modules employing the
RLPA are manufactured and tested as well, and flexible
coverage scope is achieved.
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Abstract — A novel four-way substrate integrated waveg-
uide (SIW) filtering power divider (FPD) with in-phase
and out-of-phase characteristics and a large power divi-
sion ratio (PDR) is presented in this work. The frequency
selection and power division functions are effectively
realized by employing SIW resonators at the bottom
layer and at microstrip sections at the top layer, respec-
tively. Four microstrip lines coupled with SIW cavity
through a slotline realize in-phase and two out-of-phase
output characteristics and a large PDR of 7:1. To ver-
ify the design method, a four-way prototype with PDR
of 7:7:1:1 is designed, fabricated, and measured. Results
exhibit good filtering performance, large power division
ratio, and in-phase and out-of-phase characteristics.

Index Terms — Four-way, filtering power divider (FPD),
in-phase - out-of-phase, power division ratio (PDR), sub-
strate integrated waveguide (STW).

L. INTRODUCTION

In modern wireless system, as two key passive
components in wireless communication system, power
dividers and filters are usually used in a cascaded way.
This undoubtedly increases the circuit size and loss. In
recent years, a high-integration design method, namely
filtering power divider (FPD), has been widely devel-
oped. It can not only achieve the frequency selection
function of the filter but also realize the power division
of the power divider. According to its response type, it
can be divided into in-phase FPD [1-4] and out-of-phase
FPD [5-8]. In addition, unequal FPDs also become par-
ticularly important because their specific unequal power
division ratio (PDR) can enable the array to obtain better
directional performance in beamforming systems [9].

On the other hand, as an important part of substrate
integrated circuits (SICs), substrate integrated waveguide
(SIW) has attracted extensive attention from scholars due
to its low cost, low loss, high integration, high power
capacity, and so on [10]. A series of SIW-based FPDs

Submitted On: June 15, 2023
Accepted On: November 12, 2023

is proposed, such as dual-band FPD on SIW triangular
cavities [11], wideband four-way design based on SIW
loaded square patch resonator [12], three-way FPD with
adjustable PDR [13], and so on. Nevertheless, very few
designs can realize in-phase and out-of-phase output at
the same time and with a large PDR.

In this work, a novel four-way SIW FPD with large
PDR of 7:7:1:1 is presented. Specifically, two ways are
in-phase output while other two ways are out-of-phase
phase output, with a 7:1 PDR of in-phase and out-of-
phase output. The frequency selection and power divi-
sion functions are effectively realized by employing SIW
resonators and microstrip sections, respectively. Four
microstrip lines coupled with SIW cavity through a slot-
line realize two in-phase and two out-of-phase output
characteristics and a large PDR of 7:1. To verify the
method, a prototype is designed, fabricated, and mea-
sured. The results show good filtering performance, large
power division ratio, and in-phase and out-of-phase char-
acteristics.

I1. DESIGN AND ANALYSIS

The physical structure of proposed four-way SIW
FPD is shown in Fig. 1. It consists of two coupled SIW
resonators at the bottom layer, a slotline at the middle
layer, and four microstrip lines at the top layer. Specif-
ically, the two SIW cavities resonate at TE;p; mode
and are coupled through a coupling window to realize
second-order filtering performance. Then, the energy is
transmitted to the top layer through the slotline and out-
put through four microstrip lines. The slotline is set at
the strong magnetic field of the SIW cavity to realize
the transmission from the bottom layer to the top layer.
Figure 2 shows the coupling diagram of proposed four-
way SIW FPD.

According to the above design concept, a four-way
SIW FPD operating at 13 GHz with PDR of 7:7:1:1
is designed. Firstly, the size of the SIW cavity can be

https://doi.org/10.13052/2023.ACES.J.381009
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where wy and [ represent the design width and length of
Port 4 | the SIW cavity and w, sy and /s represent the effective
width and length, respectively. d is the diameter of the
vias, p is the distance between the adjacent vias, c is the
speed of light in vacuum, and &, is the relative permittiv-
ity of substrate.

The external quality factor of the input port and the
coupling coefficient between the SIW resonators can be
calculated according to the formulas

Qes:ﬂﬁ'TSu(ﬁ)/za (3)
_fi-F @
it

where Tg1;(f;) is the group delay of |S;;| at resonance
fi, and f; and f, denote the higher and lower resonant
frequencies of two coupled, respectively. Figure 3 shows
the graphs of the external quality factor Q. and the cou-

Port 4 pling coefficient K as a function of different parameters.
120,
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Fig. 1. Structures of proposed four-way SIW FPD: (a) 40
Three-dimension view and (b) planar layout.
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Fig. 4. Analysis of phase characteristic of output ports:
(a) In-phase output and (b) out-of-phase output.

The phase characteristics of the output ports can be
analyzed as follows. As shown in Fig. 4 (a), microstrip
lines connected to output ports 2 and 3 are symmetrical
about the slotline, so the in-phase characteristic can be
obtained at output ports 2 and 3, while microstrip lines
connected to output ports 4 and 5 are reverse symmet-
rical about the slotline, shown in Fig. 4 (b), so the out-
of-phase characteristic can be obtained at output ports 4
and 5 [14]. It is worth noting that by adjusting Q. , that
is, the parameter ds; and ds;, the PDR of in-phase out-
put and out-of-phase output can be controlled. The Q.
of each output port can be obtained as [15]

ap+0o+...+ oy

Qeri = Oy, ©)

o

where N =4, and o, 0>, a3, and 04 represent the dissi-
pated power of each output port. The division ratio can be
adjusted by tuning the Q. ratio of the four output ports.
In order to more clearly demonstrate the adjustment pro-
cess of the PDR, Fig. 5 depicts the PDR changes under
different Q. , that is, different parameters ds;, of output
ports.

S-parameters (dB)

—A—/—4—ds; =23 mm

12.0 12.5 13.0 13.5 14.0
Frequency (GHz)

Fig. 5. The PDR changes under different parameters dy; .
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III. SIMULATED AND MEASURED
RESULTS

To verify the design method, a prototype operat-
ing at 12.96 GHz with PDR of 7:7:1:1 is fabricated on
Rogers 5880 substrate with the relative dielectric con-
stant of 2.2 and thickness h = 0.508 mm. The final dimen-
sion of the proposed four-way SIW FPD is determined as
follows: L =14, W =9.5, wio = 3, lio =2.55, g = 1.6, wc
=3.6, wns =0.6,Is=7,8, =0.8, S =3.3,ds; =5.3,
ds> = 5.05 (all units: mm). The whole area of fabricated
FPD is around 1.2 A, x 0.9 A,, where A4, is the guided
wavelength at 13 GHz.

According to the PDR of 7:7:1:1, S»1, S31, S41, and
Ss; are -3.6 dB, -3.6 dB, -12.04 dB, and -12.04 dB.
As shown in Fig. 6 (a), we can see that in the machin-
ing model the input port is off center, this is mainly to
achieve impedance matching of the input port, so as to
adjust the return loss of S;;. And the measured return
loss (RL) is better than 16.6 dB, and the minimum inser-
tion loss (IL) is 0.8 dB (not including 7:7:1:1 power

Solid lines: Simulated
Dashed lines: Measured

)
=
5
Q
=
<
s
N
A
>
-50T ‘
11 12 13 14 15
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2 60
O R 2
E OF 7 40 §
5 8
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5 2[ - - - Measured 120 5
S easure 2
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Fig. 6. Continued
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Table 1: Comparisons with other reported works

Refs. | CF (GHz) | 3-dB FBW Size (Ag2) | IL (dB) | Order | Number Power Phase
(%) of Ways Division
Ratio
[4] 4.82 11.6 0.469 2.0 2 2 1:1 In-phase
[11] 8.3 9.6 1.91 1.5 2 2 1:1 In-phase
[12] 3.55 21.3 1.3 2.0 2 4 1:1:1:1 In-phase
[13] 11.8 5.9 1.28 1.0 2 3 1:1:1.5 In-phase
This 12.96 3.96 1.08 0.8 2 4 7:7:1:1 In-phase &
work Out-of-phase
2 330 IV. CONCLUSION
. In this work, a four-way SIW FPD with in-phase and
g o~ I ~ out-of-phase characteristics and large PDR is presented.
LU -, T~ -7~ 4 280 % A prototype with PDR of 7:7:1:1 is designed, fabricated,
% E and measured. The results show good filtering perfor-
0 —— Simulated g mance, phase characteristic, and large PDR. It is believed
S% 2r Measured 1230 g that the proposal has a good prospect in beamforming
-§ kS systems.
(]
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Abstract — A 25-40 GHz monolithic low-noise ampli-
fier (LNA) is designed and fabricated with the 100 nm
gallium nitride on silicon carbide (GaN-on-SiC) technol-
ogy. This four-stage-cascade monolithic LNA performs a
low DC power consumption of 150 mW and noise figure
of 1.6-2.2 dB. Moreover, the gain of 34-37 dB with the
continuous wave of more than 2 W over 24 hours can
be achieved covering the operating bandwidth. Hence,
this state-of-art LNA possesses a great potential to be
directly integrated with GaN power amplifiers and other
microwave components to realize the high-integration,
high-reliability, and high-power RF front-end.

Index Terms — Gallium nitride on silicon carbide (GaN-
on-SiC), high gain, low-noise amplifier (LNA), low DC
power consumption, optimal noise figure.

L. INTRODUCTION

To deal with the serious loss and high packaging cost
of the transmitter and receiver millimeter-wave (mm-
Wave) front-end, monolithic microwave integrated cir-
cuit (MMIC) technique is extended to the mm-Wave fre-
quency range and is fabricated the components on the
same chip [1]. GaN material has the advantages of wide
band gap and high electron mobility [2], such that a
GaN low-noise amplifier (LNA) can achieve more supe-
rior breakdown resistance and higher frequency char-
acteristics than GaAs devices. Recently, several GaN
LNAs operating at Ka-band have been recorded [1, 3—
6]. Depending on the substrate material, GaN LNAs are
mainly classified into two types, one with GaN-on-Si
process [1, 3, 4] and the other with GaN-on-SiC process
[5-7]. The study of discrete components on Si substrate
has been mature, leading to the conclusion that the GaN
LNA with SiC substrate is not completely superior in
terms of performance compared to the GaN LNA with Si
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substrate. The SiC substrate with high thermal conduc-
tivity allows for efficient dissipative power density, and
no leakage problem as with Si substrate, which further
guarantees the robustness of GaN LNA [6-7]. Moreover,
with the requirement of high speed, high power, and high
detection accuracy for RF front-ends, it is imperative to
develop GaN LNA with wider bandwidth, lower noise,
and lower power consumption.

In this work, a self-developed 0.1 um T-Gate high
electron mobility transistor with ultra-thin barrier is
adopted to fabricate a 25-40 GHz wideband GaN-on-SiC
LNA. The GaN LNA demonstrates a high gain of 34-
37 dB, an excellent DC power consumption of 150 mW,
and low noise figure (NF) of 1.6-2.2 dB, simultaneously,
which enables unparalleled performances in Ka-band.

II. LNA DESIGN
In this section, the process of GaN HEMT and the
design of the GaN LNA MMIC is described in detail.

A. GaN HEMT

The GaN high-electron-mobility  transistors
(HEMTsS) are prepared with a self-developed ultra-thin
barrier. The AIN/GaN/AlGaN double heterojunction
epitaxy structure is grown on SiC substrate by metalor-
ganic chemical vapor deposition (MOCVD) [8]. Due to
the strong polarization effect of AIN, the energy band
difference of AIN/GaN is large, so a high concentration
of two-dimensional electron gas (2-DEG) can be formed
at the interface of the two materials [9-12]. The negative
polarization charge on the back of AIN increases the
energy band of the AlGaN barrier, so that the probability
of 2-DEG entering AlGaN is greatly reduced. In this
way, the disorder scattering in the alloy is reduced, the
mobility of the 2-DEG is increased, and the device noise
is improved. The Hall test shows that the heterojunction
material has a 2-DEG concentration of 1.1x1013 cm™>

https://doi.org/10.13052/2023.ACES.J.381010
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and mobility of up to 1550 cm?/(V -s). A 100 nm T-gate
with low parasitic impedance is fabricated using ion
beam direct writing in combination with ultrathin gate
dielectric passivation. Schottky contacts play a decisive
role in device reliability and performance. In order to
improve the Schottky barrier, reduce the gate leakage
current, and improve the noise properties of the device,
a high-barrier Ni-gate structure is used. The stability of
the Schottky contact is improved by a high-temperature
thermal treatment.

B. LNA

LNA is designed with four-stage-cascade amplifiers
and self-biased negative feedback structure. The total NF
of LNA can be written as [13]

E-1 FE-1 F,—1
F=ht=G 66 "aeae

where F'|, F», F3, F4, and G1, Gy, G3 are NF of level
1 to level 4 and the gain of level 1 to level 3, respec-
tively. It is obviously that the NF of the first-stage ampli-
fier has the largest effect on the overall noise. Hence,
the input impedance is matched to the optimal noise
source impedance so that the NF can be effectively con-
trolled. However, this operation may result in the risk of
the impedance point deviating from the maximum gain
matching position. Therefore, for compromise, M-factor
is introduced as [14]

= F‘—l )
1-1/Gy

The compromise between the NF and the gain point
is chosen when the M-factor reaches its minimum. Based
on the above principles, a four-stage-cascaded LNA
MMIC with the GaN HEMT in each stage is designed
as exhibited in Fig. 1.

To further improve the gain flatness and robustness
of the LNA, a negative feedback structure is used in the
circuit design, which reduces the sensitivity of the pro-
cess and increases the operating bandwidth. The resis-
tance on the feed network is to suppress low-frequency
oscillations and ensure the stability of the RF signal.
The DC feed circuit at each stage is grounded through

Fig. 1. Schematic of the proposed LNA.
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0.88 mm

2.2 mm

Fig. 2. SEM picture of the fabricated LNA.

the metal-insulator-metal capacitor. To prevent AC sig-
nal leakage, a choke inductor is added between the power
and HEMT and can be determined by

L >10 % |Zioaa| /27 feen, 3)
where f.., is the central frequency and Z;,,; is the
impedance. The DC power consumption is reduced by
the multiplexing current. In this way, the leakage voltage
of the tube core will be significantly decreased. Thus, the
layout design is completed according to the schematic
diagram with the chip size of 2.2x0.88x0.05 mm?. The
scanning electron microscopy (SEM) graph of LNA is
exhibited in Fig. 2.

III. MEASUREMENTS AND DISCUSSION

A. Performances of GaN HEMT

The measurement of the GaN HEMT is tested at
ambient temperature (25°C) with a Shiel Environment
TS200-SE probe station and a Keysight PNA-X N5245A
vector network analyzer. Figure 3 (a) exhibits the I-V
characteristics of the 4x40 um GaN HEMT with the
gate voltage changing from -0.9 to 0 V, whose ampli-
tude increment is 0.1 V. As can be seen from the curves,
the knee voltage of the designed GaN HEMT is 1.5 V.
Thus, these characteristics can achieve a lower noise
coefficient and realize the current multiplexing at opti-
mized supply voltages. Moreover, the transfer proper-
ties of the GaN HEMT are shown in Fig. 3 (b) with
the maximum transconductance of 750 ms/mm, which
benefits from the ultra-thin AIN barrier layer structure
with strong polarization effects. The gain of the HEMT
also reaches up to 10 dB at 40 GHz, as demonstrated
in Fig. 4. Furthermore, the self-developed GaN HEMTs
exhibit better performances than the GaAs HEMTs with
the E-pHEMT process in the noise figure, which is main-
tained around 1.0 dB, shown in Fig. 5. Hence, this GaN
HEMT can be used in the design of advanced LNA.

B. Properties of the GaN LNA

The simulations are performed according to the lay-
out of the GaN LNA with input power of 2 W. The test
conditions are in agreement with the simulation condi-
tions. Figure 6 demonstrates the comparison between
simulations and measurements. It can be seen that the
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on-chip measurement of Sy; is in great agreement with
the simulation curve in the 25-40 GHz band. Remark-
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Fig. 6. Comparison of the performance of the proposed
LNA: (a) The gain performance of the device and (b) the
noise figure of the device.

ably, the proposed GaN LNA achieves a high gain of
35 dB, which is a distinct advantage over other reported
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LNAs. Furthermore, by comparing the NF in the broad-
band band with the reported result in [1], the NF is
reduced more than 0.5 dB, which is one of the advantages
of the LNA designed in this paper. To further demon-
strate the properties of the GaN LNA in high-power sce-
nario, the attack limit of the GaN LNA is measured.
As shown in Fig. 7, the proposed GaN LNA MMIC
can withstand high power continuous waves up to 2 W
for a long period of time without degradation in perfor-
mance over the entire range of operating frequencies. As
the input power increases, the performance of the LNA
decreases and the working time increases. Compared to
the LNA based on InP and GaAs [8], the GaN LNA
exhibits better reliability under high-power conditions.
This is mainly due to the outstanding thermal conduc-
tivity of the SiC substrate and the excellent high-power
nature of the GaN material.

C. Consistency test at different bias voltages

To demonstrate the excellent consistency, the per-
formance of the GaN LNA is measured with different
bias voltages. Meanwhile, the experiment is carried out
at an ambient temperature of 25°C. A constant voltage of
5 V is applied in the drain and the gate voltage is swept
from -0.3 V to -0.6 V at intervals of 0.1 V. The corre-
sponding measured DC current is 52 mA, 41 mA, 31
mA, and 21 mA, respectively. The DC power consump-
tion can be calculated as 0.15 W under typical operating
conditions with a gate voltage of -0.5 V. This power con-
sumption is extremely prominent for GaN LNA, which
mainly benefits from the current multiplexing structure
that enables GaN HEMTs to share the input power in
series. This fabrication makes GaN LNA more compet-
itive for applications in missile, airborne or space-borne
circuits.

ACES JOURNAL, Vol. 38, No. 10, October 2023

As can be seen in Fig. 8, the trends of the gain char-
acteristics, NF and VSWR are essentially the same when
different voltage values are applied to the gate. When VG
is -0.6 V, the gain features and noise coefficients are more
discrete. This is because the limited current density of the
core is not sufficient to support marvelous amplification
and noise properties. The VSWRs of the input port and
the output port are consistent across the entire frequency
band. As can be seen from Fig. 8 (b), the standing-wave
properties do not become discrete with the difference of
gate voltages.
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Fig. 8. Comparisons of (a) gain and NF and (b) VSWRs
for the proposed GaN LNA at different bias voltages.

The variation trend of VSWR with frequency is the
same for different gate voltages. This is mainly to opti-
mize the gate width, gate spacing, and lead placement
of the device during the layout design of the GaN LNA
to obtain better gate resistance, gate capacitance, source
resistance, and source inductance.



D. High and low temperature performance

In this section, the electrical properties of the GaN
LNA are measured at high and low temperatures to
assess the operating conditions in harsh environments.
The reliability of the GaN LNA is verified at different
temperatures with the input power of 2 W, drain and gate
voltages of 5 V and -0.5 V. The measured parameters are
demonstrated in Fig. 9.
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Fig. 9. Comparisons of (a) gain and NF and (b) VSWRs
for the proposed GaN LNA at different temperatures.

Throughout the operating band, the gain of the
GaN LNA decreases with increasing temperature. This
is because the carrier mobility decreases with increasing
temperature, leading to a reduction in the transconduc-
tance and a worsening of the gain. As can be seen from
Fig. 9 (a), the NF of the LNA presents an opposite trend
to the gain as a function of temperature, which is mainly
due to the enhanced thermal vibration of the lattice and
the scattering effect. Moreover, the VSWRs of the input
port and output ports vary slightly with temperature in
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the intermediate and high-frequency bands, while the
dispersion is larger in the low-frequency band, as shown
in Fig. 9 (b). This is caused by the fact that the temper-
ature variability properties change the parasitic parame-
ters and further affect the low-frequency properties.

E. Comparisons with other reported Ka-band GaN
LNAs

Some performances of the proposed GaN LNA are
listed in Table 1 and compared with some previously
reported representative advanced GaN LNAs, including
the gain, noise figure, frequency band, DC power con-
sumption, process, and chip core area. To our surprise,
the designed GaN LNA monolithic microwave integrated
circuit in this work not only realized a gain of 34-37
dB in the Ka-band, which is the highest value compared
to other reported works, but also simultaneously pos-
sesses a low noise behavior of 1.6-2.2 dB. In addition, the
desired DC power consumption of proposed GaN LNA
MMIC in this work is as low as 0.15 W. [16] reports a
lower DC power consumption, but it performs poorly
in other aspects such as bandwidth, gain, and noise.
These performances show that the proposed GaN LNA
MMIC is a competitive component in millimeter-wave
front ends.

Table 1: Performance comparisons of the GaN LNA

Ref. | Gain | NF (dB) | Frequency DC Process Chip
(dB) Band Power Core
(GHz) (W) Area (:m?)
[1] | 16-21.5 | 2.2-44 18-56 1.4 0.1 :m 4*50
GaN/Si
[3] | 25-27 1.7-2.2 33-38 0.1 :m 6+30/
GaN/Si 8+40/8*50
[4] 19.5- 1.8-2 27-31 0.15 0.1 :m 4%20
20.5 GaN/Si
[6] | 10-20 1.5-8 0.1-45 5.2 0.15:m
GaN/SiC
[71 | 21-25 24-29 25-31 0.3 0.15:m 4%25
GaN/SiC
(151 2327 | 1327 Full 0.433 0.:m
Ka-band GaN/Si
[16] | 11-18 1.8-2.5 30-39.3 0.124 T4-A 4%20
[17] | 20.2-24 | 2.42-2.56 26-30 0.32 0.15:m -
GaN/SiC
[18] | 19.5- 0.4-1.1 22-30 0.21 0.1:m 4%50
22.5 GaN/Si
This | 34-37 1.6-2.2 25-40 0.15 0.1 :m 4*40
work GaN/SiC
IV. CONCLUSION

A state-of-the-art 25-40 GHz GaN-on-SiC LNA
MMIC is presented in this paper. The LNA demonstrates
superior broadband performance by implementing a
four-stage-cascade structure using the MOCVD process,
current multiplexing scheme, and source impedance
matching. Covering the entire operating frequency band,
the GaN LNA demonstrates a low NF of 1.6-2.2 dB,
an excellent DC power consumption of 0.15 W, a high
reliability in harsh temperature scenarios, and a superior
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gain of 34-37 dB, offering unparalleled applications to
directly integrated with GaN PA and switch to realize
miniaturized, high-power, and reliable MMW front-end
module.
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