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Abstract — This paper proposes a wideband cavity-backed slotted patch antenna, loaded with a magneto-electric
(ME)-dipole and fed by a microstrip line, for millimeter wave (mm-Wave) applications. The coupled-feed cavity-
backed slotted patch antenna is loaded with the ME-dipole. The slotted patch antenna serves as both a radiator and
a ground for the ME-dipole. The combination of the ME-dipole antenna and the slotted patch antenna realizes a —10 dB
impedance bandwidth covering over 22.86-44.35 GHz (63.9%). The pattern of the antenna element remains stable
throughout this bandwidth. The proposed broadband antenna unit not only realizes single linearly polarized (LP)
radiation but also can be designed for dual-LP radiation. The dual-polarized radiation can be achieved by changing the
slot of the patch antenna to a crossed slot and altering the ME-dipole antenna to a dual-polarization form. A 2 x 2
dual-polarized array has been designed, fabricated, and tested. A novel dual-polarized feeding network is proposed.
To achieve higher isolation, broadband in-phase feed and differential feed are adopted, respectively. A low-loss single
to the differential structure is proposed for differential feeding. The simulated isolation of the array is higher than 40 dB.
Measured results show that the dual-polarized 2 x 2 array has an overlapping bandwidth of 52.3% (]S},| < -10 dB
and |Sy| < -30 dB) with a peak gain of 14 dBi. The proposed antenna, featuring a wide overall bandwidth, low cost,
and good radiation performance, is well suited for mm-Wave applications.
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I. Introduction

Millimeter wave (mm-Wave) communication has been
garnering increased attention due to its wide frequency
band and high transmission rate [1]-[4]. As illustrated in
Figure 1, the mm-Wave frequency band has a broad array
of potential applications and prospects, including 5G com-
munication [5]-[7], satellite communication [8], and au-
tonomous driving mm-Wave radar [9]-[11], etc. Despite
the significant advantages of the mm-Wave frequency
band, it also has notable drawbacks, including substantial
transmission loss, limited base station coverage, and high
cost. Given the factors of transmission loss (atmospheric
attenuation window) and system cost (processing and
testing cost), the Ka-band is currently widely used [1].

High-performance, low-cost mm-Wave antennas and
arrays, being key components in communication systems,
have been the focus of extensive research in recent years.
Planar antennas based on printed circuit board (PCB)
processing technology are more suitable for large-scale
mm-Wave applications due to their potential for cost re-
duction and high integration. Various PCB-based trans-
mission structures, such as substrate-integrated wave-
guides (SIW) [12]-]20], substrate-integrated coaxial lines
(SICL) [21], printed ridge gap waveguides (PRGW) [22],
and microstrip lines [23]-[30], have been implemented in
mm-Wave antennas. While SIW and SICL exhibit lower
loss, the single-mode transmission bandwidth of SIW re-
stricts the working bandwidth of the feed network, and
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Figure 1 Schematic diagram of mm-Wave application scenarios.

the SICL’s structure is more complex, making its design
more challenging. Furthermore, implementing a dual-po-
larized feed network using PRGW or other structures
[31]-[33] poses challenges.

Patch antennas and magneto-electric (ME)-dipole
antennas are routinely employed as planar mm-Wave ra-
diators. Typically, patch antennas have a narrow band-
width. Common methods for bandwidth expansion in-
clude adding parasitic patches [19] and increasing the
back cavity [13], [17], [18]. A wideband cavity-backed
patch antenna, with a gain and impedance bandwidth
overlap of better than 36%, was proposed in [13]. An air
cavity enhances impedance matching, suppresses the sur-
face wave, and directs energy toward the boresight direc-
tion. A 16 x 16 cavity-backed patch antenna array with
SIW feed networks was demonstrated in [17], achieving a
gain up to 30.1 dBi, a 3 dB gain bandwidth of 16.1%, an
impedance bandwidth (VSWR < 2) of 15.3%, and sym-
metrical broadside radiation patterns. Despite their ex-
cellent performance, it is challenging for these planar
mm-Wave patch antennas to cover the entire Ka-band
bandwidth.

For a wider bandwidth, planar ME-dipole antennas
are commonly used in the mm-Wave band. A mm-Wave
4 x 4 ME-dipole antenna array using a packaged micro-
strip line feed network was presented in [23]. This anten-
na element uses an L-probe feed method, and the array
features an impedance bandwidth of more than 50% and
minimal back radiation. Nonetheless, this feed method
makes realizing dual-polarized radiation difficult. Refer-
ence [24] uses an L-shaped probe feed, similar to [23], to
achieve wideband dual-polarized radiation, but the re-
quired LTCC (low temperature co-fired ceramic) process
is high-cost and the antenna efficiency is low. The isola-
tion of the array in [24] is small (>14 dB). A broadband
(bandwidth around 44.6%) linearly polarized (LP) sub-
strate-integrated ME-dipole with a low-profile micro-
strip feeding structure was proposed in [26]. An addition-
al segment expands the bandwidth of the ME-dipole.
However, this structure is challenging to use for dual-
polarized radiation. A wideband dual-polarized ME-
dipole was presented in [27], using two pairs of T-shaped
probes to feed the ME-dipole. A 2 x 2 array was design-
ed in [27], and the measured results show an impedance
bandwidth of 50% with isolation of 17.6 dB. The isola-
tion of the antenna element and array proposed in [27] is
low, and as the feeding network is designed on the same
layer, though it allows for a lower profile, it is challeng-

ing to scale up to a large array.

In summary, designing broadband, scalable planar
mm-Wave array antennas capable of expandable dual-
polarized radiation with high isolation is a key challenge
in mm-Wave systems. To address this issue, this paper
proposes a cavity-backed slotted patch antenna com-
bined with an ME-dipole antenna for a broadband de-
sign. The slotted patch antenna serves both as a radia-
tor and a ground for the ME-dipole. For verification pur-
poses, we design and propose single LP elements, dual-
LP elements, and arrays. The following contributions are
made in this study:

1) A broadband planar single-LP antenna structure
is proposed. By integrating an ME-dipole antenna with a
slotted patch antenna, we achieve an impedance band-
width of —10 dB, spanning from 22.86 GHz to 44.35 GHz
(63.9%) and a peak gain of 9.9 dBi. The pattern of the
antenna element remains stable across the entire opera-
tional band.

2) A dual-LP structure is then designed to suit dif-
ferent application scenarios. Simulated results reveal that
the two polarization states each achieve an impedance
bandwidth of 52.1% and 53.6%, respectively, with peak
gains of 8.7 dBi and 9.2 dBi. The isolation surpasses 20
dB over the entire band.

3) A novel dual-polarized feed network is proposed
to accommodate both wideband and high isolation.
Leveraging this feed network, we designed, processed,
and tested a 2 x 2 array. As per the measured results,
an overlapping bandwidth of 52.3% (with |S,,| <-10 dB
and |S| < -30 dB) and a peak gain of 14 dBi are
achieved.

II. Single-LP Antenna

1. Configuration of single-LP antenna

Figure 2 displays the configuration of the proposed
single-LP antenna element. Figure 2(a) presents an ex-
ploded view of the antenna. The cavity-backed slotted
patch antenna is loaded with an ME-dipole and is ener-
gized by the microstrip line through slot coupling. The
top view and a detailed view of the antenna are shown in
Figures 2(b) and (c). The antenna comprises three sub-
strates and a bonding layer, with the stacked structure
shown in Figure 2(d). The material for the three sub-
strate layers is FABME220, which has a dielectric con-
stant of 2.2 and a loss tangent of 0.001. The bonding lay-
er uses Rogers 4450 with a thickness of 0.1 mm. The
main reasons for using microstrip line feed are: 1) The
microstrip feed network can achieve a wider impedance
bandwidth; 2) The design is relatively simple; 3) The
profile is low compared with other transmission lines
such as SIW, SICL, and PRGW. The patch antenna and
the E-dipole antenna are printed on the bottom layer
and top layer of the Subl, respectively. The cavity is im-
plemented on Sub2. Sub3 and Sub2 are bonded together
through a bonding layer, with the microstrip line posi-
tioned at the bottom layer of Sub3. Sub3 and the bond-
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ing layer form a combined substrate, and its equivalent
dielectric constant can be calculated using the method
presented in [26].
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Figure 2 Configuration of the proposed single-LP element. (a) Ex-
ploded view; (b) Top view; (c) Detailed view of the slotted patch
loaded ME-dipole; (d) Layer structure. (w;=0.6, w,=0.213, [;=3.088,
1,=3.82, w,,=2.73, w,=2.54, w,=0.57, w,;=5.23, w,,=6.03, w,=10,
d,=0.4, d,=0.3, dy=0.5, p,=0.75, p,=0.6, w,=0.37, wy=0.1,
wy=0.5, 1,=2.96, w,=1.72, w,=0.89, Unit: mm)

2. Operating principle

The proposed antenna element has a very wide
impedance bandwidth, mainly due to the combination of
a cavity-backed slotted patch and an ME-dipole antenna.
The primary design concept and process are illustrated in
Figure 3. Note that Subl from Figure 2 is not shown in
Figure 3 for clarity. For the proposed antenna, a slot is
etched in the middle of the cavity-backed patch to ex-
cite the loaded ME-dipole antenna above. The patch an-
tenna functions both as a radiator and as a ground for
the ME-dipole antenna. When the antenna operates in
the low-frequency band, the proposed antenna can be
considered a thicker patch antenna, with the patch mode
being the primary radiation mode. At high frequencies,
the ME-dipole antenna is the main radiator. Both patch
antennas and ME-dipole antennas are widely utilized in

Cavity backed
. Proposed

Slotted patch

Cavity backed,
patch i l.[l §
4

Figure 3 Design idea and process of the proposed antenna.

mm-Wave systems. The combination of these two antennas
is also relatively straightforward and only requires low-
cost PCB processing technology. A comparison of the
proposed antenna with a cavity-only, cavity-backed ME-
dipole, and cavity-backed patch antenna in terms of |S),|
is shown in Figure 4. The simulation model in Figure 4
can refer to Figure 3, and the structural parameters are
identical to the proposed antenna. It can be observed that,
for the patch only, or when the cavity is combined with
a patch or an ME-dipole, there are fewer resonance modes,
and achieving ultra-wideband matching is challenging.
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Figure 4 Comparison of the proposed antenna with cavity-only,
cavity backed ME-dipole and cavity backed patch antenna in terms
of |5}yl

To elucidate the operational principle of the pro-
posed antenna, we present the electric field vector distri-
bution diagrams of the conventional cavity-backed patch
antenna, the cavity-backed patch antenna loaded with
an ME-dipole antenna and the proposed antenna struc-
ture at 26 GHz and 36 GHz in Figure 5. As evident from
Figures 5(a) and (b), the operational modes of the cou-
pled cavity-backed patch antennas at both 26 GHz and
36 GHz are TM;q modes (In the notation TM,,,, “m”
indicates the number of half-wave variations in the elec-
tric field along the length of the patch, and “n” indi-
cates the number of half-wave variations along the width
of the patch.).

The structure in Figures 5(c) and (d) demonstrates
the loading of an ME-dipole antenna onto the patch an-
tenna depicted in Figures 5(a) and (b). One can observe
that the ME-dipole antenna remains unexcited, and the
primary operational mode is still the TMjy mode of the
patch antenna. It can be considered that the structure in
Figures 5(c) and (d) represents a thicker patch antenna.

Building on Figures 5(c) and (d), a slot is etched in
the middle of the patch. It should be noted that this slot
should not completely divide the patch antenna into two
halves, as it would disable the support for the primary
mode of the patch antenna. This slot excites the ME-
dipole antenna loaded on the patch antenna. Figures 5(e)
and (f) reveal that both the patch mode and the ME-
dipole mode are excited in the proposed antenna struc-
ture.

To better elucidate the roles of the cavity-backed
patch and ME-dipole in the overall structure, several key
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Figure 5 Simulated E-vector of the different antenna. Patch an-
tenna at (a) 26 GHz and (b) 36 GHz. Patch loaded ME-dipole an-
tenna at (c) 26 GHz and (d) 36 GHz. Proposed slotted patch load-
ed ME-dipole antenna at (e) 26 GHz and (f) 36 GHz.

parametric studies are conducted. Figure 6 illustrates the
effects of different values of w,, wy, and w, on the S|
curve. According to the primary theory of the patch an-
tenna, the length of w,; controls the resonance frequency
of the patch antenna, while w, controls the resonance
frequency of the E-dipole in the ME-dipole. Figures 6(a)
and (b) demonstrate the effects of these two parameters
on the |S}|. Given the large dimensions of the patch an-
tenna, it primarily contributes to the resonance mode in
the lower frequency band in this study; thus, a longer
antenna length corresponds to a lower resonant frequen-
cy near 25 GHz. In addition, the slotted patch antenna
proposed in this study also acts as the ground for the
ME-dipole antenna. Alterations in the ground size would
impact the resonance frequency and impedance match-
ing of the ME-dipole antenna, subsequently affecting the
high-frequency matching and resonant frequency. The
shorter the w,, and wg, the more the corresponding reso-
nance points shift to the high-frequency band. The influ-
ence of the size of the ME-dipole on the resonance point
of the patch is not evident because the size changes of
the ME-dipole do not directly affect the w, of the patch
antenna (Figure 6(b)). As illustrated from Figure 6(c),
the size of the cavity will significantly impact the match-
ing of the antenna; for a detailed discussion, refer to [13].
Figure 7 also illustrates the simulated effect of the cavi-
ty on the |S};| and peak gain. The cavity can improve
the gain of the antenna, reduce the surface wave of the
antenna on the substrate, and improve the matching of
the antenna.
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Figure 6 Simulated |S),| parameters with different values of w,, wy,
and w,,. (a) |Sy,| of different w,;; (b) |S},| of different wyy; (c) [S),]
of different w,,.
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Figure 7 Simulated effect of cavity on the S parameters and peak gain.

3. Simulated results of single-LP antenna

Figure 8 illustrates the simulated |S,|, peak gain, and
efficiency of the proposed single-LP antenna element. It
can achieve a wide —10 dB impedance bandwidth of
22.86-44.35 GHz (63.9%). The peak gain of the antenna
is higher than 6 dBi, and the efficiency exceeds 80% over
the entire impedance bandwidth. The curve shows that
the peak gain sharply increases (about 2 dB) around
28—29 GHz, mainly due to the influence of the cavity and
substrate size. Refer to the peak gain curve in Figure 7.
The gain curve is smoother at the low-frequency band in
the absence of a cavity. Despite fluctuations in gain, the
radiation pattern of the antenna does not deteriorate,
only slight changes in the beamwidth occur, which do
not impact the overall performance. Figure 9 shows the
radiation patterns at 26 GHz and 36 GHz, with a wider
beamwidth for the radiation patterns at 26 GHz. To better
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showcase the advantages of our proposed antenna struc-
ture, Table 1 provides a performance comparison with
the broadband planar mm-Wave antenna. Compared to
the cavity-backed patch antenna [13] and conventional
ME-dipole antenna [23], the proposed structure exhibits
obvious advantages in bandwidth. The antenna has a
3 dB gain bandwidth of approximately 28.9%, and the
gain fluctuates by less than 3.6 dB within the entire
working bandwidth (63.9%). However, the antenna pat-
tern remains stable throughout the entire bandwidth,
and fluctuations in gain do not affect the overall perfor-
mance of the antenna.
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Figure 8 Simulated S parameters, peak gain and efficiency of the
proposed single-LP element.
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Figure 9 Simulated radiation patterns of proposed single-LP ele-
ment at 26 GHz and 36 GHz. (a) #=0° (b) ¢=90°.

Table 1 Performance comparisons of single-polarized antenna

Ref. Frequency|—10 dB| Peak gain 3 dB gain Dual-pol.

(GHz) IMB! (dBi) bandwidth extended
[13] 64.7 36.2% 8.2 >36.2% Yes
[17] 60.45 10.7% N.A. N.A. Yes
[21] 32 50% 6.42 N.A. No
[23] 32.15 54.4% 8.3 54.4% Yes
[26] 29.14 43.5% 8.98 43.5% No
IZI‘:E‘ 336 | 63.9% | 9.9 6?5;?’(:(,"?’6‘13;) Yes

Note: 'IMB: impedance bandwidth. N.A.: not applicable.

ITI. Dual-Polarized Element

In addition to wide operating bandwidth, polariza-
tion diversity is another effective means to enhance the

performance of mm-Wave communication systems [2], [34].
Consequently, dual-polarized antennas and arrays are
now in widespread use. The patch antenna and ME-
dipole antenna can be easily extended to a dual-polarized
structure. Therefore, the proposed antenna structure can
also be effortlessly extended into a dual-polarized radia-
tor. This section will present the structure and simulated
performance of the dual-polarized wideband element.

1. Configurations of dual-polarized element

Figure 10 shows the configurations of the proposed
dual-polarized element based on the structure in Figure 2.
The antenna structure is changed to a symmetrical struc-
ture and the slots are replaced with crossed slots. The
PCB laminated structure of the dual-polarized element is
depicted in Figure 11. The feed structure used for the
dual-polarized element has been extensively utilized and
validated, as referenced in [28]. The laminated structure
is almost the same as that a single-polarized antenna, ex-
cept that there is a feeding network (Pol.2 feed) on the
top layer of Sub3. The bonding layer uses Rogers 4450
with a thickness of 0.1 mm. The two polarized feed struc-
tures are placed orthogonally to achieve high isolation.
The feed line of Pol.2 is covered by Sub3 and the bond-
ing layer, and the distance between Pol.2 and the ground
is small, so the line width of Pol.2 is thin, which may
cause large relative errors in actual processing.

(a)
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wy ]5 W
Pol.1 feed Pol.2 feed

Figure 10 Configurations of proposed dual-polarized element. (a) Ex-
ploded view; (b) Top view; (c) Detailed view of patch loaded ME-
dipole; (d) Pol.1 feed structure; (e) Pol.2 feed structure. (wp,=2.7,
ws1=0.4, wg2=0.37, ws3=0.3, [s1=3.99, Ils2=3, w.=5.23,
We2=6.03, py3=0.75, pya=0.9, wy3=0.85, dya=0.4, dy5=0.4,
11=3.5, I12=1.3, I3=1.1, 14,=2.9, 15=0.8, lg=1.3, w1=0.2, w2=0.6,
w3=0.1, wg=0.2. Unit: mm).



Wideband Millimeter Wave Antenna with Cavity Backed Slotted Patch and Magneto-Electric Dipole

1239

L1 S Copper

ME-dipole

Patch BN Substrate
Coupling slot Bonding layer
Pol.2 feed y

Pol.1 feed

L2

L3
L4
Ls

Figure 11 PCB laminated structure of dual-polarized element.

2. Simulated results of dual-polarized element

Figure 12 presents the simulated S parameters and
peak gain of the proposed dual-polarized antenna ele-
ment. Wide —10 dB impedance bandwidths of 24-40.93
GHz (52.1%) and 24.2-41.95 GHz (53.6%) are realized
for the two polarization states, respectively. The peak
gain of both polarizations exceeds 5.5 dBi over the entire
impedance bandwidth. Port isolation is a crucial index
for the dual-polarized antenna. The isolation of the pro-
posed dual-polarized element is higher than 27 dB across
the entire working bandwidth. Figure 13 shows the simu-
lated radiation patterns of dual-polarized elements at 26
GHz and 36 GHz. The front-back ratio of the antenna
exceeds 12 dB, the cross-polarization isolation surpasses
20 dB, and the overall pattern is relatively stable. Table
2 shows the performance comparison with the dual-polar-
ized planar mm-Wave antenna element proposed in pre-
vious research work.
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Figure 12 Simulated S parameters and peak gain of the proposed
dual-polarized element.
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Figure 13 Simulated radiation patterns of dual-polarized element at
26 GHz and 36 GHz for (a) Pol.1 and (b) Pol.2.

IV. Dual-Polarized Array

1. Configurations of dual-polarized array

Figure 14 presents the configurations of the pro-
posed 2 x 2 dual-polarized array. The exploded view of

Table 2 Performance comparisons of dual-polarized antennas

Frequency | —10 dB |Peak gain| 3 dB gain |Isolation
Ref.
(GHz) IMB#! (dBi) bandwidth (dB)
[22] 30 23.4% 10.5 23.4% 20
[24] 33.65 42.5% 6.9 42.5% 24
[25] 28 5.7% 7.2 5.7% >26.5
[27] 32 50% 9.3/9.4 N.A. 17.8
Prop. | 32.46 52.1% 33.5% (3 dB)
Ant. 33 53.6% | 57/92 |-50% (3.54B)| 27

the array is shown in Figure 15. Due to the dual-polar-
ized operation, the structure of the array is relatively
more complex, and the design of the feed network is one
of the main challenges. The array primarily consists of
three layers of substrate, one layer of the bonding layer,
and a metal cavity. The detailed laminated structure can
be seen in Figure 16. Similar to the dual-polarized ele-
ment, the three substrate layers are FABME220, and the
bonding layer is Rogers 4450 with a thickness of 0.1 mm.
The purpose of the metal cavity is to increase the array
gain. Two layers of feed networks are printed on the top
layer (L2) and the bottom layer (L1) of Sub3, respective-
ly. The feed network of Pol.1 is transmitted to the bot-

Figure 14 Configurations of proposed 2 x 2 dual-polarized array.
(a) 3D view; (b) Top view.

Metal cavity

Dual-pol.

Single to
differential

Figure 15 Exploded view of the 2 x 2 dual-polarized array.
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tom layer of Sub3 through the metal via for testing.
Sub2 and Sub3 are secured by a bonding layer. The top
layer (L6) of Subl is an ME-dipole and the bottom layer
(L5) is a patch antenna. The SIW cavity is realized on
Sub2. The bottom layer of Subl (L5) overlaps with the
top layer of Sub2 (L4). Finally, all structures are fixed
with nylon screws in the positioning hole. The detailed
structure of the two polarized feed networks is shown in
Figure 17. Pol.1 uses a traditional in-phase feed network.
To improve isolation, Pol.2 adopts two high-efficiency
baluns to realize differential feeding.

Dual-pol.
element

Metal cavity
L6

L4 & L5
Coupling
slot
oty
B Copper Bl Pol.2 feed M@ Pol.1 feed M8 F4ABME220 Bl Rogers 4450B
Slotted patch #® ME-dipole Ml Metal via

Subl 1 mm

Sub2 1 mm
Bonding layer
Sub3 0.127 mm

0 Aluminum

Figure 16 PCB laminated structure of the dual-polarized array.
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Figure 17 Configurations of dual-polarized feed network of pro-
posed 2x2 array. (a) Top view; (b) Top view of balun; (c¢) Side
view of balun in (b); (d) 3D view of Balun; (e) The transformation
structure between the L1 and the L2 of the Pol.1 feed network;
(f) Side view of (e); (g) and (h) Two types T-junctions. (w,=27,
Weo="7.5, w,,;=1.2, w,,=1.5, w, =1, w,,=5, v, =13, w;=0.6, w,=
0.2, w,=0.968, w,=0.967, w,;=0.2, w;=0.1, w,=0.3, I, =1.44, w,=0.1,
=414, w,=2.14, |,=1.4, r,,=0.4, r,,=0.2, r,=1, r,=1. Unit: mm).

2. High isolation dual-polarized feed network

This subsection will introduce the main principles of
the proposed high-isolation dual-polarized feed network.

Figure 18 illustrates the electric field vector distribution
at the balun when two ports are excited. It is evident
that when port 2 is excited, the energy achieves a single
terminal to differential conversion through the balun;
when port 1 is excited, a differential signal cannot form
at the balun, so it cannot be transmitted to port 2. Tak-
ing the excitation of port 1 as an example, Figure 19
shows the phase distribution during signal transmission.
The feed network of Pol.1 will couple energy to the feed
network of Pol.2, but it is the in-phase signal at the
Balun, so it cannot be converted into a single-ended sig-
nal for transmission to port 2. Figure 20 displays the
simulated E-field distribution when port 1 and port 2 are
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Figure 18 Electric field vector distribution of the balun when two
ports are excited separately.

Unable to transmit
required differential signal

Figure 19 Phase distribution of feed line when port 1 is excited,
where the field cannot be coupled to port 2 due to phase isolation.
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Figure 20 Simulated E-field distribution when (a) Port 1 and (b)
Port 2 are excited, respectively.

excited, respectively. The isolation of the two ports is
high, and the energy of one port is rarely transmitted to
the other port during excitation.

For the proposed dual-polarized feed network, a low-
loss wideband microstrip line balun is required for Pol.2.
Wideband microstrip balun has been extensively studied
[35]-[37], and is commonly used to convert single-ended
signals to differential signals through a slot [35]. In the
mm-Wave band, microstrip balun generally has an open
structure and a large radiation loss. Therefore, according
to our actual structure, we added a cavity to the slot to
reduce the radiation loss. Figure 21 shows the structure
and E-field distribution of the balun with and without
the cavity. The cavity can block major radiation loss.
Figure 22 showcases the influence of the cavity on the
performance of the balun. The transmission loss can be
reduced by more than 0.5 dB (Figure 22(a)) after the ad-
dition of the cavity, and the transmission phase is basi-
cally unaffected (Figure 22(b)).

Max
Min .

Figure 21 3D view of the balun and simulated E-field distribution
(@30 GHz). (a) Balun without cavity; (b) Balun with the cavity;
(c) E-Field in (a); (d) E-field in (b).

3. Simulated and measured results

Figure 23 shows a photograph of the proposed 2 x 2
dual-polarized array. Figure 24 illustrates the simulated
and measured |S),| and |S,,| of the dual-polarized array.
Measured results show that a —10 dB impedance band-
width of 53.4% (23.4-40 GHz) is realized for the two po-
larizations. Due to the frequency limitation of the test
equipment, the actual test was only made to 40 GHz,
while the simulated impedance bandwidth could cover
23.4-41.7 GHz (56%) and 24.73-40.66 GHz (52%) for
two polarizations, respectively. Figure 25 displays the
simulated and measured isolation. The measured isola-
tion is higher than 30 dB in the operating band. Figure 26
shows the simulated and measured peak gain and simu-
lated efficiency. Measured results show that a 3 dB gain
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Figure 22 Effect of cavity on performance of balun. (a) Amplitude
and (b) phase of the S parameters. (Solid line: with cavity. Dotted
line: without cavity).
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Figure 23 The fabricated prototype of the dual-polarized antenna
array. (a) Top view; (b) Bottom view.
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Figure 24 Simulated and measured |S};| and |S,,| of proposed 2 x 2
dual-polarized array.

bandwidth of 26.5-40 GHz with a peak gain of 14 dBi is
realized. The simulated 3 dB gain bandwidth can cover
24-41.8 GHz. Because the feed network of the dual-
polarized array is more complex, the transmission loss is
larger than that of the single-polarized array, and the
simulated efficiency of the array is higher than 64% in
the operating band. Although the tested frequency band
does not fully cover the bandwidth of the array, it can
still demonstrate the proposed antenna performance.
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Figure 25 Simulated and measured isolation of proposed dual-polar-
ized array.
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Figure 26 Simulated and measured peak gain and simulated effi-
ciency.

Figure 27 depicts the simulated and measured radiation
patterns of the array. The radiation patterns of the two
polarizations of the array remain stable in the whole
working band. The slight discrepancy is mainly due to

30.5 GHz

machining and testing errors.
4. Comparison and discussion

To better describe the advantages of the antenna ar-
ray proposed in this paper, Table 3 shows the perfor-
mance comparison between single-polarized and dual-po-
larized planar array antennas. The common transmis-
sion line structure of the feed network mainly includes
SIW, SICL, PRGW and microstrip lines. Although the
transmission loss of the SIW has advantages in the mil-
limeter wave band, it is difficult for the SIW feed net-
work to achieve broadband design (generally no more
than 35%), so it is difficult for antenna arrays based on
SIW to achieve broadband radiation. The array based on
SICL [21] and microstrip line [23], [24], [26], [27] can
achieve more than 50% impedance bandwidth, but be-
cause of the relatively complex transmission line struc-
ture, it is difficult to realize dual polarized radiation.
LTCC process can be used to achieve similar dual-polar-
ization expansion [24], but the processing cost is high
and the loss is large. In addition, the isolation between
the two polarized ports is also relatively low (>14 dB).
The single-polarized array proposed in [26] has wide
impedance bandwidth and gain bandwidth. Our pro-
posed structure has a wider impedance bandwidth. In con-
clusion, our proposed single-polarized and dual-polarized
units and dual-polarized array have advantages in terms
of bandwidth, isolation and processing cost.

V. Conclusion

This paper proposes a novel broadband antenna

Sim. Pol.1

......... Mea. Pol.1 ---e--e---Mea. Pol.2

Figure 27 Simulated and measured radiation patterns. (Pol.1: Port 1 is excited. Pol.2: Port 2 is excited. See Figure 14).
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Table 3 Comparisons between the proposed array and others
Center L Impede.mce No. of Peak gain 3-dB gain Isolation Feed hn.e & Size
Ref. frequency | Polarization | bandwidth clements (dBi) bandwidth (dB) Processing (XA 2)#2
(GHz) (—10 dB) technology 0
[14] 28 Single LP#! 8.5% 4x4 19.1 N.A. N.A. SIW / PCB N.A.
[16] 27.75 Single LP 17.7% 4x4 16.4 N.A. N.A. SIW / PCB 1.85%1.85
[17] 60 Single LP 15.3% 16x16 30.1 16.1% N.A. SIW / PCB 12.16x12.16
(18] 60 Single LP >18.2% 4x4 21.4 >18.2% N.A. SIW / PCB 6x6
[20] 39.5 Dual-LP 14.6% 8x8 25.8 14.6% 45 SIW / PCB 7.59%7.59
[21] 32 Single LP 50% 1x8 13.1 N.A. N.A. SICL / PCB N.A.
[22] 30 Dual-LP 23.4% 1 10.5 N.A. 20 PRGW / PCB | 1.2x1.2
(23] 32 Single LP 51.5% 4x4 20.3 43.8% N.A. PMS#3 / PCB 3.2x3.2
[24] 33 Dual-LP 45% 4x4 16.1 >39.4% >14 MS#4 / LTCC N.A.
[25] 28 Dual-LP 6% 2x8 16.7 N.A. >20 MS / PCB N.A.
[26] 28.32 Single LP 44.6% 4x4 19.18 >47.67 N.A. MS / PCB 2.83x2.83
[27] 32 Dual-LP >50% 2x2 14.8 40% 17.6 MS / PCB N.A.
[30] 13.8 Dual-LP 26.37% 2x2 N.A. N.A. 32 QSIW / PCB N.A.
27.77%
Proposed >40.6%
array 31.7 Dual-LP >52.3% 2%2 14 52%856% (Sim.) >30 MS / PCB 2.87%2.87

Note: #!Single linear polarization. #ZXO free space wavelength at center frequency. #3Packaged microstrip line. #4Microstrip line.

structure, demonstrating that the slotted patch antenna
and the magneto-electric (ME) dipole antenna can be in-
tegrated to achieve a larger bandwidth. During this pro-
cess, to address the issues of narrow bandwidth and low
isolation in dual-polarized array feed networks, we pro-
pose a novel dual-polarized feed network topology. This
allows for the realization of a low-cost, broadband, high-
isolation feed network on a two-layer substrate. The pro-
posed antenna has a simple working principle and excel-

lent

radiation performance and has obvious advantages

in bandwidth, isolation and processing cost, which is
very suitable for mm-Wave applications.
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