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Abstract: In this paper, a slot antenna array based on a half-mode substrate integrated waveguide
(HMSIW) is presented, integrating a series of linearly tapered slots for wireless broadband appli-
cations in millimeter-wave frequencies. The slots are etched on the upper layer of HMSIW, which
radiates the energy from the open side of HMSIW, exhibiting a near broadside radiation pattern. Two
identical sets of back-to-back printed antenna arrays are cross-lap joined to form a quad sector an-
tenna providing 360° coverage. The proposed antenna occupies a volume of 20 x 20 x 70 mm?3. The
measured bandwidth is 1.81 GHz (6.53%) for Voltage to Standing Wave Ratio (VSWR) 3:1 from 26.8
to 28.6 GHz, while the peak measured gain and efficiency of single antenna array were 14.2 dB and
71.3%, respectively, at 27.5 GHz. Furthermore, the sidelobe level in the azimuth plane was observed
to be 17.75 dB. The performance of the proposed antenna is measured, and a good agreement
between simulation and measured results is observed over the frequency range of 27.5-28.35 GHz
for millimeter-wave 5G applications.

Keywords: slot antenna array; half mode substrate integrated waveguide (HMSIW); substrate
integrated waveguide (SIW); linearly tapered slot; 5G fixed wireless access (FWA)

1. Introduction

The demand for high data rates in cellular networks is manifold during the last
decade. To satisfy the needs of such high data throughput, additional bandwidths are
required, which is not possible in existing cellular technologies due to the overcrowded
spectrum. Future broadband networks are aimed to utilize more bandwidth in the unex-
plored millimeter-wave spectrum resulting in a high data rate [1]. The recent development
of 5G fixed wireless access (FWA) at millimeter-wave frequencies is aimed to replace
the conventional fixed access broadband systems. The 5G FWA is a special case of En-
hanced Mobile Broadband (eMBB), where it exploits licensed or unlicensed millimeter
wave spectrum providing a competitive performance as compared to the existing cable-
based broadband services [2]. The major benefits of this technology are easy and rapid
deployment and low cost due to a significant reduction in the number of fiber links in
contrast to existing Fiber-to-the-Home (FTTH) [3]. There are a few possible deployment
strategies for FWA in 5G networks, which are wireless backhaul (WB), direct fiber (DF)
and passive optical network (PON). In these backhaul transport techniques, the network
architecture remains almost the same with the difference of the type of link connecting
5G access points to the network. A typical 5G FWA scenario is depicted in Figure 1,
which deploys a direct fiber link from the central office to the 5G access point. The access
point employs a millimeter-wave spectrum to provide network coverage to several users,
and these are termed as customer premises equipment (CPE) [4]. These CPEs are crucial
components in an FWA system and are categorized into outdoor and indoor CPE. The
indoor CPE connects the users to the FWA network through outdoor CPE. The outdoor
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CPE supports up to 4 x 4 MIMO antennas offering a 10-15 dB improved signal quality as
compared to an indoor CPE that supports up to 2 x 2 MIMO antennas [5]. An experimental
study was carried out by Ericsson to find the feasibility of a 5G FWA deployment in a
suburban environment with a user density of 1000 users per square km. The minimum
requirements set for each user were a data rate of 15 Mbps utilizing a channel bandwidth of
200 MHz operating on a 28 GHz band. This study assumed bidirectional data transmission
using TDD duplex mode and omnidirectional antennas in indoor CPEs with a peak gain
of 10 dBi. The results of this study reveal that 100% of the users had met the data rate
requirement, and 93% of the users achieved a data rate of 100 Mbps [6]. The Federal
Communications Commission (FCC) has auctioned various bands in the millimeter-wave
frequency range including 28 GHz (27.5-28.35 GHz) as a potential candidate for provid-
ing a contiguous spectrum of 850 MHz to the high-speed data services [7]. The antenna
being a core component of a wireless communication system greatly affects the system
performance, and the design of antennas at such high frequencies is difficult due to the
much shorter wavelength in the range of a few millimeters. The antenna systems to be
used on base stations covering the complete azimuth plane are desirable. The substrate
integrated waveguide (SIW) was widely used in microwave circuits and antennas. It is
advantageous over the conventional rectangular waveguides (RWG) due to its low profile,
low cost, ease of fabrication and integration with planar circuit components while having
similar propagation characteristics [8,9]. A folded SIW (FSIW) is proposed and utilized
to design waveguides and filters, which significantly reduces the size of SIW; however,
the fabrication of such a multilayer structure increases the cost and complexity [10,11].
A more compact structure half-mode-integrated waveguide (HMSIW) is developed by
splitting a SIW into half from the center, resulting in a magnetic wall on the open side that
preserves nearly all the advantages of SIW [12]. The HMSIW is more convenient to use
in space-limited applications due to its reduced size, which is merely half of a SIW, and it
can support TEy 59 mode. Several studies on the antennas using the HMSIW have been
presented in the literature. A HMSIW based leaky-wave antenna for the Ka-band is pre-
sented [13]. Despite having a wide bandwidth, the conical shaped quasi-omnidirectional
radiation pattern limits its application to vehicular communication. Two transverse slot
antenna arrays for X and Ka bands are designed by studying the field distribution and
phase constant of a single slot providing a broadside radiation pattern in both bands [14].
However, the Ka-band antenna provides a narrow bandwidth of only 2.7%, and undesired
grating lobes are observed in the E-plane. Several HMSIW antennas are proposed and
developed which incorporate composite right/left-handed (CRLH) structures providing
backward to forward and broadside radiation for the designed frequency range [15,16]. A
multibeam slot antenna array is developed by utilizing SIW based hybrid couplers and
a feeding network [17]. However, this SIW based longitudinal slot antenna array suffers
from the large overall dimensions. The antenna proposed in [18] uses a series of antipodal
linearly tapered slot radiating elements exploiting edge radiation providing forward radia-
tion, while the antennas in [19] use a transverse slot and combination of transverse and
longitudinal slots to demonstrate forward to backward capability. A HMSIW based leaky-
wave antenna is proposed in [20], which uses inter-digital capacitors to realize a leaky-wave
behavior. A novel method is proposed in [21] to reduce the sidelobe levels of HMSIW leaky
wave antennas, and the presented antenna covers the millimeter-wave 5G frequency band
from 26 to 30 GHz. A high-gain sparse phased array antenna with wide-angle frequency
beam scanning capability is proposed in [22], operating at 5.8 GHz exhibiting a narrow
impedance bandwidth. A leaky-wave antenna for 5G wireless devices with an operation
bandwidth of 28.3-29 GHz is proposed and fabricated using low temperature co-fired
ceramic (LTCC) technology that uses embedded cavities to reduce the sidelobe levels [23].
A dual beam-scanning leaky-wave antenna is proposed in [24], utilizing cascaded unit cells
to cover two separate frequency bands radiating linearly polarized wave in lower band
and circularly polarized waves in upper band. Table 1 provides a comparison between the
antennas presented in literatue and the antenna array proposed in this paper. The antennas
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presented in the literature mentioned earlier utilize the HMSIW technique to reduce the
overall dimensions, fabrication cost and complexity, but due to their leaky-wave nature,
the drift in main lobe direction with respect frequency make these antennas suitable for
frequency beam scanning applications. They lack the capability of covering a complete
azimuth plane and are not suitable for such applications where 360° coverage is required.
The antennas presented in the literature are compared with the proposed antenna for a few
parameters such as operating frequency range, gain, overall dimensions of the antenna
array, configuration and azimuth angle coverage. The antenna proposed in this paper is
capable to cover complete azimuth plane while providing a high gain in a 90° sector.

Small Cell

WL TS AN

Wireless Direct Fiber Direct Fiber

< > < >« >

Figure 1. Fixed Wireless Access scenario with fiber backhaul.

Table 1. Comparison of similar antennas in terms of frequency, gain, antenna length, 360° azimuth
angle coverage capability and configuration.

Frequency Gain Antenna 360° Azimuth

Ref. Band (dB) Length Angle Coverage Conflguratlon
This work  26.8-28.6 GHz 14.2 6.5A Yes 4 Antenna
Arrays
[20] 28-31 GHz 10.14 5A No 1 Antenna
Array
[21] 26-30 GHz 10.6 6\ No 1 Antenna
Array
[23] 28.3-29 GHz 7.6 4 No 1 Antenna
Array

2. Design Procedure

Figure 1 describes the difference between SIW and HMSIW based transmission lines.
Initially, a HMSIW based transmission line is simulated, and design parameters such as
the diameter of via d and spacing between vias p are optimized to minimize the radiation
leakage. A single tapered slot is introduced on the top metal surface of the HMSIW
transmission line to realize a tapered slot antenna. Various design parameters are simulated,
and a comprehensive parametric analysis is presented. Based on the optimized single
tapered slot antenna, an array antenna is proposed to enhance the directivity of the antenna.
The number of slots in the array is studied, and the effect on radiation pattern is reported.
An FWA indoor CPE can have multiple sectors to improve the signal reception and system
capacity. An orthogonal arrangement of four identical tapered slot antenna arrays is
proposed, which enables the coverage of the complete azimuth plane while maintaining a
gain above 10 dBi to satisfy the requirements of 5G FWA. A low loss microwave substrate,
Rogers RT Duroid 5880, with a dielectric constant of 2.2, a thickness of 0.508 mm and a
dielectric loss tangent of 0.0009, is used in this design.
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2.1. Design of HMSIW

It was validated through simulation and experimental results that a substrate inte-
grated rectangular waveguide (SIRW), later referred to as SIW, has similar dispersion
properties as a conventional rectangular waveguide. An empirical approximation to
compute the width of a SIW is described in [25] as,

d2

~ 0.95p @

Weff =W
where w,s¢, w, d and p are the width of an equivalent rectangular waveguide, the width
of SIW, diameter and spacing between shortening vias at the sides of SIW, respectively. A
deviation from experimental results is observed for larger values of d. A more accurate
empirical approximation is proposed in [26] as,

2 2

weff—w—1086;+01d (2)
A HMSIW can be considered half of a SIW with one side open and short-circuited

vias on the other side, as can be seen in Figure 2. An equivalent model of HMSIW is
proposed in [27] by considering a perfect magnetic conductor at the open side. The width
of HMSIW denoted by Wi siw can be assumed as a sum of the half-width of the equivalent
rectangular waveguide and an additional width Aw due to fringing fields at the open side.

WHMSIW = f L1 aw ©)]
0.30 eff 52weff 261 | 38
= (o. xIn( 0.7 ° 1o77 4
(005+ €r> <0 9y Tt )
Metallic vias
Q‘% s ) Metallic vias »
— _ d! -, Winsry -
OG?- /{ C-__DD Metal layers dl
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A Substrate Pal
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(©)

Figure 2. (a) Configuration of a substrate integrated waveguide (SIW); (b) Configuration of a half-mode substrate integrated
waveguide (HMSIW); (c) Electric field distribution of fundamental quasi-TEq 5 9 mode in HMSIW.
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The cutoff frequency of the quasi-TE0.5,0 mode in HMSIW can be calculated as

C
4. /e; wHMSIW

fC,TEO'5,0 = (5)

The above formulations (2) and (3) are utilized to synthesize the width of HMSIW
with a particular cutoff frequency for a substrate of thickness / and relative permittivity ¢,
respectively.

2.2. Radiation Principle of Slot Pair

The magnitude of the electric field is maximum at the edge of HMSIW near the open
side, which makes it a good location to insert slots for stronger radiation. The structure
of HMSIW is realized by forming a series of short-circuited vias of diameter 0.5 mm and
spacing of 1 mm at one side and keeping the other side open. The top metal layer covers
half of the substrate in width, and the bottom metal layer has the same width as the
substrate to guarantee the direction of maximum radiation in the xy-plane. The structure
of HMSIW incorporating a pair of tapered slots is depicted in Figure 2.

The corresponding electric field distribution inside the HMSIW matches the funda-
mental quasi-TEg 5,0 mode and is found similar to half of the fundamental mode quasi-TE; o
in SIW as depicted in Figure 2c. The field components of the quasi-TE; g mode inside the
HMSIW are as follows [18]:

Ey,(0.5,0) = Akysinky(w — x)efjkzz ©
—Akyk, . p
Hy 050 = # sinky (w — x)e jkaz .

AlekE— 12)
Jeop
where w and y are angular frequency and permeability of the material inside HMSIW. The

parameters ky and k; are,

H. (050) = cosky(w — x)e 2,0 < x <w ®)

7T
kx = m (9)

K — \/srk% _ (wf_a))z (10)

where a is the position of the maximum electric field in the x-axis. The total field radiated
can be assumed as a sum of electric fields radiated by the open side and the slot pair. The
radiation field radiated by the open side can be obtained from (6), assuming the value of
w = 0 at the open boundary.

2.3. HMSIW Single Slot Antenna and in an Array Configuration

Figure 3 shows the configuration of the HMSIW slot antenna identifying all design
parameters, which are given in Table 2. A linear tapered slot is introduced as the radiating
element in the upper layer of HMSIW, which is fed by a microstrip feed, and a microstrip
transition is used. The substrate used is Rogers RT/Duroid 5880 with a dielectric constant
of 2.2 and thickness of 0.508 mm. The proposed antenna is designed in a 3D EM simulation
and analysis software CST Microwave Studio. A parametric analysis is performed to
observe the effect of the design parameters on the reflection coefficient.
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Figure 3. Configurations of HMSIW tapered slot antenna incorporating a single slot.
Table 2. List of parameters.
Parameter Value (mm) Parameter Value (mm)
Wansiw 3.5 d 0.5
P 1 Hg,p 0.508
Wi 13 Liy 5
Wtrtms 1.6 Ltmns 5
Dy 45 Ly 1.5
D, 25 L 0.5
Wsup1 9 Lsup1 17.5
Wbz 9 Lgyp2 70
Ds 45 Dy 5.243
Ds 8.02 Dg 9.968

The parametric analysis presented in Figures 4 and 5 is obtained from the EM sim-
ulation of a single slot antenna. Figure 4a shows the effect of change in the width of slot
W1 (mm). The optimized antenna has a slot width of 3.2 mm, which is approximately
equal to the half resonant waveguide wavelength. It is evident from the theory of slot
antennas that the resonating frequency is inversely proportional to the width of the slot,
and similar behavior is observed. The change in resonant frequency is relatively small
while the length of the slot L1 (mm) is altered, which is due to the change in the impedance
of the slot as in Figure 4b. The opening of the slot L; is changed from 0.3 mm to 0.5 mm,
as in Figure 4c, and it is observed that it has minimal effect on the impedance matching
of the antenna; rather, it changes the resonant frequency. Identifying such parameters is
beneficial in antenna designing and can help in the optimization process. The distance
of the slot to the horizontal vias at the end of HMSIW, termed as matching load, greatly
affects the impedance matching of the antenna, consequently deteriorating the return loss
as reported in Figure 4d.

The gain of an array antenna is directly proportional to the number of radiating
elements, and to increase the gain, the number of slots in an array was increased from 1 to
8. A pair of linearly tapered slots separated by a distance D, (mm) is repeated at a distance
of D3 (mm), which is the spacing between slot pairs. Increasing the number of slots from 1
to 2 lowers the resonant frequency of the antenna, which is the result of coupling between
the slots. Adding one more slot pair does not change the resonant frequency, but the
impedance matching is degraded. When the number of slots is increased to 8, the antenna
has two resonances which result in bandwidth improvement. The effect of the number of
slots on S17 (dB) is shown in Figure 5a. The normalized radiation patterns in the elevation
plane are displayed in Figure 5b, and it is observed that increasing the number of slots
decreases the beam-width of the antenna.
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Figure 4. Simulated S1; (dB) of HMSIW single slot antenna for (a) Width of slot W1 (mm); (b) Length of slot L; (mm); (c)
Opening of the slot L, (mm); (d) Distance of slot to the matching load D, (mm).
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3. Quad Sector HMSIW Slot Antenna Array

The proposed antenna is fabricated using the substrate Rogers 5880 with the same
electrical properties as used in the HMSIW single slot antenna. Figure 6 shows the config-
uration of the Quad sector HMSIW slot antenna array along with the photograph of the
fabricated prototype. The structure is composed of two copies of identical HMSIW tapered

-50 0 50
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(b)
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slot antenna arrays printed back-to-back on the same substrate. Two of such antenna arrays
are then lap joined together to form a quad sector antenna array with an angular separation
of 90° between adjacent antennas. The substrate and metal layers are extended by 2 mm
beyond the vias opposite to the open side of HMSIW. This extended space improves the
mutual coupling between adjacent antennas and reduces the complexity of the fabrication
procedure. The full-wave simulation is performed using the CST Microwave Studio.

A
-

Leupz

()

Figure 6. (a) Configuration of single HMSIW slot antenna array; (b) Configuration of quad sector HMSIW slot antenna
array; (c) Photograph of the fabricated prototype.

3.1. S-Parameters

The simulated and measured results of S-parameters are shown in Figure 7. The
measured results are obtained by using a Keysight Vector Network Analyzer E5080B. It can
be observed that the measured reflection coefficient S11 (dB) is below —6 dB from 26.8 GHz
to 28.6 GHz, exhibiting a bandwidth of 1.8 GHz (6.53%). The isolation between antennas is
observed to be less than —35 dB over the desired frequency range. The difference observed
between the simulated and measured results is due to the etching error and imperfect
soldering of antennas.
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Figure 7. Measured and simulated S-parameters for the quad sector HMSIW leaky-wave antenna.

3.2. Radiation Performance

The simulated normalized 3D radiation patterns for all four antennas at 27.5 GHz are
presented in Figure 8. In accordance with the configuration of the antenna, the radiation
pattern is identical for all four antennas having main lobes oriented at angles 110°, 200°,
290° and 20° in azimuth plane and 105° in elevation plane for antenna 1, 2, 3 and 4,
respectively. The simulated normalized 3D radiation patterns at 27 GHz, 28 GHz and
28.5 GHz are presented in Figure 9. It can be seen that the sidelobe level is below —17.75 dB
in the azimuth plane, and the radiation pattern is almost symmetric around the orientation
of the main lobe. A comparison of the peak measured realized gain and radiation efficiency
is provided in Table 3, and it is evident that these are in the range of 10-14.2 dB and 40-70%,
respectively, over the frequency band 27.8-28.6 GHz.

Table 3. Measured radiation performance.

Frequency Sim. Gain (dB) Meas. Gain (dB) Sim. Efficiency (%)  Meas. Efficiency (%)
(GHz) Ant 1/Ant 2 Ant 1/Ant 2 Ant 1/Ant 2 Ant 1/Ant 2
27 10.47/10.47 9.87/9.52 41.6/41.6 33.2/31.2
27.5 14.81/14.8 14.2/13.9 81/81 71.3/68.7
28 14.53/14.52 13.9/13.7 78.6/78.6 69.7/65.1

28.5 10.97/10.96 10.1/9.89 50.3/50.3 42.1/39.1
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Figure 8. Simulated 3D normalized radiation patterns of the quad sector HMSIW slot antenna array at 27.5 GHz for all four
antennas (a) Antenna 1; (b) Antenna 2; (c¢) Antenna 3 and (d) Antenna 4.
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Figure 9. Simulated 3D normalized radiation patterns of the quad sector HMSIW slot antenna array at different frequencies
(a) 27 GHz; (b) 28 GHz and (c) 28.5 GHz.
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4. Conclusions

A low-profile HMSIW fed tapered slot antenna array is presented in a quad sector
configuration for 5G millimeter-wave access points. Full-wave analysis of the structure
estimates that the resonant frequency decreases with the increase in the slot length, and
it can be tuned by changing the opening of the slot. The number of slots is increased
from 1 to 8 to enhance the gain of a single antenna array. A quad sector antenna system is
proposed by arranging four identical HMSIW slot antenna arrays, each covering a quadrant
of angular space on an azimuth plane. The far-field measurements show that the proposed
antenna array has a maximum gain of 13.9 dB and radiation efficiency of 71%. Overall, the
proposed quad sector antenna is demonstrated to be a good candidate for millimeter-wave
wireless broadband applications.
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