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Abstract

The cloud radio access network (C-RAN) is one of the most efficient, low-cost, and 
energy-efficient radio access techniques proposed as a potential candidate for the imple-
mentation of next-generation (NGN) mobile base stations (BSs). A high-performance 
C-RAN requires an exceptional broadband radio frequency (RF) front end that cannot be 
guaranteed without remarkable antenna elements. In response, we present state-of-the-
art antenna elements that are potential candidates for the implementation of the C-RAN’s 
RF front end. We present an overview of C-RAN technology and different types of planar 
antennas operating at the future proposed fifth-generation (5G) bands that may include 
the following: (i) ultra-wide band (UWB) (3–12 GHz), (ii) 28/38 GHz, and (iii) 60-GHz 
radio. Further, we propose different planar antennas suitable for the implementation 
of C-RAN systems. We design, simulate, and optimize the proposed antennas accord-
ing to the desired specifications covering the required frequency bands. The key design 
parameters are calculated, analyzed, and discussed. In our research work, the proposed 
antennas are lightweight, low-cost, and easy to integrate with other microwave and mil-
limeter-wave (MMW) circuits. We also consider different implementation strategies that 
can be helpful in the execution of large-scale multiple-input multiple-output (MIMO) 
networks.

Keywords: 5G antennas, 28/38 GHz antennas, 60 GHz radio, cloud computing, green 
RAN
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1. Introduction

Mobile data traffic has grown 4000-fold over the past 10 years, and it is projected to grow 
by more than 500 times over the next few years [1]. To cope with this large demand for 
mobile services, the mobile communication industry is currently developing fifth-generation 
(5G) mobile communication systems with the objective of providing pervasive, ubiquitous, 
always-connected broadband data communication. Many issues must be addressed to ensure 
5G networks’ superior performance, such as higher energy efficiency, higher system spec-
tral efficiency, broadened network coverage, user coverage in hot spot and crowded areas, 
low latency, and better quality of service (QoS). Many key enabling technologies have been 
suggested for 5G, including millimetric wave transmission, massive multiple-input multiple-
output (MIMO) networks, small cellular cells, heterogeneous network architectures, cloud 
radio access networks (C-RANs), and cognitive radio [2].

Cell densification (i.e., adding more cellular cells to the network) is proposed to increase the 
capacity, coverage area, and spectral efficiency of 5G networks [3]. However, a major draw-
back of cell densification is the signal interference between adjacent base stations (BSs), which 
may diminish the capacity gain. Considering the issues and challenges related to the cell 
densification in next-generation (NGN) mobile networks, mobile operators have proposed a 
cost-effective and energy-efficient solution that can provide optimized performance suitable 
for gigabits per second (Gbps) networks: the C-RAN [2].

The architecture for a general C-RAN system is shown in Figure 1. In a C-RAN, the base-
band units (BBUs), which consume high power, are separated from the radio access units 
(also called remote radio heads (RRHs)). The idea in C-RANs is to move the BBUs to a 
central location (data center) and connect it to the radio access units via optical fibers 
[4]. At a remote site, the radio access unit (RRH) consisting of the antennas and radio fre-
quency (RF) front end performs digital processing, digital-to-analog conversion, analog-
to-digital conversion, power amplification, and signal filtering [2]. Moving the BBUs to 
a central location improves energy efficiency, since all the baseband processing are done 
at the central location, called the cloud. Furthermore, the C-RAN network architecture 
enables inter-BS operations. Coordinated multipoint processing (CoMP) techniques can 
mitigate the interference between BSs and provide better management and coordination. 
In addition, CoMP minimizes energy consumption in MIMO systems by enabling coordi-
nated multipoint concepts.

The performance of a 5G RAN strongly relies on an efficient RF front-end transceiver section. 
In addition to the amplifiers’ nonlinearity, in-phase and quadrature-phase imbalance, imper-
fect timing causing synchronization problems, and channel interference issues, the efficiency 
of the RF front end is strongly affected by the antenna design, RF impairments, antennas’ 
special dispersion causing signal distortion, mutual coupling, and broadband antennas’ non-
linear characteristics. Since wireless transmission involves antennas at both user terminals 
and the BSs, considerable attention is required in the designing and characterization of the 
antennas to achieve 5G networks’ objectives.
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2. State-of-the-art antennas

In addition to the massive bandwidth of the antenna elements required for the implementa-
tion of NGN communication networks, several other key parameters such as gain, polariza-
tion purity, radiation efficiency, radiation patterns stability over the wide bandwidth, and 
minimum dispersion to the input signal are required to satisfy the systems’ specifications. 
Antennas are classified into various types based on their key parameters/characteristics and 
targeted applications. In order to fulfill the ever-growing demand for wireless high-data-rate 
applications, ultra-wideband (UWB) technology has been considered a comprehensive solu-
tion for RF front-end design to enhance channel capacity [5]. UWB technology has drawn 
considerable attention, especially since the US Federal communication commission (FCC) 
authorized the use of the 3.1–10.6-GHz frequency band for commercial communication appli-
cations in 2002 [6]. Therefore, due to its huge bandwidth and unique feature of spectrum shar-
ing, UWB can be considered one of the leading technologies for the implementation of NGN 
radio access networks, including the C-RAN.

Recent UWB antenna designs have focused on low cost, small size, and low-profile planar 
technology because of their ease of fabrication and their ability to be integrated with other 
components. The planar circuit development technique has brought monopole antennas with 
different shapes (polygonal, rectangular, triangular, square, trapezoidal, pentagonal, and hex-
agonal), circular, elliptical, etc.), which have been proposed as suitable candidates for UWB 
antenna systems [7, 8]. Mainly, the printed antennas consist of the planar radiator and ground 

Figure 1. Architecture for general C-RAN system.
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plane etched oppositely onto the dielectric substrate of the printed circuit boards (PCBs). In 
some configurations, the ground plane may be coplanar with the radiator. The radiators can 
also be fed by a microstrip line or coaxial cable [9].

Numerous microstrip UWB antenna designs have been proposed [10–15]. For instance, a 
patch antenna has been designed as a rectangular radiator with two steps, a single slot on 
the patch, and a partial ground plane etched on the opposite side of the dielectric substrate. 
It provides a bandwidth of 3.2–12 GHz and a quasi-omni-directional radiation pattern [10]. 
Moreover, a clover-shaped microstrip patch antenna has been designed with a partial ground 
plane and a coaxial probe feed. The measured bandwidth of the antenna is 8.25 GHz with a 
gain of 3.20–4.00 dBi. In addition, it provides a stable radiation pattern over the entire opera-
tional bandwidth [11]. Another design is a printed circular disc monopole antenna fed by a 
microstrip line. The matching impedance bandwidth is from 2.78 to 9.78 GHz with an omni-
directional radiation pattern, and it is suitable for integration with PCBs [12]. In addition, 
several elliptical shaped-based antennas have been designed. For example, three printed 
antennas have been designed starting from the elliptical shape, namely the elliptical patch 
antenna, its crescent-shaped variant, and the semielliptical patch [13].

Another type of printed antenna is the UWB-printed antenna fed by a coplanar waveguide 
(CPW). For example, one trapezoidal design and its modified form cover the entire UWB band 
(3.1–10.6 GHz) and have a notch for the IEEE 802.11a frequency band (5.15–5.825 GHz). The 
frequency notch function is obtained by inserting different slot shapes into the antenna. The 
notch frequency can be adjusted by varying the slot’s length. The antennas show good radia-
tion patterns as well as good gain flatness except in the IEEE 802.11a frequency band [14]. 
Another kind of radiating element considered suitable for phased arrays is the class of Vivaldi 
antennas, also known as quasi-end-fire nonresonant radiator or tapered slot antennas (TSAs) 
[15]. However, the element is normally fabricated by cutting a notch in a metal plate and backed 
by a quarter-wave cavity behind the feed point to improve its forward gain. A few examples 
of designed and fabricated UWB monopole and directional antennas are shown in Figure 2.

The next generation of ongoing wireless revolution with the growing demand of wireless 
facilities in mobiles, the millimeter-wave (MMW) frequency band appears to be a strong candi-
date for future radio access technologies. In addition to UWB, MMW technology (30–300 GHz) 
allows the developing of miniaturized and compact antenna sensors to be used in the RF front 
end, thus reducing the overall size of the system [16–19]. Compared to lower frequency signals, 
MMW signals can propagate over shorter distances due to their larger attenuation. Therefore, 
the development of MMW antennas with high gain performance for wireless access networks 
has attracted the interest of many researchers. In order to improve the spectral efficiency and 
exploit the benefits of spatial multiplexing, MMW antennas are expected to be used for large-
scale MIMO (i.e., massive MIMO) systems. Therefore, it is important that improving a single 
parameter of an individual antenna will significantly improve the overall performance of a 
MIMO system, since each branch of the MIMO system will find at least one of them. The fol-
lowing are some well-known architectures and packaging techniques for improving the per-
formance of MMW radios in terms of bandwidth, gain, and directivity.
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Figure 2. Different types of UWB antennas (a) conical antennas, (b) planar monopoles, (c) planar monopoles with band 
stop filters, (d) Vivaldi antennas and (e) spiral antennas [9].
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Vettikalladi et al. [20] explained the significance of the addition of a superstrate on an aper-
ture-coupled antenna at MMW frequencies. It can be seen that with the addition of a super-
strate, the bandwidth is noted to be BW = 58.7–62.7 GHz (i.e., 6.7%) with a maximum gain 
of 14.9 dBi. A new dual-polarized horn antenna fed by a microstrip patch operating in the 
Ku band was proposed in Ref. [21]. The patch and horn were designed separately and then 
assembled together. The horn antenna had a reflection coefficient of less than −10 dB and a 
port isolation greater than 30 dB over 14.6–15.2 GHz and a gain of 12.34 dBi and 10-dB beam-
widths of 87° and 88° at 14.9 GHz. The final structure had a gain of 12.34 dBi. The authors 
in Ref. [22] presented a wideband transition from CPW to horn antenna (CPWHA) based on 
the slot-coupled stacked-patch antenna technique, while those in Ref. [23] presented a wide-
band high-efficiency 60-GHz aperture superstrate antenna. It is found by measurement that 
by using a superstrate above the aperture antenna, we can improve the gain up to 13.1 dBi 
with a wide bandwidth of 15% and an estimated efficiency of 79%. This good result is higher 
than that of a classical 2 × 2 array, on an RT Duroid substrate, with a gain of 12 dBi and an 
efficiency of 60%. In Ref. [24], a new concept of a directive planar waveguide (WG) antenna 
array for the next generation of point-to-point E-band communication was presented. The 
proposed antenna consisted of two major parts: first, the array of Gaussian horn radiating 
elements, and second, the mixed feeding rectangular WG network. A high-gain slot-coupled 
circular patch antenna with a surface-mounted conical horn for MMW applications at 31 GHz 
was proposed in Ref. [25]. The design adopted microstrip/conical horn hybrid technology for 
a 6-dB enhancement over the conventional circular patch antenna. A novel micromachining 
approach for realizing 60-GHz foam aperture-coupled antennas was presented in Ref. [26]. 
The foam is indeed an ideal antenna substrate, as its electrical properties are close to those 
of the air. High-gain compact stacked multilayered Yagi designs were proposed and dem-
onstrated in the V-band in Ref. [27]. This novel design showed for the first time an antenna 
array of Yagi elements in an MMW-stacked structure. The measured Yagi antenna attained 
an 11-dBi gain over a 4.2% bandwidth with a size of 6.5 × 6.5 × 3.4 mm2. Efficient and high-
gain aperture-coupled patch antenna arrays with superstrates at 60 GHz were studied and 
presented in Ref. [28]. The maximum measured gain of a 2 × 2 superstrate antenna array was 
16 dBi with an efficiency of 63%, 4 dB higher than that of a classical 2 × 2 array at 60 GHz.

In order to meet recent requirements of designing large-scale MIMO wireless communication 
systems, conformal antenna technology enables the development of compact antenna arrays 
[29, 30]. Moreover, to create high-capacity MMW-MIMO systems, conformal antenna struc-
tures can be integrated with modern beam-switching technology, resulting in a data rate of 
several gigabytes. In cases in which the line-of-sight link is blocked, beam-switching technol-
ogy allows the dynamic control of the antenna’s main beam in order to find the received sig-
nal with the highest power. Several antenna arrays with beam-steering and beam-switching 
capabilities have been developed in Refs. [16, 31, 32]. Recently, a beam-switching conformal 
antenna array system operating at the 60-GHz mm-wave frequency band offering 1.5-GHz 
bandwidth was reported in Ref. [33]. However, the size of the developed switched beam array 
system was 31 × 46.4 mm2 rounded around a cylinder with a radius of 25 mm. Second, the 
simulations resulted in a gain value of 16.6 dBi.
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3. Design of planar antennas for C-RANs

Among various devices, C-RANs have a good number of highly efficient antennas integrated 
with their RF front ends. In order to make these antennas more adaptable and fulfill the tele-
com vendors’ requirements, they are expected to operate in one of the future proposed 5G 
bands: (i) UWB (3–12 GHz), (ii) 28/38 GHz, or (iii) 57–64 GHz suggested for system design and 
implementation. In this work, we will design, model, and optimize state-of-the-art antenna 
elements operating over the proposed frequency bands that can be considered suitable candi-
dates for the implementation of a C-RAN’s RF front end. The proposed antennas are designed 
to be efficient, moderate in size, low-profile (i.e., can be implemented using conventional fab-
rication processes), and cost-effective. In addition, the designed antennas’ key parameters 
such as reflection coefficient, gain, radiation pattern, dispersion effect, radiation efficiency, 
and pattern stability are calculated and optimized to achieve the C-RAN’s high data rate 
requirements. The following are the design details of our proposed antenna elements sug-
gested for the implementation of the C-RAN’s front end.

4. UWB antenna element

In this section, we present antipodal tapered slot antennas (ATSAs) with elliptical strips termi-
nation modified with elliptical-shaped edge corrugations. The proposed corrugated antenna 
uses elliptical slots loading to improve the gain by up to 1.9 dB over an operational bandwidth 
of 0.8–12 GHz. It also improves the front-to-back lobe ratio. The designed ATSA exhibits mini-
mum distortion to ultra-short pulses of 50 ps covering the 3–12-GHz frequency band.

4.1. Antenna design

The antenna element shown in Figure 3(a) is a traveling wave ATSA developed on Rogers 
5880 substrate having dielectric constant εr = 2.2 and thickness h = 1.574 mm. The size of each 
antenna is 160 × 120 mm2.

The ATSA-EC contains strip conductors on both sides of the substrate. In order to have imped-
ance matching over a bandwidth of more than 10:1, the tapered slot is designed by following 
the guidelines in Ref. [35]. The exponential taper Cg is used for the ground in order to achieve 
the broadband microstrip to parallel plate transition. The tapered curve Cg is defined as

   C  g   =  W  y   − 1 + 0.1  W  y    e   α W  x     (1)

where α is the rate of transition for the exponential curve defined as follows:

  α =   1 ______ 1.92  W  x  
   ln  (    

 W  y   + 0.1  W  t  
 _________ 0.1  W  t  

   )     (2)

where wx is the x-directed length of the curve with wy and wt being the y-directed initial and 
final points, respectively. The variation of impedance bandwidth and radiation characteristics 
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against different geometrical parameters of proposed ATSAs are analyzed by full-wave simu-
lation software CST Microwave Studio [36]. Table 1 presents the geometry of the ATSA, which 
results in 182% impedance bandwidth with the required radiation performance.

In order to improve the radiation characteristics, elliptical edge corrugations are applied to 
the ATSA, as shown in Figure 3(a). At each edge of the antenna, unequal half-elliptical slots 
(UHESs) are loaded with the period Cs = 17 mm. The largest UHES having minor axis and major 
axis radii Rs1 = 15 mm and Rs2 = 8 mm, respectively, is placed at the center of the elliptical fin. 
Conversely, the major axis radii of the other UHESs are decreased linearly by the factor Cr = 0.7 
having the constant ellipticity ratio er = 0.533 = Rs2/Rs1.

4.2. Results and discussion

The photograph of the fabricated ATSAs is shown in Figure 3(b). The measured return loss 
of the fabricated ATSA-EC is compared with the simulation results, as shown in Figure 4. 

Figure 3. Layout diagram of (a) antipodal tapered slot antenna with elliptical-shaped edge corrugation (ATSA-EC) and 
(b) photograph of fabricated antenna [34].

R1 R2 D wy wx wt wo w1

32.5 42.25 65 8 43.85 35 5.95 6.12

Table 1. Optimized geometrical dimensions (mm) of ATSA.
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The simulation results are in good agreement with the measured performance. Generally, 
the radiation of an ATSA is a function of length, aperture width, and substrate thickness. The 
added inductance due to edge corrugation increases the electrical length of the antennas. 
The loading of the ATSA with UHES can suppress the surface current at both back edges, 
resulting in improved gain performance compared to un-slotted antenna gain. Similarly, the 
UHESs increase the effective length of the antenna, resulting in more directive beams in both 
the E- and H-planes. Figure 5 presents the simulation results of the ATSAs’ gain performance 
against various corrugation depths compared with un-corrugated ATSAs. The realized gain 
of the ATSA is found between 3 and 8.5 dBi over the 0.8–6 GHz frequency band. The edge 
corrugation arranges the current path to be parallel with the desired radiating current and 
opposite to the undesired surface current. The former enhances the gain, whereas the latter 
decreases the backward radiation. Therefore, the realized gain of the ATSA-EC is improved 
over the 0.8–6 GHz band by varying elliptical slots radii Rs1 and Rs2. Comparatively, better 
gain improvement is found for the ellipticity ratio er = Rs2/Rs1 less than 0.35, as depicted in 
Figure 5.

Figure 4. Measured return loss characteristics of fabricated ATSA-EC [34].
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The simulated time domain response of ATSAs when excited with pass-band Gaussian pulses 
covering the complete spectrum of operating frequency is shown in Figure 6. The received 
pulses are obtained by placing an x-oriented E-field probe 10 m along the broadside direction 
of the antenna. The FWHM of the transmitted pulse is 50 ps, while the received pulses pre-
serve the Gaussian shape having a maximum FWHM of 56 ps related to the ATSA-EC with 
RS1 = 30 mm and RS2 = 18 mm. The FWHM of the ATSA without corrugation and ATSA-EC 
with RS1 = 50 and RS2= 14 are found to be 58 and 59 ps, respectively. The fidelity factor is cal-
culated according to the following relation [37].

  Fidelity =  max  τ      
 ∫ −∞  ∞     S  t   (t)   S  r   (t − τ) dt

  ____________________  
 √ 

________________________
    ∫ −∞  ∞     |    S  t   (t)  |        2  dt |    S  r   (t − τ)  |        2  dt   
   ,  (3)

where St(t) and Sr(t) represent the transmitted and received time domain pulses, respec-
tively. The fidelity factors for ATSA-EC at different edge corrugations are presented in 
Table 2.

Figure 5. Simulated gain characteristics of ATSAs at different edge corrugation values [34].
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5. Compact switched-beam MMW conformal antenna array system

This section presents a conformal ATSA system designed for future 5G wireless communica-
tions. A compact (25 × 30-mm2) ATSA element is designed presenting the reflection coeffi-
cient value less than −10 dB over a wide spectrum covering the 14.8–40-GHz frequency band. 
The MIMO antenna system is comprised of four ATSAs. Antenna elements are placed 90° 
apart from each other over a small cylinder having a 12-mm radius. The conformal ATSAs are 
loaded with a dielectric lens for gain enhancement. The optimized dimensions of the dielec-
tric lens are obtained by several full-wave simulations resulting in a gain value of more than 
20 dBi from 24 to 40 GHz. The proposed system presents four orthogonal independent beams 
switched at the angle of ±14° along the coordinate axis.

5.1. Broadband MMW ATSA design

The geometry of the ATSA antenna is shown in Figure 7(a). The antenna was designed on RT/
duroid® 5880 laminate having a dielectric constant of εr = 2.2 and a thickness of 0.254 mm. The 
top and the bottom plane conductors form an antipodal feed arrangement, enabling the ATSA 
antenna to exhibit excellent broadband characteristics. The tapered ground plane is obtained 
by cutting a half-ellipse with the radii of the major axis and minor axis, r1 and r2, respectively. 

Figure 6. Simulated transmitted and received pulses on E-field probe for different edge corrugation parameters [34].

   
 R  

s2
  
 

___
 

 R  
s1

  
      

10
 

__
 

30
      

14
 

__
 

30
      

18
 

__
 

30
      

10
 

__
 

50
      

14
 

__
 

50
      

18
 

__
 

50
   

Fidelity 0.89 0.88 0.87 0.91 0.92 0.9

Table 2. Calculated fidelity factor for ATSA-EC at different edge corrugation.
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The top plane and the bottom plane conductors are tapered according to the guideline given 
in Ref. [17]. In order to reduce backward radiations, the linear corrugation is designed and 
optimized by executing several full-wave simulations using the CST Microwave Studio com-
puter program. The optimized parameters of the ATSA are listed in Table 3.

The geometry of the proposed conformal ATSA is shown in Figure 7(b). The ATSA element 
is designed over a low-thickness flexible substrate, which allows us to round the antenna 

Figure 7. Geometry of ATSA, (a) rectangular configuration, (b) lens-loaded conformal configuration [38].

Parameter W L Hf Lf lg W0 Wg r1

Value 
(mm)

24 32 16 15 1.63 0.67 16 7.6

Parameter l1 l2 l3 l4 w1 w2 ws r2

Value 
(mm)

5.15 3.07 2.27 2.99 5 3 0.5 5.36

Table 3. Optimized dimensional parameters of the proposed antenna.
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element over a cylindrical surface. We selected a cylinder of foam material to preserve the 
electrical characteristics of the designed antenna. The radius of the foam cylinder is 12 mm. 
In order to enhance the gain, the ATSA is loaded with a half-spherical dielectric lens with a 
relative permittivity of εr = 2.2 and optimized radius (rs) of 32 mm. The length (lc) of the con-
formal structure is the same as that of the nonconformal antenna, which is equal to 32 mm. 
The calculated performance parameters of the proposed antenna structures are discussed in 
the following subsections.

5.2. Results and discussion

The ATSA of the conventional rectangular shape was first optimized to exhibit a −10 dB band-
width over a wider frequency spectrum. In the conformal antenna design, the radius of the 
foam cylinder is optimized for a minimum realizable value without compromising the electri-
cal performance of the original ATSA. Finally, a dielectric lens is introduced toward the end-
fire direction of the conformal ATSA, and S-parameter values are calculated. The S-parameter 
curves of the ATSAs having rectangular, conformal, and lens-loaded conformal configura-
tions are presented in Figure 8, showing S11 values less than −10 dB from the 14.8 to 40-GHz 
frequency band. All three curves presenting the reflection coefficient performance of different 
ATSA configurations are found to be in close agreement with each other. The rectangular-
shaped ATSA radiates toward the end-fire direction with E- and H-plane pattern symme-
try. Figure 9(a) and (b) compare the normalized radiation patterns of ATSAs’ rectangular, 
conformal, and lens-loaded configurations at 28 and 38 GHz, respectively. The conformal 
ATSA without a lens exhibits almost the same radiation pattern as the rectangular ATSA at 
both frequencies, except there is a shift of 4° in the H-plane pattern. The ATSA configurations 

Figure 8. Reflection coefficient versus frequency of three different configurations of proposed ATSA [38].
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without a lens present an average 3-dB beam-width of more than 40° in both planes. On the 
other hand, the lens-loaded ATSA finds a 14° shift in the H-plane beam with a 3-dB angular 
width of 12°. The introduction of the dielectric lens toward the end-fire direction enhances 
the gain of a conformal ATSA due to the focusing of the radiated field in space. The diameter 

Figure 9. Copolarization radiation patterns in φ= 0° (H-plane) and φ = 90° (E-plane) cuts at (a) 28 GHz and (b) 38 GHz 
[38].
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of the dielectric lens is optimized by several full-wave simulations. The results presenting a 
parametric study of gain versus frequency against different diameters of dielectric lens are 
shown in Figure 10. A significant improvement (i.e., more than 10 dB) in gain parameters is 
observed by increasing the radius (rs) of the dielectric lens up to 32 mm. Table 4 presents the 
comparison of the radiation characteristics among the three configurations of the ATSA .

5.3. Four-element beam-switched MIMO ATSA system

The geometry of the proposed conformal MIMO antenna system is shown in Figure 11. The 
four ATSA elements are placed along the ±x, y co-ordinate axis of a 12-mm-radius cylinder. 
The physical separation between the subsequent antenna elements is dc = 17 mm, which is 
1.58 λ_0 at 28 GHz. The dimensions of conformal MIMO ATSAs are the same as mentioned 
previously. Antenna elements 1 and 2 are approximately perpendicular to each other, placed 
parallel to the yz-plane and xz-plane, respectively. Similarly, antenna elements 3 and 4 are 
placed opposite to antenna elements 1 and 2, respectively.

Figure 10. Gain versus frequency against different radii of dielectric lens loaded toward end-fire direction of ATSA [38].

Peak gain (dBi) Radiation efficiency (%)

Element 1 6.06 97

Element 2 5.18 98

Element 3 5.50 97

Table 4. Comparison of peak gain and radiation efficiency among the MIMO antenna systems.
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The four-element conformal ATSAs loaded with a dielectric lens are simulated to calculate 
and analyze S-parameters using the full-wave simulation program CST Microwave Studio 
[20]. The proposed conformal configuration of ATSAs does not affect the impedance band-
width of the original design, since the mutual coupling between the antenna elements is 

Figure 11. Geometry of four-element switched-beam MIMO antenna system, (a) transparent view and (b) solid view 
[38].

Figure 12. S-parameters of four-element beam-switched antenna system [38].
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below −20 dB over the complete spectrum, as shown in Figure 12. The minimum values of 
the reflection coefficient and mutual coupling values are below −10 and −20 dB, respectively, 
from 14.8 to 40 GHz. Moreover, better isolations are achieved between antenna elements 1 
and 3. Considering the frequencies 28 and 38 GHz proposed for 5G wireless communications, 
the designed switched-beam ATSAs exhibit excellent S-parameter performance at those par-
ticular frequencies. Due to the symmetry of the designed configuration, only the S-parameter 
results for ATSA 1 are presented. The radiation performance of the proposed antenna configu-
ration is calculated by exciting the particular element and terminating the other element with 
50-Ω matched loads. Consider the proposed conformal configuration (see Figure 11) where 
antenna 1 and antenna 3 are placed opposite to each other at the −ve and +ve x-axis, respec-
tively. Similarly, antenna 1 and antenna 3 are placed at the −ve and +ve y-axis, respectively. 
Since the dielectric lens is placed off-center with respect to each antenna element, exciting 

Figure 13. H-plane (antenna 2 and antenna 4) and E-plane (all antennas) switched beam radiation patterns at (a) 28 GHz 
and (b) 38 GHz. Beam switches at each co-ordinate axis (±x,y) displaced by 12° in H-plane [38].
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antenna 1 enables the focusing of electromagnetic energy toward the +ve x-axis and vice versa. 
The same phenomenon is observed between antenna 2 and antenna 4. The calculated H-plane 
and E-plane radiation patterns with their respective excitations at different ports are shown 
in Figure 13. For the excitation of antenna 2 and antenna 4, the H-plane pattern is calculated 
by taking theta (θ) cut at the ϕ = 〖90〗^o plane. Antenna 2 and antenna 4 find beams switched 
at θ = 〖12〗^o and θ = 〖−12〗^o, respectively. Similarly, the same radiation pattern results for 
antenna 1 and antenna 3 in the H-plane are observed at ϕ = 0^o cut. The E-plane radiation pat-
tern is calculated by taking phi (ϕ) cut at θ = 〖12〗^o. It is worth noticing that the consecutive 
excitation of each individual port can result in four orthogonal switched beams placed 90° 
apart from each other.

6. 60-GHz radio or MMW antenna array for cloud computing

In this section, a simulated design of an MMW and array or 60-GHz radio band is presented 
for a cloud computing architecture. The design achieves the minimum requirements for the 
60-GHz radio in terms of wide bandwidth (7 GHz at least, i.e., 57–64 GHz) and high gains 
(~8 dBi). The proposed antenna design is based on the aperture coupling technique [17, 38] 
that alleviates the problem of feedline and conductor losses while working at higher fre-
quencies. The design consists of a multilayer structure with an aperture-coupled microstrip 
patch and a surface-mounted horn integrated on an FR4 substrate. The proposed antenna 
contributes an impedance bandwidth of 10.58% (58.9–65.25 GHz). The overall antenna gain 
and directivity are about 11.78 and 12.51 dBi, respectively. The antenna occupies an area 
of 7.14 mm × 7.14 mm × 4 mm with an estimated efficiency of 82%. In order to make the 
antenna more directive and to further increase the gain, a 2 × 2 and 4 × 4 array structure with 
a corporate feed network is introduced as well. The side lobe levels of the array designs are 
minimized, and the back radiations are reduced by utilizing a reflector at a λ/4 distance from 
the corporate feed network. The 2 × 2 array structure resulted in an improved gain of 15.3 
dB with an efficiency of 83%, while the 4 × 4 array structure provided further gain improve-
ment of 18.07 dB with 68.3% efficiency. The proposed design is modeled in CST Microwave 
Studio, and its results are verified using HFSS.

6.1. Wideband and high-gain aperture-coupled microstrip patch antenna (ACMPA) with 
mounted horn for MMW communication

The geometry of the single-element multilayer ACMPA integrated with a mounted horn 
antenna on an FR4 substrate is shown in Figure 14. The 3D exploded view shows the entire 
multilayer structure with relevant parameters. For the first and second layers, RT/duroid® 
5880 Laminate having dielectric constant εr = 2.2 and loss tangent 0.003 is used, while the third 
layer has an FR4 substrate with a dielectric constant of 4.3. A Rohacell foam is also placed on 
top of the FR4 substrate to assist the mounted horn antenna. The optimized dimensions of the 
horn antenna can be obtained from the guidelines listed in Ref. [40]. The conducting materials 
for the substrate have copper as an element with a thickness of t = 0.0175 mm. The optimized 
dimensions of the proposed ACMPA are listed in Table 5.
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Figure 14. 3D exploded view of proposed ACMPA with relevant dimensions [39].

Design Antenna element Dimensions/parameters (mm)

Layer I Microstrip feed Feed width, Wf = 0.386

Thickness, t = 0.0175

Stub length, Lfs = 0.45

Substrate RT Duroid 5880

Length, L = 30

Width, W = 30

Ground Thickness, t1 = 0.127

Length L = 30

Width W = 30

Rectangular slot Slot length, Ls = 1

Slot width, Ws = 0.2

Layer II Substrate RT Duroid 5880

Thickness, t2 = 0.381

Length, L = 30
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6.2. Results and discussion

Antenna design simulation tools were used to optimize and verify the proposed ACMPA 
design. The return loss S11 parameters below the −10 dB resonance and the gain of the antenna 
are shown in Figure 15. The antenna achieves an impedance of 10.58% (58.9–65.25 GHz) with 
a gain and efficiency of 11.78 dB and 88%, respectively. Substrate and metallic losses were 
taken into account during simulations. Figure 16(a) and (b) show the E-plane and H-plane 
radiation patterns, simulated in CST and HFSS, of the proposed antenna, for the frequencies 
at 59, 62, and 65 GHz, respectively. Thus, for the multilayer structure at 62 GHz, the E-plane 
has a side lobe of level −5 dB, half-power beamwidth of 31°, and back radiation of −18.3 dB. 
The H-plane radiation pattern at 62 GHz has a side lobe of −13.2, half-power beamwidth of 
69.8°, back radiation of −17dB, and cross-polarization level of >−30 dB.

6.3. 2 × 2 and 4 × 4 ACMPA array design

MMWs or 60-GHz radio bands offer wide bandwidth and higher gains for short-range com-
munications. In order to fulfill these requirements, especially that of higher gain, the proposed 
ACMPA was optimized in terms of arrays (i.e., 2 × 2 and 4 × 4). Two factors are important when 
designing arrays: (1) array factor and (2) feeding network impedances. The theory behind 
the antenna array factor was utilized as explained in Ref. [41], where each antenna element is 
treated as an individual isotropic point source. Energy contributions from each point source 
are derived in the far field expressed as array factor (AF). For the feed network, one can select 
either single feed or parallel/corporate feed depending on the design requirements. For our 
proposed design, since we are working at higher (i.e., 60 GHz) bands, we opted for the corpo-

Design Antenna element Dimensions/parameters (mm)

Width, W = 30

Patch Length, Lp = 1.2

Width, Wp = 1.2

Layer III Substrate FR 4

Thickness, t3 = 1.6

Cut in FR-4 Length, Lfr = 3

Width, Wfr = 4.25

Horn Horn dimensions Horn length, Lh = 7.14

Horn width, Wh = 7.14

Waveguide length, Lg = 3

Waveguide width, Wg = 4.25

Thickness of metal horn, t = 2

Full structure Total height 4

Table 5. Optimized dimensional parameters of the proposed ACMPA.
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rate feed network, as it would suppress further losses encountered during analysis. A general 
2 × 2 and 4 × 4 corporate feed network is shown in Figure 17(a) and (b) with relevant imped-
ances. Corporate feed networks are in general very versatile, as they offer power splits of 2n 
(i.e., n = 2, 4, 8, 16, 32, etc.) and control to the designer in terms of amplitude and phase selection 
of the individual feed element and its power division among the transmission lines. It is ideal 
for scanning phased arrays, shaped-beam arrays, and multibeam arrays [41]. The length and 

Figure 15. S-parameters and gain of proposed ACMPA.

Figure 16. (a) Simulated E-plane radiation pattern at 59, 62, and 65 GHz and (b) simulated H-plane radiation pattern at 
59, 62, and 65 GHz [39].
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width of the transmission lines can be varied as per the requirement of the power division. The 
feed network consists of a 50-Ω transmission line and a 70.7-Ω quarter-wavelength transformer 
matched to a primary 50-Ω feeding line. For the 2 × 2 and 4 × 4 arrays with reflectors, the cor-
porate feed network’s impedance values can be retrieved from the guidelines provided in Ref. 
[42–44]. Figure 18(a) and (b) show the exploded view of the proposed array designs.

The E-plane and H-Plane radiation patterns for the 2 × 2 array and 4 × 4 arrays are shown in 
Figures 19 and 20. For the 2 × 2 array, it is observed that the E-plane at 62 GHz has a side lobe 
of level −13.7 dB, half-power beamwidth of 22.1°, and back radiation of −25.3 dB. The H-plane 
radiation pattern at 62 GHz has a side lobe of −9.1 dB, half-power beamwidth of 22.2°, back 
radiation of −21.8 dB, and cross-polarization level of >−30 dB. For the 4 × 4 array, the E-plane 
at 62 GHz has a side lobe of level −11.8 dB, half-power beamwidth of 13.6°, and back radia-
tion of −23.07 dB. The H-plane radiation pattern at 62 GHz has a side lobe of −12.4, half-power 
beamwidth of 16.1°, and back radiation of −23.07 dB. Table 6 shows the comparison of the 
improved gain from a single element to 2 × 2 and 4 × 4 arrays.

Figure 18. Exploded view (a) 2 × 2 array and (b) 4 × 4 array [39].

Figure 17. Corporate feed network (a) 2 × 2 array and (b) 4 × 4 array.
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Figure 19. (a) Simulated E-plane radiation pattern at 59, 62, and 65 GHz and (b) simulated H-plane radiation pattern at 
59, 62, and 65 GHz [39].

Figure 20. (a) Simulated E-plane radiation pattern at 59, 62, and 65 GHz and (b) simulated H-plane radiation pattern at 
59, 62, and 65 GHz [39].

Array/parameters Single element 2 × 2 array 4 × 4 array

Bandwidth (%) 10.58 10.55 10.51

Gain (dB) 11.78 15.3 18.07

Efficiency (%) 88 83 68.3

Table 6. Simulated results of single element, 2 × 2 and 4 × 4 array.
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