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ABSTRACT In this work, we present a shared aperture (SA), dual-band in metal-rim antenna system
targeting the sub-6GHz and millimeter-wave (mm-wave) bands of the 5G wireless standard. The
antenna system consists of a SA cactus-shaped slot engraved on the side of standard mobile terminal
rim that hosts a microwave radiating structure covering the sub-6 GHz bands as well as a 4-element slot
based connected antenna array (SB-CAA) covering the mm-wave bands. This provides a compact sized
solution for multiband operation within these bands. The CAA has beam forming capabilities where the
beam can be steered between +/− 30 degrees with acceptable gain and side lobe levels (SLL). A single
4-element slot based in-rim SB-CAA is also proposed that covered more than 6 GHz of frequency band-
width (25.5–32 GHz) with a total efficiency exceeding 85% and realized averaged gain of 8.2 dBi over the
bands covered. The SA cactus antenna structure had a bandwidth exceeding 3.5 GHz with total efficiency
exceeding 75% and an average realized gain of 8 dBi between 26.5 – 30 GHz. For the microwave band
covered (3.45-3.56 GHz) by this SA cactus antenna, a bandwidth of 140 MHz, efficiency of 90% with
2.5 dBi of measured gain were achieved.

INDEX TERMS Shared aperture antenna (SAA), beam steering, connected antenna array (CAA), in-rim
antenna, millimeter-wave (mmWave), slot.

I. INTRODUCTION

DUE TO the rapid development in wireless communi-
cation technologies and applications, there is growing

demand for high-end mobile devices with many flagship
features. Advanced mobile communication technology is
urgently demanded to offer a higher throughput, shorter
latency, and lower energy consumption for fifth genera-
tion (5G) mobile communications. 5G offers a new network
architecture to help significantly boost overall performance
compared to its fourth generation (4G) predecessor. The
introduction of the millimeter-waves (mm-wave) bands has
been a key for achieving the high data rates promised by
5G. The introduction of mm-wave antenna modules and
arrays will make the volume and space requirements even
more challenging when designing a handheld terminal due to
the large frequency gap between sub-6 GHz and mm-wave
bands [1].

Metal-rimmed smartphone designs have attracted much
attention in recent years, because of their enhanced mechan-
ical strength and aesthetic appearance without any additional
volume for antennas (efficient space utilization). Connected
antenna arrays (CAAs) are potential candidates for 5G smart-
phone antenna designs. CAAs can provide wider bandwidths,
lower cross-polarization levels, better gains, and smaller sizes
on metal rims when designed properly. They provide wide-
band characteristics as the connections between adjacent
elements yield constant currents [2]. CAA will also occupy
less space as compared to other antenna types, thus allowing
for more integration and higher array densities.
The introduction of 5G devices operating at mm-wave

frequencies has raised significant challenges for the commu-
nication industry, particularly for handheld devices. The use
of metal-rimmed antennas as slots has been implemented in
mobile antennas to achieve multiband operation [3], [4], [5].
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Dual-polarized, end-fire chain slot antenna array were
reported in [4], [5], [7]. In [3], a large metal ground and
an unbroken metal rim was used to achieve multiband
operations as 4G (820–960 and 1710–2690 MHz) and 5G
(3400–3600 MHz). In [5], a dipole antenna operated at mm-
wave band (23 to 29 GHz) through a 20×3.5 mm2 window
was proposed. It had a beam-steering capability up to ±40◦
using a three-element array. Choi et al. in [6] proposed
a 1×4 planar folded slot antenna (PFSA) subarray with
a multi throw topology demonstrated frequency adjustment
from 27.95 to 28.65 GHz. It featured a 2.6-time enhanced
impedance bandwidth and an average peak gain of 6.3 dBi.
The colocation of the microwave and mm-wave anten-

nas is a major challenge due to the limited space
available in the handset. To address the challenges
of multi-band operation and colocation with lower
bands (4G or 5G based), several promising designs
were proposed to cover both microwave and mm-wave
bands [8], [9], [10], [11], [12], [13], [14], [15]. However,
all the above-mentioned designs have their own restrictions.
In [9] and [10] the authors were unable to cover mm-wave
bands (due to large band difference between sub-6 GHz
and mm-wave at 28 GHz). In [11] and [13], two designs
were presented with good performance at microwave and
mm-wave bands. But they were built on multi-substrates
which is complicated and less cost effective. Moreover, both
were reported with relatively low gain at the mm-wave
band, and both used different radiating structures for the
two bands. Dual-functional connected slots were presented
in [10] and [12] for 4G and 5G applications. Connected
slots were used both as an isolation enhancement structure
between microwave antennas and as antenna array at mm-
wave band. Those designs used two different structures to
cover microwave and mm-wave bands therefore they occu-
pied relatively large amount of the board eventually making
them less suitable for handsets. In [8], a dual-function slot
antenna operated at both microwave and mm-wave bands
was proposed. The designed slot had dual functionality, it
worked as a tunable slot antenna at 4G microwave band and
operates as a wideband antenna array at 5G mm-wave band
using the principle of CAA. The tunable slot antenna had
a bandwidth from 2.05 to 2.70 GHz with 45-70% efficiency
and 4.5 dBi of peak realized gain. The wideband CAA had
a bandwidth from 23 to 29 GHz with 12.5 dBi realized gain
and 80-90% measured efficiency.
An aperture-sharing methodology was proposed in [14],

they presented a four linear array antenna at 28 GHz
array along with a 3.5 GHz dipole antenna that are using
the same aperture to resonant. A double-sided parallel
strip line (DSPSL) was used to feed the double-sided
dipole antenna, by using this method they incorporated
the mm-wave antenna array. At mm-wave band, a double-
sided interdigital coupling (IDC) structure was introduced
into each DSPSL to achieve broad bandwidth by imple-
menting indirect coupling. The overall structure size was
33.9×43×0.254 mm3 and the reported gain of the mm-wave

array and 3.5 dipole antenna varies from 5.8 to 7.5 dBi and
6.1 to 6.9 dBi over the BW, respectively. They reported
approximately 20% impedance bandwidth in both bands.
The beam steering capabilities of the structure was limited
to 0◦ and 25◦ in the E-plane because they used two differ-
ent fixed feeding networks for the 28 GHz array antenna.
Another aperture sharing broadside antenna was investi-
gated in [15]. A substrate-integrated DRA (SIDRA) with
a 2×4 configuration at 26 GHz and a segmented patch
antenna at 3.5 GHz was utilized in an aperture shared way.
They reported three benefits: compact size, size adapta-
tion of SIDRA with the patch antenna and high integrity
level. Separate feeding network was applied to accomplish
independent excitation and radiation pattern. They reported
a 12.3% BW at microwave band and a 13.1% at mm-wave
band with 5.3 and 15.4 dBi peak gain respectively. Their
measured beam steering capabilities are also limited to 0◦
and 25◦. Multilayered structure and use of DRA make it
complex antenna for 5G mobile phone.
A relatively new concept has been developed because of

the space availability for the antennas in handheld devices.
In the antenna in antenna (AiA) concept, two antennas are
incorporated in such a way that one antenna structure oper-
ates in a frequency band that is used and shared with the
second antenna operating in a different frequency band.
A dual-band mm-wave antenna array working at 28 GHz
and 39 GHz for the 5G was proposed in [16]. They used
two interconnected slots of different length to enable the
integrated design with a metal rim of a handset and claimed
it as a promising solution of AiA concept. The simulation
results showed bandwidth from 27.4 to 29.6 GHz and from
36.9 to 40.2 GHz to cover the 5G mm-wave bands of n260
and n261. The maximum scan angles were ±60◦. In [17], an
AiA was proposed for sub-6 and mm-wave bands based on
a 5-element stacked patch array that is also tuned via external
components to serve as 2.4 GHz LTE antenna.
In this work, the design of a compact, in-rim cactus

shaped SB-CAA antenna system covering both sub-6 GHz
and mm-wave bands for 5G enabled terminals is proposed.
The antenna system is an integration between a microwave
structure and a mm-wave SB-CAA utilizing shared aper-
ture antenna (SAA) concepts. The proposed SAA covers
the 3.45–3.56 GHz and 26.5–30 GHz bands. The 4-element
CAA within this SAA provides +/−30 degrees of beam
steering capability. In addition, a single SB-CAA structure is
designed covering mm-wave bands 25.5–32 GHz with very
high efficiencies (more than 80%). The proposed solution
is unique in its geometry, complexity, covered bands, size,
and beam-steering capabilities compared to others, mak-
ing it a potential candidate in future wireless handheld
devices.
The rest of the paper is organized as follows; Section II

presents the design details of the single SB-CAA and the
design steps of the cactus shaped SAA. In Section III,
the measurement results of the fabrication prototypes are
presented and compared with their simulation counterparts.
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A table of comparison with state of the art is presented as
well. Section IV concludes the paper.

II. DESIGN AND ANALYSIS OF THE ANTENNA SYSTEMS
A. SINGLE SLOT-BASED CONNECTED ANTENNA ARRAY
(SB-CAA)
An array of 2 or more antennas which are electrically con-
nected is called a CAA. It provides wideband characteristics
as the connections between adjacent elements yields nearly
constant currents where narrow-band unconnected dipoles
have sinusoidal and frequency dependent ones. CAA will
also occupy less space as compared to other antenna types,
thus allowing for more integration and higher array densi-
ties. Another attractive feature of CAA is their capability to
achieve good polarization purity, in virtue of the planarity of
the radiating currents. Detailed relationships governing the
impedance behavior of such structures can be found in [18].
The proposed single slot CAA system was modeled and

simulated using CST Microwave Studio 2019. A single
slot (17.8 mm x 2 mm) is cut in the middle of a metal
frame structure (lossy copper with σ = 5.8 x 107 S/m).
A half wavelength single slot resonating at 28 GHz will
have a width of approximately 5.3 mm, and when connected
together to form a CAA, the combined continuous slot yields
a 4-element linear array with smaller size than the original
individual ones. To reduce the simulation time, only a por-
tion of the metal rim frame is considered. The metal rim is
50 mm in length, 8.4 mm in width and 1 mm in thickness
(representing a commercial smart phone rim width and thick-
ness). To feed the slot antenna, a microstrip feedline offset
at λ/20 is used to have proper impedance matching. The
slot antenna is designed to represent a SB-CAA with 4 ele-
ments fed by four microstrip feedlines. The antenna array is
designed with a center frequency of 28 GHz and is intended
to be places on any of the metal rim sides.
Fig. 1 shows the structure of this 4-element SB-CAA

and its feeding mechanism. A stage (exploded) view is
also shown in Fig. 1(c) to have a full understanding of the
structure. An RO3003 substrate is used that had a relative
permittivity of εr = 3, loss tangent of tanδ=0.001 and thick-
ness of 0.25 mm. The inter-element spacing between the
feedlines is kept λ0/2. The microstrip feedline is 3.9 mm in
length from the bottom edge of the rim. A backing reflec-
tor (BR) is placed behind the single SB-CAA. A box is
created to mimic the actual environment inside the smart-
phone where display, battery and other ICs are normally
placed. The BR is placed λ0/4 away from the slot antenna to
improve the pattern directivity out of the slot. Its width
has been optimized to 38 mm and its sides were extended
to be tightly attached to the rim via the side screws as
a good GND connection is vital to the proper operation
of the antenna (loose connections will affect the matching
as well as the purity of the patterns). The thickness of the
BR metal is 0.2 mm. The overall PCB dimensions were
17.13×50×0.25 mm3 and the rim slot was filled with air.
The substrate is bent by 90o in order to accommodate it

FIGURE 1. Single 4-element SB-CAA design details (a) Geometry of single slot
antenna with BR. (b) Back view of the structure with BR showing the feeding lines and
mini-smp connectors, (c) Back view of the structure without BR or connectors and
showing the feeding lines (d) Stage (exploded) view of a single SB-CAA.

in the mobile phone frame. The feedline is extended at the
base, to place the mini-SMP connectors (PE44489). Four
nylon screws are placed to hold the board into the metal
rim. Vias are also used to make strong ground connections
beneath the connectors.
A complete parametric sweep analysis for optimizing the

dimensions of the SB-CAA antenna was conducted. The
effect of the three main design parameters, i.e., slot length
(L1), slot width (W1) and distance between periodic feedlines
(d1) are shown for ports 1 and 2 in Fig. 2. Note that the
structure is symmetric and thus the behavior of ports 3 and
4 will closely follow those of ports 1 and 2. The swept
values show the effect of the parameters on the resonance,
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TABLE 1. Values of different geometrical parameters for SB-CAA antenna.

FIGURE 2. Single slot CAA analysis, (a) effect of the feed line spacing (d1), (b) effect
of the slot width (W1), (c) effect of slot length (L1).

bandwidth, and matching levels. A compromise with best
values for each while fixing others was conducted. Best
compromise curves are identified with black color. The final
results of the parametric sweeps are summarized in Table 1.
The table shows the optimized values from such sweeps
and these values for the various dimensions and parameters
were used in all upcoming simulations and the fabricated
prototype. Initial values for the parameters were assumed
with some coarse sweeps, and then finer value sweeps were
made to close down on the optimum dimensions.

B. SHARED APERTURE CACTUS-BASED ANTENNA
(SA-CACTUS)
5G mobile network has two allocated frequency bands, sub-
6 GHz and mm-wave bands. The SA concept is a new

FIGURE 3. Dual-band lot antennas with two separate apertures (slots); one for
sub-6GHz (long) and another for mm-wave CAA (short).

FIGURE 4. Geometry of the SA cactus shaped antenna, (a) front view, (b) Back view
of the structure with BR and mini-smp connectors. (c) Back view without BR or
connectors.

approach to achieve compact antennas with multi-band oper-
ation. To resonant at sub-6 GHz, a very long slot has to cut
in the metal rim. To resonant at 3.5 GHz, the slot should
be 37.5 mm long (i.e., around half wavelength) which will
use a large area of the metal rim as shown in Fig. 3 (also
shown is a 4-element CAA slot for mm-wave operation).
Practically, it is not viable nor recommended to use such an
antenna. Instead of a large slot, the aperture of an exist-
ing slot at mm-wave bands (such as the one shown in
Section II-A) can be combined to share its aperture with
a partial size of the required standard microwave slot oper-
ating at sub-6 GHz. The proposed SA structure is shown in
Fig. 4. The original standard large slot required to resonant
at 3.5 GHz (top slot in Fig. 3) is cut almost by half and
is then connected with the mm-wave slot to form a cac-
tus shaped slot (hence the name). The middle location was
chosen for best matching and to provide symmetric current
around the mm-wave slot. Now the cactus shaped slot will
be used to resonate at 3.5 GHz, while the smaller slot will
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FIGURE 5. Complete metal frame view with the two antenna models, the SB-CAA
and the SA cactus based. Two of each design are shown on opposite edges.

TABLE 2. Values of different geometrical parameters of the SA-cactus antenna.

continue to serve as the mm-wave band SB-CAA. To feed
the 3.5 GHz slot antenna a separate microstrip feedline is
used with an extended portion for better impedance match-
ing. To accommodate the new slot, feedline and mini-SMP
connector, the length of the PCB board increased to 70 mm
as compared to the single SB-CAA shown in Section II-A,
but the area of the SA-cactus slot antenna reduced signifi-
cantly on the rim (compare with [20] that occupies a much
larger area). RO3003 was used with the same thickness as
for the single slot design to feed the cactus shaped one. By
this approach, a new SA in-rim antenna system is proposed
for 5G mobile handsets that can operate at both microwave
and mm-wave bands with beam steering capabilities. The
final complete metal frame (rim) with the two antennas the
SB-CAA and the SA cactus is shown in Fig. 5.
Again, a comprehensive parametric sweep analysis has

been conducted to identify the best combination of dimen-
sions to achieve the widest bandwidth, best impedance
matching and proper efficient radiation. Some of the main
parameters swept are shown in Fig. 6. For example, the para-
metric sweeps of the dimensions L1, W1, L2, L3, and d1 are
shown. The black curves show the best compromise between
the various parameters and sweeps made. Microwave band
sweeps are not shown as they are less sensitive to small
variations and the extension of L2 will simply shift the res-
onance downwards. The dimensions of the final structure
shown in Fig. 4 are presented in Table 2. The BR needs
good connectivity with the metal frame, and thus it was
extended from the two sides to attach it with screws to the
rim. The BR length is (56 mm).

FIGURE 6. Analysis of SA cactus shaped antenna for ports 1 and 2, (a) effect of L1,
(b) effect of W1, (c) effect of L2, (d) effect of L3 (e) effect of d1.

C. CURRENT DISTRIBUTIONS OF THE SA CACTUS
ANTENNA
The current distribution of the SA Cactus antenna is shown
in Fig. 7. As can be seen, when port #5 is excited, the current
is circulated around all the aperture of the cactus slot (top
and bottom), indicating a lower frequency band resonance
around 3.5 GHz. The electrical length of the current path is
around 36 mm (close to the separate long slot of 37.5 mm
shown in Fig. 3, corresponding to around λ0/2 around 4GHz.
But recall that the feeding position, matching stub as well as
the metal thickness will slightly shift this value from 4GHz
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FIGURE 7. Current distribution of the SA Cactus antenna (a) when port 5
(sub-6 GHz) is active and (b) when ports 1, 2, 3 and 4 (mm-wave) are active.

downwards). And when ports 1 to 4 are excited for the mm-
wave part (CAA), the current in the upper slot is not strong,
rather the current is trapped in the lower slot of the structure
representing the operation in the higher band.

III. RESULTS AND DISCUSSIONS
In this section, we will present the simulated and measured
results from the prototypes built for each antenna configu-
ration. All modeling and simulation results were obtained
using CST software package. The simulated results were
extracted with the complete frame structure for proper com-
parison with the fabricated one (see Figs. 4 and 5). The
overall size of the metal frame is 147×72×8.4 mm3 and
the metal is 1mm thick. The S-parameters were measured
using a Keysight PNA N5224B while the radiation patterns
were measured in two chambers, the sub-6 GHz bands were
measured in a Satimo Star-Lab system while the mm-wave
bands were measured in a quasi-far field chamber at the
Poly-Grames research center, Polytechnique Montréal.

A. FABRICATED PROTOTYPES
Fig. 8 shows the various parts of the fabricated prototype for
the SA cactus shaped antenna. The single SB-CAA structure
had the same fabrication steps and boards. One complete
metal frame was custom build and machined using Brass
H59 (with σ ∼ 2 x 107 S/m) where the single SB-CAA was
created at the top and bottom short sides, and the cactus
SA antenna was placed on the left and right longer sides
of the mobile metal frame (rim). Note that also we have
machined a metal plate (aluminum) with thickness of 2 mm
to press down the thin feeding network RO3003 boards, and
make sure that the mini-SMP connectors are well situated to
avoid being popped out or bending the feeding board (due to
its 0.25 mm thickness). Fig. 8(a) shows the feeding network
with the single port sub-6 GHz line, and the 4-element mm-
wave connectors. Fig. 8(b) shows the bottom side with the
SA cactus antenna made to be placed back-to-back with

FIGURE 8. Fabricated prototype exploded view (a) feeding network board with
connectors and lines on top side, (b) feeding network board bottom side with the
SA-cactus for alignment with the metal rim, (c) metallic backing reflector,
(d) assembled feeding networks for the two antenna structures, (e) metal plate for
better board attachment to the base.

the metal rim for alignment purposes. Fig. 8(c) shows the
metallic backing reflector. Fig. 8(d) shows the top view of
the mobile terminal metal frame showing two assembled
antennas, the single SB-CAA and the SA cactus one. Finally,
Fig. 8(e) shows the metal plate used to hold down the boards
and connectors as well as serving as a battery/electronics
behind the antenna assemblies.
A custom-made plastic holder was also made to hold

the cables (086-KM+) as well as stabilize the 2.92 mm
to min-SMP adapters (SM8921) and avoid their bends while
measuring the S-parameters as well as the radiation patterns.
Fig. 9(a) shows this plastic holder in action while perform-
ing various measurements. A Side view of the fabricated and
assembled antenna system (with both antenna types) can be
side of its side in Fig. 9(b).

B. RESULTS FOR THE SINGLE SB-CAA ANTENNA
The measured and simulated S-parameters of the single SB-
CAA are shown in Fig. 10. Due to the symmetry of the
mm-wave slot, and the fact that elements 1 and 4 have dif-
ferent boundary conditions (as compared to 2 and 3 that see
open symmetric boundary conditions on both sides), we can
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FIGURE 9. Fabricated plastic holder with the metal frame and connected cables,
(a) metal frame inside the plastic holder with cables connected, (b) zoomed in view on
the SA-Cactus antenna side.

FIGURE 10. S-parameters for the single SB-CAA, dashed are simulated curves,
solid are measured curves (a) port 1, (b) port 2, (c) port 3 and (d) port 4.

see that the behavior of elements 1 and 4 and elements 2 and
3 are similar. Looking at elements (ports) 1 and 4, the simu-
lation results show a frequency bandwidth of approximately
4.4 GHz (25.4 – 29.8 GHz), while the measured bandwidth
was wider and provided around 6 GHz of bandwidth. This
discrepancy can be related to the slight differences in the
fabricated and measured models, which might have resulted
in a resonance around 31 GHz close to the edges, in addition
to the slight difference in the material and frame properties
(i.e., the simulated rim was lossy copper while the fabricated
one was Brass H59 with unknown exact electrical proper-
ties). The simulated and measured responses for elements 2
and 3 were better matched due to the open-ended boundary
conditions that were not close to the fabrication and solder-
ing effects. The simulated bandwidth was around 6.5 GHz
(25.5-32 GHz) while the measured bandwidth was around
6.2 GHz (25.4 – 31.6 GHz). For CAA, the isolation between
the ports is not considered, as high coupling is expected due
to the shared slot. But, the beam steering behavior is stable
across the bandwidth and good results were obtained.
The radiation patterns for each individual port were mea-

sured for the co-pol and cross-pol configurations, and then
the patterns were combined using MATLAB due to the lack

FIGURE 11. Measurement setups, (a) SA cactus antenna at 3.5 GHz, (b) SB-CAA and
SA cactus based arrays at mm-wave bands.

of an available beamformer. Fig. 11 shows the radiation
pattern measurement setups for the two bands of operation.
The lower band (sub-6GHz) was measured in a near-field
setup (a Satimo Star-Lab) as shown in Fig. 11(a), while
the mm-wave patterns were measured in a quasi-far field
compact range as shown in Fig. 11(b). The pattern com-
bining process took care of the phase differences between
various feeding paths to make sure proper phases are pro-
vided to steer the beam in the proper direction. The patterns
were measured at 27, 28, 29 30 and 31 GHz for each port.
Figures 12 and 13 show the element normalized patterns for
the 4 ports at 27 and 31 GHz, respectively. Good agree-
ment is observed in general with a little bit a ripple in the
measured results in the main lobe direction that is due to
the measurement setup used (the phase-locked loop filter
did not have good performance in the chamber used). Also,
sometimes the main beam is wider with higher levels in
the measurements, and that might be attributed to the pres-
ence of cables, the complete metal frame and feeding mast
that do not exist in the simulation model. Such effects will
have less impact when the beams are combined which is the
case for all mm-wave arrays as will be seen in the com-
bined patterns in the figures to come. The efficiency of the
SB-CAA antenna was better than 85%.
To examine the beam steering capability of this mm-

wave array, the beams were combined to steer the beam
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FIGURE 12. Normalized radiation patterns (co-pol and cross-pol) for the single
SB-CAA at 27 GHz (a) port 1, (b) port 2, (c) port 2 and (d) port 4.

FIGURE 13. Normalized radiation patterns (co-pol and cross-pol) for the single
SB-CAA at 31 GHz (a) port 1, (b) port 2, (c) port 2 and (d) port 4.

towards +/- 30 degrees. The comparison between the simu-
lated and measured combined patterns at boresight are shown
in Fig. 14 for the frequencies of 27, 29 and 31 GHz. The
measured patterns show side lobe levels lower than 8-9 dB
for all cases. The maximum gain at boresight as a func-
tion of frequency is shown in Fig. 15. As can be seen, the
simulated and measured gains are in good agreement over
the wide-band of operation (26 – 30 GHz). It should be
noted that gain values beyond 30 GHz in simulations are
not accurate due to the poor matching that occurs at ports 1
and 4.
The results of this beam steering are shown in

Fig. 16 showing the beam steering at the two frequencies
of 27 and 31 GHz. The beam was steered between 0 to -
30 degrees (similar results are seen between 0 and 30 degrees
due to the symmetry in the structure) with good SLL and
gain. The gain degradation at -30 degrees was 1 dBi and
2.5 dBi at the 27 GHz and 31 GHz bands, respectively,
showing good beam steering performance from a 4-element
linear array.

FIGURE 14. Normalized radiation patterns (co-pol and cross-pol) simulated and
measured for the single SB-CAA at Boresight (all ports combined), (a) at 27 GHz,
(b) 29 GHz and (c) at 31 GHz radiation patterns (co-pol and cross-pol) for the single
SB-CAA at 27 GHz (a) port 1, (b) port 2, (c) port 2 and (d) port 4.

FIGURE 15. Realized gain of the single SB-CAA at Boresight as a function of
frequency.

C. RESULTS FOR THE SA CACTUS-BASED ANTENNA
The measured and simulated S-parameters for the SA cac-
tus shaped antenna for the sub-6 GHz and mm-wave bands
are shown in Fig. 17. The performance of the sub-6 GHz
portion is shown in Fig. 17 (a), where it covered the bands
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FIGURE 16. Measured normalized beam steering performance of the single
SB-CAA, (a) at 27 GHz, (b) at 31 GHz.

FIGURE 17. Simulated (dashed line) and Measured (solid line) S-parameters for the
SA-Cactus shaped antenna, (a) microwave band (port 5), (b) port 1, (c) port 2, (d) port
3 and (e) port 4.

between 3.48-3.62 GHz in measurements as compared to
3.45 – 3.56 GHz in simulations. For the mm-wave array
(Figs. 17 (b)-(e)), the minimum measured frequency range

FIGURE 18. Simulated (magenta dashed line) and Measured (black solid line) co-pol
(E-plane) gain pattern for the SA-Cactus shaped antenna at 3.55 GHz (P5 for
microwave band).

(was for P1) was 26.52 – 30.14 GHz as compared to its
simulation counterpart of 26.7 – 29.7 GHz. Very good agree-
ment and wide bandwidth was obtained from this small size
SA antenna structure.
The measured co-pol and cross-pol normalized gain pat-

terns for E-plane (see Fig. 5) of the microwave band of the
SA cactus shaped antenna are shown in Fig. 18 at the cen-
ter frequency of 3.55 GHz. The maximum gain was around
2.5 dBi. The total efficiency was better than 90%.
For the mm-wave CAA of the SA cactus antenna, the

individual patterns were measured and then post processed
for beamforming capability. The measured and simulated
array patterns at Boresight are shown in Fig. 19 for the
two frequencies of 27.5, 28.5 and 29.5 GHz. Very good
agreement is observed. The beamforming capability of the
CAA within the SA cactus antenna was investigated and
good performance between +/- 30 degrees in terms of
gain and SLL was observed. The tilted measured beams
are shown in Fig. 20 for the two frequencies of 27.5 and
29.5 GHz. At higher frequencies, the main beam suffers
a little bit from a dip that originates from the two middle
elements (P2 and P3) because of the connection with the
upper slot. The maximum realized gain values from mea-
surements and simulations are presented in Fig. 21. Good
agreement is observed over a wideband. The average gain
is approximately 8 dBi for this 4-element CAA array. The
efficiency of the mm-wave CAA array within the SA cac-
tus shaped antenna was higher 75% over the entire band of
operation.
A table of comparison with most recent dual band

antenna systems covering the sub-6 GHz and mm-wave
bands of the 5G standard is presented in Table 3. It is
clear that the proposed designs; the single SB-CAA and
the SA cactus shaped, has the unique features of extremely
small aperture area sizes, good steering angle capabili-
ties, and excellent bandwidth performance with the fact
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FIGURE 19. Normalized radiation patterns (co-pol and cross-pol) simulated and
measured for the 4-element CAA within the SA cactus shaped antenna at Boresight
(all ports combined), (a) at 27.5 GHz, (b) at 28.5 GHz and (c) 29.5 GHz.

that it will be part of the metal rim thus providing high
integration advantage as compared to PCB based ones
listed.
The fact that the proposed antennas (SB-CAA or the

SA cactus shaped) are small is size (and area), multiple
slots within the rim on its various sides can easily pro-
vide a mm-wave multiple-input-multiple-output (MIMO)
antenna configurations that is essential and is required at
mm-wave bands. This can also reduce the performance
degradation suffered when an antenna is blocked by the
user hand. Several previous proposed designs do not have
this capability as they are based on large size PCB based
designs that might require large openings within the metal
frame to allow for proper radiation and beam steering, or they
are already occupying large areas on phone edges as shown
in [20]. Thus, another evident advantage of the proposed
structure.

TABLE 3. A comparison summary between previous works that consider sub-6GHz
and mm-wave design.

IV. CONCLUSION
This work presents for the first time a slot based shared
aperture antenna system covering the 3.5 GHz and 28GHz
bands of the 5G wireless standard. The proposed antenna is
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FIGURE 20. Normalized measured radiation patterns for the 4-element CAA within
the SA cactus shaped antenna with beam steering (all ports combined), (a) at
27.5 GHz, (b) at 29.5 GHz.

FIGURE 21. Measured and simulated realized gain (dBi) values at Boresight as
a function of frequency for the SA cactus shaped antenna for the 4-element CAA at
mm-wave bands.

a SA cactus shaped slot based antenna that is directly
etched out from the metal rim (metal frame) of a mobile
terminal. The proposed design provides more than 140 MHz
of frequency bandwidth in the sub-6 GHz band, and more
than 3.5 GHz of bandwidth in the 28 GHz band. The mm-
wave portion of the antenna is based on a CAA with beam
steering capability. The beam can be steered between +/− 30
degrees. The area of the SA cactus slot based antenna is
only 33.12 mm2, which is way much smaller than any other
present solution. A mm-wave only SB-CAA with beam steer-
ing capability is also proposed that operated also at 28 GHz
and provided more than 6 GHz of frequency bandwidth.
Both antenna systems were placed on a mobile phone metal
rim. The peak measured gains for the sub-6GHz and 28 GHz
bands for the SA cactus antennas were 2.5 and 9.8 dBi,
respectively. Excellent efficiency for all antennas within all
bands was achieved which exceeded 75%.
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