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ABSTRACT The fifth generation (5G) millimeter-wave (mmWave) handset demands a cost-effective
mmWave array antenna with beam steering capability to overcome the high-pass loss and to ensure
seamless connectivity. Unlike sub-6-GHz handsets, emerging mmWave handsets usually employ phased
array antennas with a reasonably large number of elements. Unfortunately, due to the legacy of a few
antennas in sub-6-GHz handsets, the mutual coupling effect on the mmWave handset has not been thoroughly
investigated. In this paper, we study the mutual coupling effect on the mmWave handset performance by
comparing array antennas with different inter-element spacing and different configurations. It is found that
mutual coupling tends to increase the active reflection (especially at large scanning angles), which in turn
reduces the realized gain and maximum scanning angle of the phased array antenna. For a sub-6-GHz
multiple-input multiple-output handset with two or four antenna ports and fully digital precoding/decoding,
10-dB isolation is usually regarded as good enough. It is shown in this paper, however, that the outage
capacity of the mmWave handset can be clearly improved by reducing the mutual coupling.

INDEX TERMS Active reflection, handset array, millimeter-wave (mmWave), multiple-input multiple-

output (MIMO), mutual coupling.

I. INTRODUCTION

The ever growing data rate explosion in mobile communi-
cations has drawn considerable attention to the millimeter-
wave (mmWave) frequency bands, where huge spectrum is
available to fulfill the high traffic demand of the fifth gen-
eration (5G) communications [1]-[4]. However, there are
quite a few challenges for mmWave mobile communications
(as compared with the legacy sub-6 GHz cellular commu-
nications). For examples, the path losses in the mmWave
frequency bands are considerably higher and it is tougher to
track mobile users. Thus, (efficient) adaptive beamforming
is usually required at both transmitter and receiver to over-
come the high path loss and to ensure seamless connectivity.

The associate editor coordinating the review of this manuscript and
approving it for publication was Chow-Yen-Desmond Sim.

In addition, mmWave circuits are expensive, lossy, and
power hungry, as compared with the conventional radio fre-
quency (RF) circuits. To solve these issues, hybrid beamform-
ing is proposed [5]. By combining digital beamforming with
analogue beamforming, hybrid beamforming can saves the
system cost significantly by using fewer RF chains while still
having comparable performance as compared with the fully
digital beamforming. A challenge of the hybrid beamforming
system is the high computational complexity. Sophisticated
algorithms are needed, e.g., to estimate the channel [5]. Such
high computational complexity is affordable at the base sta-
tion, but is not suitable for battery-driven mobile devices.
Therefore, phased array antennas were first proposed for
5G mmWave handsets in [6], where it is assumed that each
array element has broad beam (i.e., fan beam [6]) e.g., in the
elevation plane and the array can perform beam steering in
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the azimuth plane. Two of such arrays at either two short
edges [6] or two long edges [7] of the handset are needed
to cover the whole sphere.

Beam switching networks based on Rotman lens [8] or
Butler matrix [9] were proposed for mmWave mobile appli-
cations. These schemes require a switch to enable beam
switching. A drawback of these schemes is that the beam
switching network is so bulky that only one linear array
can be supported on a normal mobile phone chassis. There-
fore, it is difficult to cover the whole sphere using these
schemes. In practice, the antenna ports are directly connected
to mmWave chips, where the analogue beamforming is exe-
cuted. As a result, the focus for 28-GHz (or lower frequen-
cies) mmWave handsets is mainly on antenna design. The
antenna ports are then connected to chips via coaxial cables.
(The commercially available cable in this frequency band
is about 0.51 mm in diameter.) It is noted that due to the
increased insertion loss of mmWave cables, array anten-
nas at 60 GHz or higher frequencies are usually integrated
on mmWave chips. Nevertheless, the implementation for
60-GHz mmWave handsets is much more challenging due to
the severe hardware impairments (e.g., large oscillator phase
noise) and high penetration loss from the handset case [10].
Therefore, it is foreseen that mmWave handsets will firstly
be available at 28 GHz or lower frequencies [11]. As a result,
we focus on 28-GHz mmWave array antennas in this work.

To ensure seamless connection of 5G mmWave com-
munications with affordable cost at the mobile terminal
side, switch-based phased array antennas were proposed
in [12] and [13]. In order to cover the full sphere, the total
array is composed of three subarrays, each roughly covers
a broad sector in phi (theta) plane and can perform RF
beam steering in theta (phi) plane. The three subarrays are
connected via a switch. A great deal of effort has been
exerted on improving antenna characteristics (such as return
losses) and on investigating the user effects on the radiation
characteristics [7], [12]-[15] and spherical coverage [16].
However, almost all of the mmWave handset works simply
present isolation values without careful investigation of the
mutual coupling effect for 5G mmWave communications.
Although the mutual coupling effect on conventional arrays
and multiple-input multiple-output (MIMO) systems have
been studied extensively in the literature (see [17], [18] and
references therein), its study in the context of 5G mmWave
handset is limited. This is probably due to the common belief
that the mutual coupling effect on the handset is far less
than that on the base station where large arrays are usually
employed. This can be true for the conventional sub-6 GHz
cellular system, where the mobile handset typically has two or
four antennas (each connected with the MIMO transceiver via
a complete RF chain, i.e., fully digital precoding/decoding).
However, the mutual coupling effect becomes more severe as
the number of antennas increases and due to the fact that many
antenna elements are needed at mmWave handset (which has
distinct transceiver architecture as compared with its sub-
6 GHz counterpart), mutual coupling as low as —15 dB can
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still have non-negligible influence on the performance of the
mmWave handset. Thus, the mutual coupling in the mmWave
handset deserves more investigation.

In this work, we examine the mutual coupling effect using
examples of the switch-based phased array antennas for
5G mmWave handsets. We show that the mutual coupling
degrades the active reflections within each subarray. The lat-
ter not only causes a reduction of the realized gain (and, there-
fore, the received power in the downlink) of each subarray,
but also limits the scanning range of each subarray (which,
in turn, increases the outage probability of the mmWave
communications.) To ensure the overall performance of the
mmWave handset, the mutual coupling must be mitigated.

Many mutual coupling reduction techniques exist in the
literature, yet most of them are not suitable for the mmWave
handset. For example, the complexity of the decoupling net-
work [19] increases drastically as the number of antenna ele-
ments increases and becomes prohibitive for mmWave array
antennas; metasurface based techniques [20], [21] usually
dictate high profile array antennas, which are less suitable
for mmWave handsets; the characteristic mode technique [22]
is not suitable for mmWave handsets either, because there
are mainly travelling waves propagating along the chassis
at mmWave frequencies. The array-antenna decoupling sur-
face (ADS) technique [23] offers a promising solution for
large arrays. However, the ADS needs to be at least quarter-
wavelength (2.7 mm at 28 GHz) away from the array, which
inevitably increases the profile of the handset. As a result,
we study the mutual coupling effect on mmWave handsets
by varying the inter-element spacing and by comparing array
antennas with the same inter-element spacing yet different
configurations. We show that, by judicious design of the array
elements, the mutual coupling can be reduced and the scan-
ning range can be increased. It is shown that, by reducing the
mutual coupling, the outage capacity [24] (simulated using
a realistic mmWave channel model) can be substantially
improved.

Il. MUTUAL COUPLING EFFECTS ON BEAM STEERING
As mentioned in the introduction, we use the switch-based
phased array [13] as an example to study the mutual coupling
effect. Specifically, we use the square patch antenna as the
array element. The handset array is shown in Fig. 1. As can
be seen, the whole array is composed of three subarrays
and each subarray consists of eight patch elements. When
establishing communications in the downlink, we first sweep
over the three subarrays and choose the one that receives
the highest power, then perform RF beamforming using the
selected subarray. As found out in the simulation results later,
by using the bisection method (cf. Section IV) in searching
for the strongest scanning angle, it takes just a few searches
for the RF beamforming to converge. Thus, the initial access
at the user side can be established very fast using the
switch-based phased array.

Since the three subarrays are identical and they are selected
sequentially via a single-pole-triple-throw switch, and the
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FIGURE 1. CST model of the switch-based phased array: (a) front side of a
subarray; (b) back side of a subarray; (c) the whole array composed of
three subarrays together with chassis. The broadsides of the three
subarrays are facing toward +z, —z, and —y directions, respectively.

P1-P8 represents ports 1-8 of one subarray.

mutual coupling between subarrays is very low, it suffices
to investigate the mutual coupling effect on one subarray
in this section. For the same reasons, in the next section
we investigate mutual coupling reduction schemes on the
subarray. (Note that the correlation coefficients for MIMO
antennas do not apply to phased array in that there is only
one antenna port per phased array.)

We first use a square patch element with a dimension
of 2.46 mm (0.22X, where A represents the free-space wave-
length at 28 GHz). The substrate is Rogers R04350B with a
relative permittivity of 3.48, a loss tangent of 0.0037, and a
height of 0.8 mm. To study the mutual coupling effect, we first
use one subarray (i.e., a uniform linear array) with varying
inter-element spacing of A/2, A/3, and A /4. CST microwave
studio is used for simulations in this work. During the simu-
lations, we use 15 cells per wavelength and open boundaries
for all the six surfaces.

The obtained scattering parameters (S-parameters) of the
subarray for the three spacing cases are shown in Fig. 2. Note
that, due to the symmetry of the subarray, it is sufficient to
plot the reflection coefficients at ports 1-4 (corresponding to
four elements in the left side of the subarray, see Fig. 1b). For
the sake of clear exhibition, we only plot the mutual coupling
coefficients between neighboring elements (i.e., the strongest
mutual coupling). As expected, the mutual coupling increases
as the inter-element spacing decreases. Due to the mutual
coupling, the resonating frequency also increases as the inter-
element spacing decreases. For fair comparison, we calculate
the realized gain of RF beamforming (i.e., realized beam-
forming gain) and active reflection (i.e., the reflection coeffi-
cient at a port when all the ports are simultaneously excited)
for each inter-element spacing case at a frequency where
all the ports have reasonably high (> 20 dB) return losses,
i.e., 28.3 GHz, 28.9 GHz and 31.1 GHz for A /2, /3 and )\ /4
inter-element spacing cases, respectively.

Figure 3 shows the realized beamforming gain at different
scanning angles (where the broadside direction is 0°) for A /2,
A/3 and A /4 inter-element spacing cases. As can be seen the
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FIGURE 2. S-parameters of one subarray with (a) 1/2, (b) A/3, and (c) /4
inter-element spacing.

realized beamforming gain and scanning (angle) range tend to
decrease as we reduce the inter-element spacing (i.e., increase
the mutual coupling). The reduction of the realized beam-
forming gain is due to smaller aperture of the array, and
increased absorption loss and active reflection in the presence
of mutual coupling (see Fig. 4), whereas the scanning range
reduction is due to the decrease of inter-element spacing and
the increase of mutual coupling. As can be seen from Fig. 3c,
the realized gain becomes rather flat over the scanning range
due to the increased mutual coupling [25]. However, this is
achieved at the cost of an overall reduction of realized gain
(i.e., a reduction of average power) and a reduced scanning
range.

To demonstrate the mutual coupling effect on active reflec-
tions (or total active reflection coefficients), we plot the active
reflections [26] at different ports of a subarray under different
beam steering for the three inter-element spacing cases in
Fig. 4. (The input reflection S;; is calculated when only the
ith port is excited while all the other ports are terminated with
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FIGURE 3. Realized beamforming gain of one subarray with (a) 12,
(b) 1/3, and (c) A/4 inter-element spacing.

50-ohm loads, whereas the active reflection I";(6p) is calcu-
lated when all the ports are excited to steer the beam to )
It can be seen that the active reflection tends to grow as the
mutual coupling increases and, more importantly, the active
reflection increases with increasing scanning angle. One may
notice that the active reflections at port 1 (i.e., the left most
array element, cf. Fig. 1) are asymmetric with respect to the
scanning angle for A/3 and A /4 spacing cases (e.g., its active
reflection at —90° scanning angle is larger than that at 90°
scanning angle). This is because the left most element sees
no elements when the array is beam steered toward the left
endfire, whereas it sees all the other seven elements when the
array is beam steered toward the right endfire. Due to this
reason, the active refection at port 1 at a scanning angle §
is the same with that at port 8 at scanning angle of —g,
i.e., by flipping the active reflection (as a function of scanning
angle) at port 1 from left to right, one get the active refection
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FIGURE 4. Active reflections at ports 1-4 of one subarray with (a) 1/2,
(b) 1/3, and (c) 1/4 inter-element spacing under different scanning angles.

at port 8. Hence, it suffices to show the active reflections of
the left four elements (i.e., ports 1-4, see Fig. 1) only.

To show the mutual coupling effects on beam steering,
we express the far field function of one beam steering sub-
array as [26]

N

oy iso(0) j(n—1)kd (sin(6)—sin(6p))
8(0:00) === ; (1+Tu(60))¢ M
where gis, is the isolated far field function of one element,
N = 8 is number of elements, 6y is the desired scanning
angle (as can be seen from Fig. 3, at large scanning angle
the main beam direction deviates from 6y in the presence of
mutual coupling), T (60) = SN _, Syme/—0kdsin@) [26] is
the active reflection at port n for scanning angle 8y (with Snm
being the S-parameters), k is the wave number, and d is the
inter-element spacing. As can be seen, the active reflection
tends to increase as the mutual coupling increases, resulting in
reduced realized beamforming gain and scanning range. Note
that without loss of generality, we express the beam steering
far field function only in xoz (theta) plane (see Fig. 1a) in (1),
since the linear subarray cannot steer in the phi plane.
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It is found from Figs. 3 and 4 that when setting the exci-
tations to 70° scanning angle, the active reflections become
so large that the actual angle of the steering beam becomes
smaller than 70°. This is especially true for A /3 and A /4 spac-
ing cases. Hence, it is safe to conclude that mutual coupling
increases the active reflection and decreases the maximum
scanning angle. Furthermore, the constraint on the maximum
scanning angle implies an increase of outage probability in
communications. (This is demonstrated by simulations in
Section IV.)

IlIl. MUTUAL COUPLING REDUCTION

The mutual coupling can be reduced by judicious design
of the patch element. For fair comparison, we set the inter-
element spacing to A /2 thereafter.

O O
raa roaa
(@

e e
>0 >0
e e
(b)

FIGURE 5. Drawing of a pair of square patches where the circles
represent the feeding positions and dashed arrows denote the electrical
currents: (a) broadside polarization; (b) endfire polarization.

The mutual coupling between patch elements mainly
comes from two sources: radiation coupling and surface wave
coupling. By making the polarizations of the element parallel
(see Fig. 5a), the radiation coupling increases whereas the
surface wave coupling decreases. Similarly, by making the
polarizations of the elements collinear (see Fig. 5b), the radi-
ation coupling decreases whereas the surface wave coupling
increases. The dominance of the coupling source depends on
the geometry of the patch element and the distance between
the elements. The polarization of the patch element in the
previous section is along the broadside of the linear subarray
(i.e., broadside polarization), where the feeding position is
about 0.85 mm (0.07A) away from the center of the element.
(Figure 5a shows an illustration of the feeding position and
the polarization.) After rotating the patch element by 90°,
the direction of the polarization becomes endfire (i.e., end-
fire polarization), as shown in Fig. 5b. It is found that for
square patch elements with a (center-to-center) inter-element
spacing of 0.5A (edge-to-edge spacing of 0.25A), the radi-
ation coupling dominates, i.e., the endfire polarization case
has lower mutual coupling. This is in agreement with the
experimental finding in [27], where the broadside and endfire
polarization cases are referred to as E-plane coupling and
H-plane coupling, respectively.

31380

The mutual coupling can be further improved by optimiz-
ing the orientation of the element and introducing notches
in the ground plane. Figure 6 shows a new design of the
handset array. It uses the same substrate, feeding cable and
structure as that shown in Fig. 1. The patch elements are
rotated by 45° along the z-axis, which reduce the mutual
coupling to —24 dB. The dimension of the square patch is
Lp = 2.3 mm. The feeding position is 0.7 mm from the
patch center. Between every nearby patches, two notches of
dimensions 2.3 mm x 0.2 mm (with a separation of 0.2 mm)
are introduced in the ground plane (see Fig. 6b), which fur-
ther reduce the mutual coupling to —32 dB. For simplicity,
we refer to this array as the new design hereafter.
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FIGURE 6. CST model of new design with improved mutual coupling:

(a) front side of a subarray; (b) back side of a subarray; (c) the whole
array composed of three subarrays together with chassis. The broadsides
of the three subarrays are facing toward +z, —z, and —y directions,
respectively. P1-P8 represents ports 1-8 of one subarray.
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FIGURE 7. Surface current distributions: (a) Endfire polarization;
(b) 45° rotation; (c) 45° rotation plus notches (new design). Port 1 is
excited while the other ports are terminated with 50-ohm loads.

To show the decoupling effect, we plot surface current
distribution of the subarrays with endfire polarization and
the new designs with and without notches in Fig. 7. As can
be seen, the mutual coupling reduces by rotating the array
elements by 45°; and the isolation can be further enhanced by
adding notches between the 45° tilted elements (at the cost of
increased backward radiation though).

The corresponding S-parameters of the endfire polariza-
tion subarray and the new design are shown in Fig. 8. By com-
paring Fig. 2a and Fig. 8, one can see that the worst mutual
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X. Chen et al.: Characterizations of Mutual Coupling Effects on Switch-Based Phased Array Antennas

IEEE Access

-20

S-par (dB)

-30

) ) Y
25 26 27 28 29 30 31 32 33 34 35
frequency (GHz)

(a)

S-par (dB)

25 26 27 28 29 30 31 32 33 34 35
frequency (GHz)

(b)
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FIGURE 9. Active reflections at ports 1-4 of one subarray of (a) endfire
polarization and (b) new design.

coupling (between neighboring elements) of the subarray
with endfire polarization and the new design reduces by
4.7 dB and 16.7 dB, respectively, as compared with the
original subarray with broadside polarization.

It can be seen by comparing Fig. 4a and Fig. 9 that, thanks
to the mutual coupling reduction, the worst active reflections
(among all the ports over the entire scanning ranges) of the
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FIGURE 10. Realized beamforming gain of subarrays of (a) endfire
polarization and (b) new design.

endfire polarization subarray and the new design are reduced
by 6.9 dB to 20.4 dB, respectively, as compared with the
original subarray with broadside polarization. Comparing
Fig. 3a and Fig. 10, it can be seen that the scanning range
also increases by about 5° and the realized beamforming gain
increases by about 3 dB for both endfire polarization subarray
and the new design, as compared with the original subarray
with broadside polarization.

The reported worst mutual coupling of linear eight-element
subarrays in [7], [12], and [13] are —17.0, —16.0, and
—12.7 dB, respectively, whereas the worst mutual coupling
of the endfire polarization subarray and the new design pre-
sented in this work are —19.0 and —32.0 dB, respectively.
Despite the significant improvement of the mutual coupling,
the realized beamforming gain of the new design is slightly
lower than that of the endfire polarization subarray. This is
because the notches introduced in the ground plane increases
backward radiation and, therefore, reduce the element gain of
the new design.

Note that, due to the random orientation of the user, the
polarization of the mmWave handset array is also random.
To reduce the probability of polarization mismatch between
the base station and the user, £45° tilted array elements are
employed at the base station in practice [28]. This base station
antenna configuration is assumed for simulations in the next
section.

IV. SIMULATION
As mentioned in the introduction, mmWave handsets cannot
afford to be fully digital. Thus, we cannot directly use the
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MIMO capacity for performance evaluations of mmWave
handset antennas. Instead, we need to consider initial access
for the switch-based phased array antennas and use the effec-
tive beamforming channel for capacity evaluation. In this
section, we evaluate the link-level performance of the (entire)
handset array in terms of ergodic and outage capacities.

For simplicity, we assume the base station has acquired
the information of the user location and performed hybrid
beamforming towards the user. At the user side, we first
sweep over the three subarrays and choose one that receives
the highest power. Then we perform RF beamforming using
the selected subarray. By using the bisection method (see
Table 1) in searching for the strongest path, very fast ini-
tial access can be established at the user side. The initial
access algorithm for the mmWave handset is summarized
in Table 1.

TABLE 1. Initial access algorithm at the mmWave handset.

Let ¥ and P(9) be the steering angle and the average received power at

that angle.
1. Search for the subarray with the strongest average power
2. Search for the strong path using the selected subarray:

1) Set initial searching angles:

90 =-90° ¥ =90° ¥y =90°.

DI P> PO & POYY>PEY)
o= o+l )2
N = 00 +0y /2

l%t;ﬂ) = 1971/1[)

else if P> Py,

19!(;144) — 19’1;0

ot =0l

19;;"” — 12<1+1) +l%xm /2
else

o =l

l}éﬂrl) - ﬂé“

0 = O+l 2
end.

3) Repeat step 2) until

|PA™) — PG|/ Py < 0.001 or i210.

In this work, we use the QuaDRiGa channel model [29]
(i.e., a geometry-based stochastic channel model whose cur-
rent version supports channel emulations up to 100 GHz).
It is an extension of the well-known WINNER+ channel
model [30]. Specifically in this work, we assume urban
microcell scenario in line-of-sight condition at 28 GHz. The
base station is located at the cellular center with a height
of 10 m. The user is located randomly within one cellular
sector at a height of 1.5 m. In order to focus on the antenna
effect, we disable path loss in the channel model. For each
realization (drop), a random user orientation is assigned.
In total, 100000 channel drops are generated. At each user
location and orientation, the effective beamforming channel
is recorded (after the initial access). The same procedure is
repeated for the switch-based phased array antennas with
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FIGURE 11. Comparisons of ergodic capacities and outage capacities
(at 0.01 outage probability) of the three handset arrays.

endfire and broadside polarizations and the new design (see
Figs. 5 and 6) at the user side. Both ergodic and outage
capacities of the three array antennas are calculated using
(2) and (3), respectively. The corresponding results are shown
in Fig. 11.

Casodic = E [10g, (147 Ihenl?) | @)

Cousge = logs [ 1+ F~ (1 =) 7| 3)

where E denotes expectation, y represents the reference
signal-to-noise ratio (SNR), Aef denotes the effective beam-
forming channel, F is the complementary cumulative distri-
bution function of |heﬁ‘|2, and ¢ is the outage probability [24].

It can be seen from Fig. 11 that the switch-based phased
array with endfire polarization outperforms that with broad-
side polarization. This is attributed to the reduced mutual
coupling and increased scanning range. (Note that the mutual
coupling between different subarrays is much lower than that
within one subarray. Moreover, mutual coupling between dif-
ferent subarrays are less important in that, at any time instant,
only one subarray can be chosen via the switch.) Although the
mutual coupling reduction within each subarray only results
in marginal improvement of the ergodic capacity, it clearly
improves the outage capacity at 0.01 outage probability. The
improvement of the ergodic capacity is due to the reduced
absorption loss and active reflection (i.e., improved average
power thanks to the mutual coupling reduction). Neverthe-
less, since the mutual coupling of the broadside polarization
case is already low (about —15 dB), the improvement of
the ergodic capacity is insignificant. The reason for bigger
improvement of outage capacity than ergodic capacity is
that the mutual coupling reduction improves the scanning
range and, therefore, reduces the outage probability (i.e., the
probability that |heff|2 falls below certain value), which is
vital for mmWave communications. However, it is noted
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that further reduction of mutual coupling of the new design
does not improve the capacity performance, as compared
with the endfire polarization case. This is because that the
mutual coupling reduction achieved by the new design is at
the cost of (slightly) reduced realized beamforming gain due
to increased backward radiation caused by the notches in
the ground plane of the new design. Nevertheless, the new
design also clearly outperforms the broadside polarization
case in terms of outage capacity due to the increased scanning
range.

V. CONCLUSION

In this paper, we investigated the mutual coupling effect on
switch-based phased array antennas for 5G mmWave mobile
applications. It is shown that the mutual coupling in a phased
array antenna can cause severe active reflections at large
scanning angle, which in turn reduces the realized beam-
forming gain and limits the maximum scanning angle of the
phased array antenna. It is also shown that, for the considered
square patches with A/2 inter-element spacing, the mutual
coupling between neighboring patch elements can be effec-
tively reduced (as compared with the broadside polarization
case) by orientating the polarization of each element to the
endfire direction. By resorting to link-level simulations using
the QuaDRiGa channel model, it is shown that, the outage
capacity of the mmWave handset can be clearly improved
(due to the improved scanning range) by reducing the worst
mutual coupling from —15.3 dB to —20.0 dB via element
rotations. The mutual coupling can be further reduced below
—30 dB by rotating the elements and introducing notches
in the ground plane. However, the notches in the ground
plane decrease the realized beamforming gain, which sets
back the capacity improvement due to the reduced mutual
coupling.
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