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ABSTRACT Arrays on personal terminals are feasible using mmWave frequencies, but are limited by
mutual coupling. A standard specification for MIMO is −15 dB coupling which can be readily attained over
a modest bandwidth, and decoupling modifications can reduce this to less than −20 dB. Such a change has
relatively little impact on narrowband MIMO performance but is significant for wideband phased arrays,
demonstrated here using simulation and measurement of a new design. For the element, we present a
Yagi-Uda structure on PCB with a bandwidth from 22 to 44 GHz to cover a set of standard mmWave bands
for 5G. Our prototype uses the RFIC packaging material Liquid Crystal Polymer which is suitable for
Antenna-in-Package technology. For the array, the element spacing is set small enough to suppress grating
lobes at the highest frequency. At the lowest frequencies, the lowest electrical spacing means the highest
mutual coupling, and we apply a decoupling modification for this. The associated improvements in the
impedance bandwidth, scan range, gain and radiation efficiency are presented for edge- and corner-mounted
arrays designed for a mobile terminal such as a cellphone. Our array combining comprises simulation-based
signal phasing and the simpler beam switching using element selection. The edge-mounted array has a
59% TARC bandwidth (24-44 GHz) over which the scan range is between ±60◦ and ±35◦, the gain is 9.5
to 13 dBi with a radiation efficiency better than −0.2 dB. The corner-mounted switched array has peak
gains of 6 to 9 dBi, showing the gain penalty associated with the simpler switched beam architecture.
Finally, the impact of a cellphone chassis on the antenna performance is assessed by simulation.

INDEX TERMS mmWave antennas, array design, phased array, wideband, printed antenna, Yagi,
LCP, 5G.

I. INTRODUCTION

THEFIFTH generation (5G) of wireless communications
strives for new user experiences, higher throughput,

lower latency, and higher spectral efficiency, e.g., [1], [2].
The main technique for improving performance is to use
more antennas. This is enabled by the smaller wavelengths
of mmWave frequencies - often interpreted as frequencies
higher than 20 to 30 GHz - for array deployment on
physically small terminals.
The Friis path gain of mmWave carriers is lower than

that of the traditional lower frequencies. To maintain the
SNR without transmitting higher power levels or consuming
extra bandwidth, the antenna system must provide a higher
effective gain, and the use of multiple antennas provides
this. MIMO techniques can maximize the signal-to-noise-
plus-interference ratio in multipath, whereas phased arrays

maximize a geometric directive gain. Full MIMO (paral-
lel channels of multiple data streams for each user) offers
the best capacity efficiency in static conditions, but may
not be feasible because of an excessive capacity overhead
required for continual channel sounding of the fast-changing
mmWave mobile channels, and because of its high complex-
ity. Therefore, hybrid systems have been proposed, e.g., [3],
that use the simpler phased array approach or the even sim-
pler switched beam approach. Whether it’s a switched beam,
phased array, or MIMO system, the antenna performance is
the critical factor. For the antenna design, the elements need
to be wideband and have an efficiency as high as possible,
and in the array, the mutual coupling must be low, with the
question arising as to how low.
MIMO systems (for example, in the form of a chipset)

typically call for at least −15 dB coupling between antenna
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ports over a narrow relative bandwidth, e.g., [4], [5]. A reduc-
tion to well below −15 dB has relatively little impact on
narrowband MIMO performance, but its impact on wideband
phased array performance has not been studied. In terms of
MIMO terminology, this decoupling can relate to making
the element patterns “more orthogonal” over the propagation
scenario [6].

In phased array terminology, the element patterns must
be identical, and the physical spacing between elements
becomes critical because, for wideband operation, there
are opposing forces on the spacing from opposite ends of
the band. At the highest frequencies, the elements have
maximum electrical spacing with associated lower mutual
coupling, but also must be sufficiently close-spaced to sup-
press grating lobes. At the lowest frequencies, the electrical
spacing is the lowest and the associated higher mutual cou-
pling causes gain loss and beam steering limitations. It
is shown below that if the mutual coupling is more than
−20 dB then the phased array’s performance is affected.
This happens at the lowest frequencies of a wideband array,
and a solution is to deploy decoupling modifications.
Various types of antenna elements have been presented

for mmwave frequencies. These range from slot loaded
patches [7] and “fan” shaped patches [8] to cavity backed
slots [9] and the wideband Yagi-Uda structures [10], [11].
Previous Yagi-Uda mmWave designs are: (i) a novel dual-
polarization “quasi”Yagi-Uda structure that has the dipoles
on the PCB with long vias through thick PCB substrate
for radiating the other polarization, with a 25% impedance
bandwidth centered at 25.5 GHz [12]; and (ii) a more
conventional single-polarization Yagi-Uda array [13] with
18% impedance bandwidth at 27.5 GHz. A common fea-
ture in these and other previously presented antennas or
arrays [7], [8], [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18] is that they do not have sufficient bandwidth to sup-
port the set of 3GPP-tagged 5G mmWave frequency bands
(24.25-27.5, 26.5-29.5, 27.7-28.35, 37-40, 39.5-43.5 GHz).
Our designs are realized on printed circuit board (PCB)

in order to make them inexpensive, e.g., [6], and use
RFIC packaging material Liquid Crystal Polymer (LCP)
which is suitable for Antenna-in-Package (AiP) technol-
ogy [19], [20], [21]. The LCP manufacturer claims [22] that
the advantages of LCP over traditional dielectric materi-
als, i.e., various FR4s, Rogers substrates, ceramics, etc.,
include: lower dissipation at mmwave frequencies; low mois-
ture absorption; low thermal expansion, more mechanical
flexibility, and lower cost.
Our LCP based Yagi-Uda element attains the goal of cov-

ering the current 3GPP mmWave bands given above. The
various results plotted below go outside these bandwidth lim-
its, as per good practice for device design. Another design
goal is to strive for the same wide bandwidth for the array.
Previously presented arrays do not discuss array design for
such wide bandwidths, where mutual coupling issues come
to the fore. We present a new design methodology for these
wide bandwidths.

Regarding handset born arrays, an important example
is [23], which presents a beam switching array on a mobile
phone chassis. Their Yagi-Uda type elements are different
from each other, and have a comparable bandwidth to the
element presented in this paper. Two-beam switched arrays
are presented in [17] and [18], demonstrating their feasi-
bility when mounted on the long edge of a chassis. These
prior works seek to configure mmWave arrays on mobile
terminals for full spherical coverage and in the absence of
a user. To the best of the authors’ knowledge, there is no
prior treatment on the impact of chassis integration relative
to the stand-alone operation of mmWave arrays.
The new contributions of this paper are as follows. A

wideband element on PCB is presented, and a new wide-
band array design approach guides the choice of the element
spacing at the highest frequency. The traditional formulation
for a given scan range results in the elements being unneces-
sarily close, which impacts the lowest frequency behaviour
of a wideband system because of the mutual coupling. Our
approach instead uses a simple element pattern model in the
array directivity function to guide the element spacing. For
the same scan range, our approach results in a wider band-
width than existing mmWave phased array designs. Also,
we present new numerical analysis of the mutual coupling
and the effects of a groundplane on the array gain and on
the bias of the realized beam direction relative the beam
steering vector direction. Finally, we include new results on
the integration of our Yagi-Uda elements as AiPs, mounted
within a metallic chassis.
Section II discusses antenna element design using simu-

lation (CST) and measurements of prototypes. Section III is
an investigation of beam forming by phased array, mutual
coupling affects, and a corporate feed. Section IV presents
a switched element antenna system. Studies on integrating
the antenna system inside a cellphone chassis are given in
Section V, and Section VI concludes the paper. An Appendix
compares the performance of the presented design with
previously published designs.

II. ELEMENT DESIGN
The element design is given in Fig. 1. The PCB comprises
4 layers of 4-mil LCP dielectric, adhered by a 1-mil layer
of bonding sheet (FL-A3000) [24]. The 4 layers provide
the substrate thickness needed for the wide bandwidth, and
the conductor is on the outer surfaces only. The relative
dielectric constant of LCP is specified as 3 with a loss
tangent of 0.0016, at 10 GHz [25], and this is the basis for
our simulations despite the unknown values for the adhesive
layers. At the back of the Yagi-Uda element, there is a
stitched-via wall to suppress propagation to the PCB. The
through-hole vias have a diameter of 10 mil and the pad
diameter is 15 mil. The via pad is wider than the hole
by 2 mil to allow for laser drill movement tolerance. At
mmWave frequencies, filled copper vias and through-hole
vias have similar RF performance because of the skin effect.
(The skin depth at 28 GHz for copper plated vias is around
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FIGURE 1. Yagi-Uda element on two-sided PCB. The fabricated prototype size is
5 mm by 13 mm. [Wf = 1, Wd = 0.3, LGND = 4.8, Lg = 0.5, Lf = 4.7, Ld = 1.4, Lp = 1.4,
Ld1 = 4.8, Ld2 = 3.8, Ld3 = 1.2, g = 0.42]. (Units in mm).

FIGURE 2. (a) Simulated and measured reflection coefficients, and (b) simulated
gain and radiation efficiency (RE) of our Yagi-Uda element.

0.015 mil (0.39 µm) while the plating thickness of via is
1 mil.)
For a printed Yagi-Uda element, the substrate thickness is

often kept as thin as possible in order to avoid cross polar
radiation from the feed lines and vias. In mobile channels,
polarization purity is seldom required because the multipath
mixes the polarizations, and the physical orientation of the
handset is somewhat random. So in a classical mobile sce-
nario model (uniform, uncorrelated, equal polarizations), the
polarization efficiency of any single-port antenna is one half
because of the mixed polarization. When there is a dominant
line-of-sight situation (classical point-to-point) the polariza-
tion becomes important. Most mmWave channels, such as
small (femto-) cell and other indoor links, are likely to be
dominantly line-of-sight situations.
Fig. 2(a) shows a −10 dB impedance match from 22.8

to 44 GHz, where the wide bandwidth is from the PCB
fabricated parallel connection of two different length
dipoles [24], [26]. There is reasonable agreement between
the measured and simulated impedance bandwidths, except
at the higher frequencies where the measurements become
challenging. The regular ripple in the measurements is from
reflections at the limited-life push-on mmWave connectors.

FIGURE 3. Normalized, measured and simulated patterns of our Yagi-Uda element at
(a) 25 GHz (b) 28 GHz. The measured peak gain at 25 GHz is 6.8 dBi and at 28 GHz is
6.5 dBi, as compared to simulated realized gains of 6.5 dBi and 6 dBi, respectively.

These become mismatched after a few uses. This ripple
can be easily removed by averaging but we present raw
measurement data in this paper.
Fig. 2(b) shows the simulated radiation efficiency to be

−0.1 to −0.2 dB. It is currently not feasible to measure
high radiation efficiency accurately. (This requires full pat-
tern mmWave measurements where the gain, even in its
maximum direction, can seldom be estimated to better that
± 0.5 dB.)
Fig. 3 shows samples of element pattern cuts for the E-

plane (x-y), and H-plane (y-z). The simulated 3 dB E-plane
beamwidths are 63◦, 66◦, at 25 GHz and 28 GHz respec-
tively, and for the H-plane, 140◦ and 135◦. Measuring
patterns at these frequencies is challenging, including just the
alignment of such a physically tiny element. There is reason-
able similarity between the simulated and measured patterns,
including the cross polar level. More on the measurement
setup is given in Section III.

III. WIDEBAND ARRAY ANTENNA
Many array results, particularly relating to mutual coupling,
stem from “infinite” array theory. Such classical approaches
assume separable array and element factors (patterns) which
is an insightful model for the array mechanism. But on a
finite platform, the assumption of array and element fac-
torization, or the associated separation of the array and
element directivities, do not hold. Nevertheless, infinite array
considerations are still used for design guidelines.

A. ELEMENT SPACING DESIGN
The maximum element spacing is traditionally chosen using
the “no grating lobes” condition from the array factor. For
a beam steered to angle θS off broadside, this spacing is,
e.g., [27],

dmax = λ

1 + sin(|θS|) . (1)

The element pattern also affects the spacing choice, and
a standard approach is to accept some grating lobe pres-
ence and suppress it using directive elements. Here we
instead find the spacing from estimating the 3 dB scan
range from the array antenna directivity (i.e., including
the element patterns). For this, a simple main-lobe pattern
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FIGURE 4. Scan range against element spacing for a 4-element array with the
element pattern as a parameter. The array factor represents isotropic elements, and
the other element directivities are modelled for hemispheric coverage (infinite
ground-plane) and no mutual coupling. The figure shows how the scan range
decreases for larger spacing and for more directive elements. Directivities for exp 11
and exp 22 are 7.8 dBi and 10 dBi. We use a 0.75λ0 spacing at 44 GHz (= 5 mm).

model, h(θ, φ) = cos2nθcos2mφ, is used, which is referred
to as “exp nm”. The best integer fit for our element pat-
terns is exp 11 with hemispherical directivity 7.8 dBi and
beamwidth 90◦.

Fig. 4 presents some 3 dB scan ranges against the spac-
ing, calculated from the array factor approach and from the
array antenna pattern approach using modelled directive ele-
ment patterns. It is seen that for spacings greater than 0.6λ0,
the array antenna approach yields a larger scan range than
the array factor approach. In particular, the array antenna
directivity for exp 11 shows a 3 dB scan range of 45◦ for
an element spacing of 0.75λ0. Following this, we chose a
5 mm spacing corresponding to 0.75 λ0 at 44 GHz. When
using the Yagi-Uda element, the 3 dB scan range (discrete
markers in the figure) is seen to be asymmetric relative to
broadside, and this is caused by the asymmetric structure of
the PCB implementation of the elements.
The figure also includes results for the improved design

used for studying the impact of reducing the mutual coupling
on the phased array performance. (The design modifica-
tion [28] is described in Fig. 8 below.) For wideband
antennas, the mutual coupling naturally reduces at the higher
frequencies in the operating band due to the increase in the
electrical spacing between elements. The “improved” design
is seen to have a larger scan range than the “original” design
due to its reduced mutual coupling at the lower frequencies
from the modification. There is no change for the higher
frequencies such as 44 GHz, because here the mutual cou-
pling is already below −25 dB, and it turns out that this level
is low enough to not have significant impact on phased array
performance.

B. MUTUAL COUPLING AND SCAN RANGE
The Pozar model is for including the impact of mutual
coupling in the array antenna directivity. It uses the array
factor with an isolated element pattern [29], or in a revised
model [30], an embedded element pattern of a central
element of a large array. These models (equations not

FIGURE 5. The prototype array of a 4 element Yagi-Uda antennas. Left and middle:
the PCB layout. Right: showing the press-fit coaxial connectors to the elements.

FIGURE 6. Array factor pattern cuts (x-y plane) in dBi for 4 sources placed along Y
axis, array broadside at 0◦ , with and without mutual coupling at (a) 25 GHz broadside
(b) 25 GHz for beam scanned to −45◦ (c) 28 GHz broadside (d) 28 GHz for beam
scanned to −45◦ . The mutual coupling causes a gain reduction through loss as well
as through directivity reduction from pattern changes.

included here) contain the S-parameters which bear the
mutual coupling information.
Fig. 5 shows the simulated and prototype “original” array

antenna. We use the S-parameter matrices from these struc-
tures in the Pozar model to look for any systematic impact
of the mutual coupling on the array pattern.
Fig. 6 (a) to (d) are the 4-element array antenna’s pattern

cuts from using the Pozar model, for the conditions given
in the caption. The pair of plots on each graph are with
and without the mutual coupling. For without, we set the
off-diagonal S-parameters to zero.
For 25 GHz, the broadside beam and scan direction −45◦

are in Fig. 6(a) and (b). The mutual coupling is seen to
slightly broaden the main lobe at broadside, and lower the
(single) side lobes at ±90◦ by some 3 dB. But when the
beam is steered to 45◦, the mutual coupling causes the side
lobes to increase by about 4 dB. These results show that little
can be concluded regarding systematic impact of the mutual
coupling on the array pattern. This is because of the multiple
mechanisms of these pattern changes. For example, for an
element spacing of 0.42λ0 (25GHz), the adjacent element
coupling phase is about +125◦ (not shown), and from the
array factor associated with this phase progression, we may
expect to see a contribution to the pattern from the mutual
coupling in the direction of 56◦ (and 124◦) from the main
lobe. In any event, the peak gain of a phased array is reduced
by the mutual coupling in two ways - increased loss through
the coupled element energy being absorbed in the loads of
the other the elements, and changes in the patterns (often
higher sidelobes) causing a change of directivity.
At 28 GHz, the changing sidelobe level is still significant,

as can be seen for broadside pattern of Fig. 6(c). But for the
highest frequencies (not shown), we have |Sij| < −25 dB,
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FIGURE 7. The bias in the beam steering direction due to mutual coupling, (a) at
25 GHz, (b) at 28 GHz. The bias direction depends on the sign of the phase (not shown
here) of the mutual coupling.

and this level of mutual coupling has a negligible effect on
main lobe, including its gain.

C. STEERING ANGLE BIAS
The mutual coupling causes the maximum gain direction to
be biased from the expected geometric steering angle. This
is shown in Fig. 7, where the cases are: with and without the
mutual coupling; omni elements and our Yagi-Uda elements.
The bias is larger for the lower frequencies where the mutual
coupling is larger. For the results of the Yagi-Uda element
in Fig. 7, the Pozar formulation was not used because it
does not account for small arrays. The array antenna pat-
tern was instead found from the array pattern formulation
in [31] which contains the S-parameters and the embedded
element patterns (simulated) with the remaining elements
open circuited. (We have found this more recent formulation
to be accurate [32].) For the without mutual coupling case in
Fig. 7, the off-diagonal S-parameters are set to zero in this
formulation. Finally, the opposing bias directions at 25 GHz
and 28 GHz is from opposing phase signs in the mutual
coupling (expressed as either Zij or Sij) at these frequencies.

D. BANDWIDTH
Fig. 8 shows (a) the decoupling modification, and (b)-(d)
the improvement of the array antenna bandwidth for the
improved design. For 25 GHz and 28 GHz, the improved
design has S21 at about −20 dB and −25 dB respectively,
i.e., lower than the original design by about 10 dB. The
active reflection coefficients were calculated using a phased-
array formulation from [29] which contains the steering angle
and element locations. From Fig. 8(c), the active reflection
coefficients remain below −10 dB where the transmission
coefficients (off-diagonal elements of S-parameter matrix)
are lower than −20 dB. All ports of the original design
have a −10 dB active reflection coefficient bandwidth of
29 to 44 GHz. The improved design has its low frequency
performance extended to have an active reflection coefficient
bandwidth of 24 to 44 GHz.
In Fig. 8(d), the total active reflection coefficient band-

width (TARC) [5], [33] compares the array bandwidths of the
original and improved designs for when the beam is steered
to 30◦ and 45◦. These results confirm the array bandwidth

FIGURE 8. (a) The decoupling modification is printed “poles” of length λg/8
(guided wavelength), ≈ 1mm at 25 GHz. Their width is relatively insensitive, and we
use 0.5 mm. (b)-(d): The port impact by simulation: the transmission (S-parameter)
coefficients between adjacent elements; the active reflection coefficients for the beam
steered to 45◦; and the TARC comparison between the original and the improved
designs.

FIGURE 9. Beam steering cases (Broadside = 90◦) for the 4-element array at
(a) 25 GHz (b) 28 GHz (c) 40 GHz. At 25 GHz, the element spacing is 0.4 λ0, and the
scan range is limited by mutual coupling; whereas at 40 GHz, the scan range is
unaffected because the coupling is low.

improvement from the reduced mutual coupling, in terms of
the TARC metric.
The critical reduction in the mutual coupling from between

−10 and −15 dB, to less than about −20 dB, improves not
only the scan range and TARC bandwidth, shown above, but
also the array antenna gain and radiation efficiency, shown
below.

E. GAIN
Computer signal combination is used to combine the array
elements. Some beam formed patterns are presented in Fig. 9
for the original and improved designs, with key results in
Table 1. The improvements at 25 and 28 GHz are clear, and
at 40 GHz the patterns are the same, as expected.
An ideal 4-port array (identical element patterns, no

mutual coupling) should have 6 dB array gain. But a small,
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TABLE 1. Peak gain and scan range comparison of original and improved.

FIGURE 10. Simulated radiation efficiency for the two critically different mutual
coupling levels at low frequencies, and different beam steering angles. The radiation
efficiency drops as the beam is steered further from broadside due to increased
mutual coupling.

complex platform will not support the identical element
patterns assumed for this gain. Here, we co-phased the
embedded element patterns at broadside before adding, and
compared the resulting gain with the dB average of the
embedded elements. This gives array gains for the original
(improved) design of 3.6 dB (4.5 dB) at 25 GHz, 3.7 dB
(4.3 dB) at 28 GHz, and 5.1 dB (5.1 dB) at 40 GHz. The
shortfall of array gain is not just because the mutual coupling
invokes extra loss, but also because the dissimilar element
patterns reduce the expected (from an ideal array) directivity.
It is noted that for dissimilar element patterns, maximum

ratio combining (as opposed to the equal gain combining
of a phased array) would give the maximum gain possible
for any defined direction. This beam forming would require
look-up tables based on knowledge of the embedded element
patterns for the weights, a topic for future work.
Fig. 10 shows the radiation efficiency of the ideal equal

gain combining of a phased array against frequency, with
some scan angles as a parameter. The difference in the
antenna efficiencies between the original and improved
designs is due to the changed mutual coupling.
From Table 1, the improved design has its broadside gain

improved by 0.8 dB and 0.6 dB at 25 GHz and 28 GHz
respectively. These values are greater than the change in the
radiation efficiency, so there is apparently some change in
the pattern directivity as well, and this is consistent with a
change in coupling relating to a change in the correlation
between the patterns, e.g., [6].

F. CORPORATE FEED FOR FIXED BEAM
Fig. 11 shows the array antenna prototypes with and without
a corporate feed network. This fixed feed gives a fixed beam

FIGURE 11. Corporate fed array: (a) port test configuration on a small
ground-plane, using a 2-port VNA with the other two ports terminated. (b) Corporate
feed version: (c-d) bottom and top views of prototype; (e) bottom view with hand made
copper tape decoupling modification.

FIGURE 12. (a) Simulated and (b) measured reflection coefficients of discretely fed
antenna elements on a minimal groundplane; (c) measured transmission coefficients
at the discrete ports; (d) measured reflection coefficient at the single-port of the
corporate feed (shown in Fig. 11).

and is only to check array functionality. We note that the size
of a corporate feed tends to be much larger than the array,
so where size is a critical resource, such as on a handset,
such feeds are not likely to be feasible.
For testing at the ports of the elements, a Keysight Field

Fox VNA was used with the unconnected ports having
G3PO standard 50� terminations, see Fig. 11(a). (For test-
ing the corporate feed port, only a single-port measurement
is required.)
Fig. 12 shows (a) simulated and (b) measured reflection

coefficients at the 4 ports (i.e., no corporate feed) for the
original and improved design on a minimal ground-plane.
The regular ripple in the raw measurement data is again
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FIGURE 13. Simulated gain patterns (dBi) of the 4-element array, with and without
the corporate feed, demonstrating the array action. Broadside is at 90◦ . The losses
within the corporate feed reduce the gain of the array (relative to an ideal array) by up
to 2 dB around the upper frequencies. Also, the corporate feed structure contributes
cross polarization at higher frequencies.

caused by mismatch at the connector, and could be averaged
out. Although the simulated and measured data, (a) and (b),
do not match very well - see especially above 40 GHz, both
indicate that the reduced mutual coupling of the modified
design improves the match.
Fig. 12(c) is the measured coupling between the discrete

ports (i.e., no corporate feed), showing the decrease for the
improved design at the low frequencies. Fig. 12(d) shows
the simulated and measured single port impedance band-
widths for the corporate fed array. Recall that the frequency
range on the plot well exceeds the bandwidth we are seek-
ing, which is 24.25-43.5 GHz. The results for original and
improved designs show no significant difference, because:
(i) the mutual coupling improvements are less pronounced
for the broadside radiation of a corporate fed array and (ii) at
any frequency, the corporate feed port match is essentially
the same overall level as when it has matched terminations
instead of the elements (not shown). Finally, the measured
reflections are somewhat higher that the simulated ones.
This is also the case in the prior mmWave Yagi-Uda array
paper [23]. The measured bandwidth must be couched as
a −5 dB match, rather than a −10 dB match. It is noted
in passing that when a user is present, cell-phone antennas
tend to have a better match because some of the transmitted
power is absorbed is in the users’ hand or head, and this
manifests as a better impedance bandwidth at the feed. In
any event, the corporate feed array study confirms reasonable
impedance bandwidth of the antenna when it’s operating as
an array.
Fig. 13 presents simulated pattern cut examples for the

discretely excited array with computer combining, and for
the corporate fed array, demonstrating the array action, for
(Top:) 28 GHz and (Bottom:) 38 GHz. At 28 GHz, using

FIGURE 14. Pattern measurement set-up with an NSI system.

the corporate feed does not appreciably reduce the peak
gain (from 9.6 to 9.5 dBi), and the cross polar gain in
the main lobe remains at about −8 dBi for both cases. At
38 GHz, the peak gain reduces from 12.1 to 10.1 dBi due
to a higher loss in the corporate feed at this frequency.
Also, the cross polarization level in the main lobe increases
significantly (from −0.74 to 3.87 dBi) due to radiation from
the electrically thicker corporate feed structure.

G. PATTERN MEASUREMENT
Mostly, mmWave systems are tested using Over-The-Air
systems which cannot separate, say, the antenna performance
from the signal-processing performance. However, the pat-
terns are critical parameters for phased arrays.
As noted in Section II, pattern measurement is very chal-

lenging at mmWave frequencies, and the full set of directions
cannot be rendered due to the finite near-field aperture. The
pattern measurement set-up for the corporate-fed array in
our NSI near field chamber is shown in Fig. 14.
For such a wideband measurement, different probes are

required for different parts of the band. For 24-33 GHz, a
WR34 probe is used with a calibration standard gain horn
(SGH34). For 33-40 GHz, the combination is WR22 and
SGH22. The IF bandwidth can be controlled and offers a
trade-off between manageable measurement time and mea-
surement accuracy. For 24-33 GHz, we used 3 kHz, and for
33-40 GHz, the higher losses in the measurement system
meant that we needed to use 300 Hz (and an extremely
long measurement time - several days).
Fig. 15 shows pattern cut examples (25, 28, and 38 GHz),

by simulation and measurement for the corporate fed array
and these match reasonably well including the cross polar-
ization levels. In summary, the measured gains are 8.5 dBi,
10 dBi and 11.8 dBi respectively, while the simulated gains
are 9 dBi, 9.5 dBi and 10.1 dBi; so differences of about
(0.5 dB, 0.5 dB, and 1.7 dB) at (25 GHz, 28 GHz, and
38 GHz). The improved design has a gain increase of 0.5 dB
at 25 GHz and 0.3 dB at 28 GHz, in both simulation and
measurement (not shown.) The corporate fed array pattern
behaviour confirms the 4 elements are functioning as an
array over the bandwidth.
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FIGURE 15. Measured pattern of 4 element array (original) with corporate feed
network at (a) 25 GHz, (b) 28 GHz, (c) 38 GHz. The measured gains at these
frequencies are 8.5 dBi, 10 dBi and 11.8 dBi respectively.

FIGURE 16. Schematics of corner beam switching antenna with fabricated
prototype, and simulated pattern depiction.

IV. SWITCHING COMBINATION: ARC SHAPED ARRAY
Beam switching offers a simpler beamforming architecture
compared to a wideband phased array system, especially
for a large scan range. Its disadvantage is not harnessing
the power of an array which is to use all the elements
simultaneously. (To compensate, the elements used in beam
switching can be different from each other and have a higher
gain than those of a phased array, with the patterns and
number of elements arranged for a coverage requirement,
e.g., [23].) Here we use the same Yagi-Uda elements as
above, arranged as a three element array on an arc, shown
in Fig. 16 with depicted patterns. While an advantage of
switched combining is the removal of mutual coupling (by
setting the unused elements to open circuit - so there are
no feed currents for these elements), we keep the unused
elements loaded rather than open circuit to include the impact
of mutual coupling within this configuration.

FIGURE 17. Scattering parameters for the arc shaped array. (a) simulated reflection
coefficients, (b) measured reflection coefficients, (c) simulated transmission
coefficients, and (d) measured transmission coefficients. The decoupling modification
again decreases the coupling between antenna ports at lower frequencies, to be lower
than −35 dB throughout the operating bandwidth.

FIGURE 18. Simulated patterns of the beam switched configuration for the original
design at 25, 28 and 40 GHz. The nominal beam directions are 180◦ , 215◦ , and 270◦ .

Fig. 17 gives the simulated and measured S-parameters for
the original and improved designs for the unused elements
terminated. As with the linear array, the decoupling modifi-
cation improves the simulated impedance bandwidth of all
the ports by 2-3 GHz to be: 22 to 43.5 GHz for ports 1 and
2, and 22.3 to 43.5 GHz for port 3. The measured trans-
mission coefficients in Fig. 17(d) show less improvement
than expected from the simulations, and this is likely due to
the inaccuracy of the made copper taped decoupling poles.
From the measured reflections, (c), the measured impedance
bandwidth again must be couched as a −5dB match, rather
than a −10dB match. This is the same situation as in other
mmWave antennas, e.g., [23].
Fig. 18 shows some simulated pattern cuts for the original

design, and recall this is for the unused elements terminated,
so the mutual coupling impacts the situation. At 25 GHz
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FIGURE 19. Deploying the linear array on the long side of a cellphone chassis, and
the arc shaped array at a corner. Finite, complex platforms, such as these
configurations affect array performance.

(28 GHz), ports 1 and 3 have a peak gain of 5.4 dBi (6.7 dBi)
and port 2 (the middle element) is about 6 dBi (7.1 dBi). At
higher frequencies, the gain increases because of the higher
element directivity. For example at 40 GHz, ports 1 and
3 have a peak gain of 7.7 dBi and for port 2, 9.2 dBi.
For the unused elements open circuited (not shown), there

is a gain increase at port 2 at 25 GHz of about 0.5 dB, and
at 28 GHz, about 0.2 dB, and negligible change at 40 GHz.
These differences are from the mutual coupling creating loss
in the terminated unused ports.
For the improved design in the corner array (not shown),

the lower mutual coupling at lower frequencies means that
the beam direction becomes better aligned with the geomet-
ric steering direction and has improved gain. In particular,
at 25 GHz the Port 1 peak gain is improved by 0.6 dB
to 6.03 dB, from a narrowed E-plane (x-y) beamwidth but
unchanged H-plane (x-z) pattern cut. For Port 2, the peak
gain is improved by 0.4 dB. For port 3, the peak gain is
again improved by 0.6 dB, similar to Port 1. At 28 GHz,
similar but smaller changes occur, and once the frequency
reaches 40 GHz, the mutual coupling is not changed and so
the respective patterns are the same.

V. CHASSIS EFFECTS ON ARRAY
Examples of placing the arrays on a cell phone chassis are
shown in Fig. 19. A cavity, i.e., an open-ended waveguide,
is used for the antennas so that the antenna PCB structure is
unobtrusive. A radome would be used over the cavity open-
ing of the antenna system. We have not studied the impact
of the radome. Generally, a low loss radome of modest rel-
ative permittivity, and electrically very thin, will not have a
major impact. However, the complex chassis will impact the
antenna. The size of the cavity is of primary interest, and
we simulate a couple of options to identify a design, and its
impact on the array performance.

A. LINEAR ARRAY
Chassis 1: The cavity width (between the parallel plates,
see the left-most diagram of Fig. 19) is set to 8 mm, with
cavity length 52 mm. Both ends of the cavity are 18.5 mm
away from the center of the outer element of the array in
the E-plane, depicted as “clearance distance” in Fig. 19. In
the H-plane, the clearances to the cavity edges are 4.5 mm
and 3 mm, i.e., the PCB antenna is not quite at the centre
between the parallel plates. This is to cater for the antenna
connectors which are on one side of the PCB. This is the
widest cavity for the chassis, and we study the impact of
reducing it.
Chassis 2: The cavity width is reduced from 8 mm to

6 mm, keeping the other clearances the same.
Chassis 3: the cavity size along E-plane is reduced so that

clearance distance is reduced from 18.5 mm to 7.5 mm.
Fig. 20 shows the S-parameters of the linear array in

the various chassis cavities. For the original design, some
resonance-like behaviour of the cavity causes the reflection
coefficients to increase - for example, going above −10 dB,
and thereby disrupting the −10 dB bandwidth.

When the chassis cavity width is reduced, or the clearance
distance is reduced, as in Chassis 2 and 3, respectively,
the coupling between adjacent elements and the next-to-
adjacent elements, are significantly affected. It seems that
the narrower cavity width couples more energy between the
ports from increased wave guiding within the cavity. This
increased coupling in turn limits the scan range of beam
steering arrays at lower frequencies. Of particular interest
is that the original design is more sensitive to the cavity
presence than the improved design. The improved design has
lower coupling between elements, and this makes it more
robust to cavity coupling-induced scan losses. The improved
design operating in Chassis 1 works satisfactorily in terms
of reflection coefficients and coupling over the operating
bandwidth, despite the cavity resonances.
This simulation study shows that the minimum cavity size

should be Chassis 1, corresponding to 0.6 λ0 and 3.8 λ0 at
the lowest frequency, 22 GHz. A smaller cavity size further
compromises the bandwidth performance.
Table 2 summarizes the impact of the cavity presence on

gain and beamwidth. For Chassis 1, at the low frequencies,
the array directivity is increased significantly (by 3 dB)
because the cavity acts to reduce the beamwidth. For the
much-reduced cavity size of Chassis 3, the E-plane maintains
the increased peak gain at the low bands, but by 40 GHz,
the peak gain drops slightly. Table 3 gives the scan range
performance in Chassis 1. The scan range of the original
array is significantly reduced as a result of the chassis,
mainly because of the reduced adjacent element coupling at
lower frequencies. For the improved array inside the chassis
cavity, the lower coupling means better scan range as seen in
Table 3. Regarding the patterns, Fig. 21 shows the original
array has scan range degradation for beam steering to 45◦
at 25 GHz, but remains good over its designed 3 dB scan
range at 28 GHz and 40 GHz.
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FIGURE 20. Simulated scattering parameters of original and improved design inside
chassis cavity. The cavity resonance modes increase the coupling between the
elements, and reduce the impedance bandwidth, when the enclosing cavity size
becomes critically small.

TABLE 2. Gain and beamwidth comparisons for various cavity shapes for the linear
array (original design) in the cellphone chassis.

B. 3-ELEMENT CORNER ARRAY
The beam switched corner array is shown on the right hand
side of Fig. 19, with the elements in a corner cavity of the
chassis. Again, we experiment with the cavity size to see
how it affects the array performance.

TABLE 3. Peak gain and scan range comparison of original and improved design of
the linear array in Chassis 1.

FIGURE 21. Simulations of the linear array to show the effect of the chassis
mounting of the array on its beam steering for the original array at (a) 25 GHz
(b) 28 GHz and (c) 40 GHz. The chassis acts to increase the gain of the array gain but
reduces the scan range.

Corner Chassis 1: A cavity of 8 mm wide with E-plane
clearance 8 mm (Fig. 19). The array, on 0.5 mm thick AiP,
is symmetrically placed inside cavity with the cavity end
walls at 3.8 mm on one side and 3.7 mm on other.
Corner Chassis 2: Cavity width reduced to 6 mm in the

H-plane, maintaining the E-plane cavity edge wall at 8 mm
away from centre of the port 1 element.
Corner Chassis 3: The whole cellphone chassis as a hol-

low enclosure between 1.5 mm thick copper parallel sheets,
with a cutout clearance of 8 mm in the E-plane and a cavity
width of 8 mm in the H-plane as in Corner Chassis 1.

The summary is as follows (plots of the details are omit-
ted). Corner Chassis 1 has negligible impact on impedance
bandwidth and port isolation. The narrower cavity width of
Corner Chassis 2 affects all the reflection coefficients and
reduces the −10 dB impedance bandwidth. The large cavity
of Corner Chassis 3 gives the same results as Chassis 1.
From these results, the size of the clearances is the critical
design parameter. So the Corner Chassis 1 is the best choice,
and with the improved design, the elements maintain their
impedance bandwidth (22-43.5 GHz). To see the impact of
the critically lower mutual coupling, the original design in
the Corner Chassis 1 cavity, has bandwidth (25-43.5 GHz),
and the gain performance is about the same.
Table 4 reviews the impact of the various cavity sizes on

the element gains. The end elements (ports 1 and 3) have
slightly different gains, which is due to the asymmetric PCB
layout of the elements and their slightly different (3.7 mm
and 3.8 mm) wall clearances. The presence of the chassis
can improve the gain for all ports by 2 to 3 dB.
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TABLE 4. Gain (dBi) comparisons for the various cavities of the corner array for the
beam switching array.

In summary, the cavity width (relates to the thickness of
the cellphone chassis) for these elements should be 8mm,
corresponding to 0.6 λ0, with an E-plane clearance of 0.6λ0
at 22 GHz (lowest operating frequency) to minimize the
impact on the port impedances.

VI. CONCLUSION
Design information is presented for a new element and its
arrays which are suitable for cellphones operating over a set
of 5G frequency bands. The designs use Antenna-in-Package
technology including substrates of Liquid Crystal Polymer
for its stable dielectric constant. An “original” design is
compared with an “improved” design which has decreased
mutual coupling from using a known decoupling modifica-
tion. The impact of the associated critical change in mutual
coupling is presented in terms of the array performance. The
element has a 66% relative impedance bandwidth. For the
arrays, the lowest frequencies have the smallest electrical
spacing where the mutual coupling limits the gain, while at
the highest frequencies, the large electrical spacing causes
grating lobes. These opposing effects are traded off using a
design approach which depends on both the array factor and
the element pattern. The result is a better scan range across
the wide bandwidth than that available from the traditional
formulation which uses only the array factor. At 25 GHz (the
lowest 3GPP-tagged mmWave band), the adjacent element
mutual coupling is improved from −10 to −20 dB. For a
linear array this extends the TARC bandwidth of the array in
the lower frequency direction by 5GHz. This also increases:
the 3dB scan range by 30◦; the broadside array antenna

TABLE 5. Comparison of presented array antenna with recently published mmWave
array antennas.

gain by 0.8dB (and by more in off-broadside directions);
and the array antenna radiation efficiency by 0.4 dB. For the
28 GHz band, the adjacent element coupling level decreases
from −15 to −25 dB, which increases: the array antenna
3 dB scan range by 17◦; the broadside array antenna gain
by 0.6 dB; and the radiation efficiency by 0.2 dB. At higher
frequencies, where the electrical spacing is larger, the mutual
coupling is about −25 dB, a level which is low enough to
have negligible impact on the phased array performance.
Deploying the array on a mobile terminal changes the

array performance relative to its stand-alone behaviour. It was
shown by simulation that placing the array in a cavity of a
cellphone chassis reduces the beamwidth and boosts the peak
gain by 2-3 dB. In reducing the beamwidth, the 3 dB scan
range is reduced: by 30◦, 29◦, and 19◦; at 25 GHz, 28 GHz
and 40 GHz, respectively. To maintain the bandwidth of
the array in the chassis, we established a minimum cavity
clearance for the antenna (see Fig. 19) in both the E-plane
and the H-plane of the array.

APPENDIX
SUMMARY OF REPRESENTATIVE PUBLISHED MMWAVE
ARRAYS
With our design results in place, the performance of our
improved linear array can be compared to recently pub-
lished wideband mmWave arrays antennas (with no chassis
included). Table 5 is the summary showing a favourable
comparison in the gain and bandwidth.
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