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ABSTRACT This study presents a dual polarized broadband microstrip patch antenna for a 5G mmWave
antenna module on an FR4 substrate. The proposed antenna was fabricated using a standard FR4 printed
circuit board (PCB) process because of its low cost and ease of mass production. The electrical properties
of the FR4 substrate in the 5G mmWave frequency band were also characterized. An air cavity structure
was introduced to mitigate the high loss tangent of the FR4 substrate. Capacitive elements such as proximity
L-probe feedings and parasitic patches are used to improve the impedance bandwidth of the patch antenna.
For the polarization diversity of the massive multiple-input multiple-output (MIMO) capability, the antenna
radiator was designed with a symmetrical structure, and the relative position of the L-probes excites the
orthogonal resonant modes to enable dual linear polarization. The operation principle of the proposed
antenna was thoroughly analyzed by characteristic mode analysis (CMA). The measured bandwidth of a
single antenna was 23.1 % (23 ~ 29 GHz) and the gain value was 5 dBi. The measured cross-polarization
suppression ratio of single antenna was 15 ~ 20 dB. The measured gain value of 1 x 4 antenna array was
10 ~ 11 dBi and the cross-polarization suppression ratio was about 20 dB. The size of the proposed single
antenna is 0.4119x0.4149x0.1X¢, and that of a 1 x 4 antenna array is 2.780x0.4119x0.1A¢. The envelope
correlation coefficient (ECC) was calculated and was lower than 0.02 in the 5G mmWave frequency band.

INDEX TERMS 5G mmWave antenna, massive MIMO, FR4 PCB, array antenna, characteristic mode

analysis, broadband patch antenna, dual polarized patch antenna.

I. INTRODUCTION

With the proliferation of mobile devices like smartphones,
mobile data traffic has increased significantly. One of the
key elements consisting of the 4th industrial revolution
(or Industry 4.0), such as smart hospitals, smart factories,
and autonomous vehicles, is next-generation communication
standards (i.e., 5G, Beyond 5G, and 6G), which require
extremely low latency and a high data rate. Recently, 5G
mmWave technology has been attracting great attention from
numerous researchers and industries because of its extremely
high data rate of up to several Gbps and ultra-low latency
of several ms [1]-[5]. A key element in realizing mmWave
technology is a high-performance RF front-end (RFFE) sys-
tem for mobile devices or base stations. However, meeting
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all the design specifications for RFFE systems in mobile
devices is a challenging task because of their small form fac-
tor and limited available RF power. The system-in-package
(SiP) technology is an essential technology for cutting-edge
RFFE modules due to its advantages of signal/power loss
reduction and high system integrity [6]-[9]. Multiple func-
tional integrated circuits (ICs) and passive components, such
as power-management integrated circuits (PMICs), radio
frequency integrated circuits (RFIC), and SMDs, are inte-
grated on a single package substrate (or laminate). It results
in dramatic loss reduction due to the short physical dis-
tance between the components. EM fields in the mmWave
frequency band can be also tightly confined within the
RFFE module. For a 5G mmWave RFFE mobile module
applications, antennas are usually implemented in the pack-
age (antenna-in-package, AiP) because the half-wave length
(X0/2) in the 5G mmWave frequency band is comparable to
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the size of RFFE modules [10]. The antenna of the RFFE
module is a critical component that should be designed care-
fully to have high performance as well as meet challenging
system requirements (e.g. bandwidth, form factor, gain, radi-
ation patterns, etc.).

Many novel 5G mmWave antenna designs have been
reported [11]-[15]. The antenna bandwidth and gain were
improved by using a high-K dielectric superstrate [11], [12].
A broadband low-profile antenna was proposed using a
vertically folded slotted circular patch antenna [13]. The
operation bandwidth was improved by introducing a cou-
pled feeding structure. A corporate stacked BW 34 microstrip
antenna was fed by slot-coupled substrate integrated waveg-
uide (SIW) feeding networks [14]. Antenna gain and band-
width were improved by applying a stacked patch topology
and a substrate integrated cavity composed of via walls [15].
Most of the reported research efforts have used high-cost
Teflon or ceramic based low-loss materials. These low-loss
materials are usually expensive and make up a significant
portion of the price of mmWave modules.

The main novelty of this paper is the systematic design
of a high-performance low-cost antenna for 5G mmWave
AiP module based on characteristic mode analysis (CMA)
method. In this paper, a dual polarized broadband microstrip
patch antenna for 5G mmWave applications on low-cost
FR4 substrate is presented to implement a high-performance
mmWave antenna on low-cost high-loss material. The pro-
posed antenna was fabricated by a FR4 PCB process since it
is a well-developed cost-effective process. Low-loss and low-
cost alternative materials, such as FABM, are good choices
for reducing cost and signal loss, but in this study, high-loss
FR4 material is chosen to demonstrate a systematic design
approach for dielectric loss mitigation and broadband patch
antenna design. The proposed antenna design covers most
international commercial 5G mmWave frequency bands and
features polarization diversity (dual polarization) for massive
multiple-input multiple-output (MIMO) capability [16]. The
operation principle of the proposed antenna was analyzed
by CMA.

This paper is organized as follows. In Section II, the elec-
trical properties of the FR4 substrate are characterized by the
T-resonator method since an accurate electrical model of the
substrate is essential to design a high-performance antenna.
In Section III, the design and analysis of the proposed single/
array antenna are presented. Detailed antenna geometry,
thorough theoretical analysis, and CMA are discussed. The
measured performance parameters of the proposed antenna
in the 5G mmWave band, such as the antenna gain, |S;1],
and Envelope Correlation Coefficient (ECC), are compared
to simulation results in Section IV. This is followed by the
conclusion.

Il. FR4 CHARACTERIZATION

Accurate electrical properties of the FR4 substrate in the
mmWave frequency band are critical information for design-
ing high-performance antennas. However, the electrical
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FIGURE 1. Fabricated microstrip T-resonator on FR4 substrate.

TABLE 1. T-resonator measurement.

Resonance Frequency (GHz) BW, .5 (GHz)

23.27 0.75
25.04 0.82
26.81 0.99
28.67 1.36
30.70 1.21
3241 1.04

properties of FR4 substrate have not been reported for
the SG mmWave frequency band (24 ~ 29 GHz). Thus,
the T-resonator method was adopted to extract the relative
dielectric constant (¢,) and loss tangent (tan §) of the FR4
substrate. The T-resonator consists of a simple T-pattern with
a microstrip open stub and feeding lines. The length (L) of
the open stub can be determined by the quarter-wave (Ag/4)
resonator design equation:

I = n-c 0
4f\/geﬁ
where n is the order of the resonance (n = 1, 3, 5,...),

c is the speed of light, f is the resonance frequency, and
effective dielectric constant (g.5) is the effective dielectric
constant [17]. Fig. 1 shows the fabricated T-resonator on
200-um-thick FR4 substrate (H). The width (W) and thick-
ness of the metal are 0.4 mm and 16 um, respectively.

The T-resonator method extracts &, and tan § of mate-
rials from odd harmonic resonance modes of the T-shaped
microstrip Ag/4 open stub resonator as shown in Fig. 1.
In general, the T-resonator should be designed to resonate at a
frequency point lower than the desired frequency band to get
as much data as possible. In this work, for instance, a funda-
mental mode of the T-resonator was designed to resonate at
1 GHz (L = 45 mm). The designed T-resonator resonated at
each odd harmonic (1 GHz, 3 GHz, 5GHz, ~ etc.) to obtain
& and tan § with a 2 GHz step. Table 1 shows the measured
resonance frequency points of the designed T-resonator and
the 3-dB bandwidth.
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The effective dielectric constant can be calculated using
the resonance frequency points and the electrical length
of the stub. The effective dielectric constant was extracted
using the measured values in Table 1 and equation (2)

n-c ?
4(L+Y% 41y — o) f(m)

where L and W are the length of the stub and the physical
width of the feed line, respectively. The correction factors
for the effects of the open end and T-junction are /., and d>,
respectively [17].

Eoff (M) = { @

abk
leo = 7]1 (3)
where
egp! +0.26 [ (w/H)"5 1 0.24
a = 043 0.81 0.85 (4)
081 —0.19 | | (W/H)"® +0.87
(W//l1)037
=14 == 5
W P ®)
tan—! (0.084 (W /H)'9%/8
b=1+05320 QORI ) ©)
SEﬁ
k=1-—0.22""W/H (7
d =14 0.038tan"" (0.067(W /H)'*®)
y (6 _ 560.036(1—5,)> ®)
d ~16 2
o =05 - (0.05 +0.7e70 1025 (F /f1) ) ©)

where W is the effective width of W, and f,; is the fre-
quency of the first-order (dominant) resonance mode. The &,
of a transmission line is calculated using (10).

g +1
Eeff = 5

& —1 1 2
+-5 [ero.om—W/H)}

w
— <1
H
1 -1

8eﬁ=8r+ + &

2 H

2,/1+12(5)

w
— 1 10
7> (10)

The calculated relative dielectric constant of the FR4 sub-
strate is shown in Fig. 2. The relative dielectric constant (g,)
increases as the frequency increases in the frequency band of
interest (24 ~ 29 GHz).

The tan 6 is extracted from the unloaded quality factors
(Q-factor) of the T-resonator. The unloaded quality factor
(Qp) is calculated as follows:

_ [
0L = BWass Y

oL
V1=2.10"1/19

Qo

(12)
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FIGURE 2. Extracted relative dielectric constant (¢r) of FR4 substrate.
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FIGURE 3. Extracted loss tangent (tan §) of FR4 substrate.

where Qy is the loaded quality factor and Ly is the value of
insertion loss (IL) at the resonant frequency. f and BW3,4p are
the measured resonance frequency and the 3-dB bandwidth,
respectively. The unloaded quality factor consists of dielectric
material (Qg), conductor (Q.) and radiation losses (Q,). Q4
can be calculated by (13) [17].

1 n 1 n 1
Qo Qu O, Or
The tan § is calculated by Q-factors of the dielectric

material and the previously calculated dielectric constant,
as shown in (14).

(13)

e (67 — 1)
Quer(e eff — D
The measured tan § of the substrate in the 5G mmWave
frequency band is shown in Fig. 3. Like the relative dielectric
constant, the tan é values also tend to increase with increasing
frequency.

tan§ = (14)

IIl. ANTENNA DESIGN AND ANALYSIS

A. 5G mmWave ANTENNA MODULE FOR

MOBILE DEVICES

Antenna performance is a key design parameter of an AIP
module for mobile devices, and it is critical to design a high-
performance antenna satisfying all the design requirements.
Table 2 summarizes the target antenna performance specifica-
tions presented in this paper. The antenna array gain should be
higher than 10 dBi to maintain a robust communication link
because of the high free space path loss [1]-[3]. The target
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TABLE 2. Proposed antenna specifications.

Specification Design Target
Array Antenna Gain >10 dBi
Freq. Bandwidth (|S;,| <-10 dB) 24 ~29 GHz
ECC <0.3

Broadside radiation
Dual (H&V)

Radiation Pattern

Polarization

(V-pol)

FIGURE 4. Geometry of the proposed dual polarized broadband patch
antenna.

fractional impedance bandwidth should be broader than 19 %
at26.5 GHz (24 ~ 29 GHz) to cover multiple international 5G
mmWave frequency bands, including those of China (24.75
~ 27.5 GHz), Europe (24.5 ~ 27.5 GHz), and South Korea
(26.5 ~ 28.9 GHz).

The antennas for a 5G mmWave module should be able
to support massive MIMO functionality to improve the spec-
tral efficiency of 5G and Beyond 5G communication. The
antennas should have dual polarization (V-/H-polarizations)
properties, and the isolation level between the V-pol and
H-pol is critical. The isolation level can be characterized by
the ECC rather than simple S-parameters between ports. For
massive MIMO, ECC should be less than 0.5, but the design
target of ECC is set to 0.3 or less in consideration of the
design margin [18]. The proposed antenna was fabricated by
a conventional FR4 PCB manufacturing process because it is
cost-effective and well-developed.

There are two main issues in designing a planar patch
antenna on FR4 substrate while satisfying all the design
requirements: i) the high loss tangent value of FR4 substrate
and ii) the narrow bandwidth of a planar patch antenna.
An air cavity structure under the main patch radiator shown
in Fig. 4 and 5 minimizes dielectric loss and increases band-
width [19],[20]. This is done because the excited EM fields
of the antenna are concentrated in the air cavity. The radiation
efficiency of the antenna can also be significantly improved
since the interaction of the EM field and the lossy FR4 sub-
strate is minimized. For the broadband properties, capacitive
elements, such as parasitic patches and proximity L-probe
feeding structures are used in the patch antenna, as shown
in Fig. 5 [21].
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FIGURE 5. Configuration of the proposed antenna: (a) side view of
antenna, (b) top view of sub1(layer1-top, layer2-bottom), (c) top view of
sub2 and (d) top view of sub3(layer3-top, Layer4-bottom).

B. ANTENNA GEOMETRY

Fig. 4 shows the geometry of the proposed antenna. Four
parasitic patches were used in the main radiator, and the
L-probe was placed on top of the antenna for ease of fabrica-
tion [22]. Fig. 5 shows a side view and the detailed structure
of the antenna. The values of the design parameters are listed
in Table 3. All the layers shown in Fig. 5 were fabricated
by a conventional low-cost FR4 PCB process. The antenna
consists of three substrates, with heights of h; = 0.2 mm,
hy = 0.8 mm, and h3 = 0.2 mm. 16 um-thick copper foil was
printed on the FR4 substrate. Fig. 5(b) shows the location of
the L-probe placed on top of Subl and the radiation patch
is placed on the bottom side to simplify the fabrication pro-
cess. Fig. 5(c) shows a dielectric spacer (Sub2) for air cavity
structure. Ground plane and antenna feeding networks were
printed on the top and bottom of Sub3 as shown in Fig. 5(d).
The width (W) of the feed line was designed to be 50 2.
A vertical cylindrical wire with a diameter (Ry) of 0.25 mm
connects the L-probe to the feeding networks on L3.
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TABLE 3. Antenna design parameters.

Parameter W W, W W, W, 4
Value (mm) 2.8 0.8 4.7 0.15 6.0 0.4

Parameter L 1 Wp L P R 1 R 2 VVg,,d
Value (mm) 2.2 04 | 0.85 | 0.25 0.5 6
Parameter h; h; h;

Value (mm) 0.2 0.8 0.2

C. CHARACTERISTIC MODE ANALYSIS (CMA)

The operation principle of the proposed antenna can be
explained by the CMA [23]-[26]. CMA provides insights into
the physical characteristics of an antenna structure. The basis
currents from CMA are orthogonal to each other, resulting in
orthogonal far-field radiation patterns. The basis currents are
called characteristic currents (J,), and the total current (J) on
a conducting body is the sum of all the characteristic currents:

J=) aus (15)
n=1

where o, is the modal weighting coefficient (MWC) of the
n-th characteristic mode current. J,, is calculated by the fol-
lowing generalized eigenvalue problem:

[(XT[Jn] = 20 [R][J 1] (16)

where [X] and [R] are the imaginary and real parts
of the method of moments (MoM) impedance matrix
([Z]= [R]+[XD.

Resonance occurs when an eigenvalue (A,) is zero. At this
point, the radiated energy is the maximum value, while the
stored energy is the minimum [27]. The n-th MWC can be
determined by equation (17) with A, of the n-th characteristic
eigenvalue equation:

(J n» E ;an>

= — 17
273 1+ jhn )

where E!, is the incident tangential E-field on the conduct-
ing body, and the (-) operator indicates the inner product.
All eigenvalues () and characteristic currents (Jy,) are real
numbers because [R] and [X] are real and symmetric matri-
ces. The modal significance (MS) and modal excitation coef-
ficient (MEC) are the denominator and numerator of (17) as

shown in (18) and (19).

1
MEC = (J,,, E') (19)

Thus, all the characteristic currents (or characteristic
modes) satisfy the following orthogonal properties shown
in (20) ~ (22)

(va RJn) = Smn (20)
(Jm»XJn) = )\namn (21)
Im, ZJn) = (1 +jAn) Smn (22)
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FIGURE 6. Eigenvalue (1p) of antennas: (a) square patch antenna and
(b) square patch antenna with proximity L-probe feedings and parasitic
patches.
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FIGURE 7. Modal significance (MS) of the proposed antenna.

where R, X, and Z are elements of the [R], [X], and [Z]
matrices, respectively. dmy is the Kronecker delta function.

A new set of eigenvalues, uy, is introduced when reactive
elements ([X1 ]) are loaded in the conducting body, as shown
in (23) and (24):

[X + X1 nl = ttn R[] (23)
tn = An + [XL][R]7! 24)

The new eigenvalue, uy, can be controlled by the types of
reactive loadings as shown in (25)

2rfL XL >0
X = 1 (25)
__ZﬂfC (XL < 0)
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FIGURE 8. CM current distribution and E-field pattern of each characteristic mode: (a) J; at 22 GHz, (b)J,at 22 GHz, (c) J3at 25 GHz, (d)J;at 27 GHz, (e)/5

at 28 GHz and (f)Jgat 29GHz.

where X, is the elements of matrix [Xp]. From (24) and
(25), the resonant frequency of the characteristic current can
be shifted to a lower or higher frequency by controlling the
reactive loadings [27], [28].

Resonant frequencies of higher-order characteristic mode
were shifted to lower desired resonant frequencies by capac-
itive loadings, such as the proximity L-probe feeding and
parasitic patches, to increase the impedance bandwidth of
the planar patch antenna. As a proof of concept and without
loss of generality, CMA was used to analyze the charac-
teristic modes of a simple coax-fed patch antenna and the
proposed proximity L-probe fed patch antenna with parasitic
patches, as shown in Fig. 6. The characteristic modes were
calculated using Altair FEKO. Only four resonating charac-
teristic modes (CMs) were observed at the frequency band
of interest for the simple square patch antenna as shown
in Fig. 6(a). However, two more CMs were newly intro-
duced, and the CMs interval was modified to expand the
bandwidth of the proposed antenna as shown in Fig. 6(b).
Fig. 7 shows the MS of the proposed patch antenna with
capacitive loadings (L-probe and parasitic patches). It shows
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that CM currents, J;~ Jg, contribute to the radiation of the
proposed antenna.

Fig. 8 shows modal surface current distribution and E-field
pattern due to the CM currents of the proposed patch antenna
structure. The CMs resonating in the parasitic patch are Ji,
J>, and the CMs generated due to the coupling of the main
patch and the parasitic patch are J4, Js. It is clear that J; and
J> are CM currents of TM19 modes in x- and y- directions,
respectively. J4 and J5 are CM currents of Quasi-TM3g mode.
The loading effect of the parasitic patches is also observed
because the strong CM currents flow on the parasitic patches.
J3 is the CM current of the ground plane (Wgngx Wgnd)
which do not contribute to the antenna radiation. Jg resonates
in all patches, so it has a broadside radiation pattern. Jp,
Js5 resonate the Y-pol of the proposed antenna, and J>, Ja
resonate the X-pol. In this work, the L-probes are designed to
excite only J1, J2, J4, and J5 which has the desired radiation
patterns over the broad frequency band. The L-probes in
Xx- or y-axis excites corresponding x- or y-polarized waves.
Fig. 9 shows the sum of CM currents excited by the vertical
probe (x-axis direction). CM currents at each frequency are
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FIGURE 9. Sum of CM currents excited by the vertical probe: (a) 22 GHz,
(b) 25 GHz, (c) 27 GHz and (d) 29 GHz.

chosen according to the magnitude of the MS values shown
in Fig. 7. For instance, MS values of J3, J4, and J5 at 27 GHz
are much higher than other CM currents, and those values are
summed up. It is found that the x-axis probe excites J, and
J4 dominantly.

The proposed antenna was also investigated using the
total surface current distribution (J) as shown in Fig. 10.
The surface current distributions were computed by Ansys
HESS release 19. The total current distributions shown
in Fig. 10 correspond to the sum of excited characteris-
tic current modes shown in Fig. 9. At 22 GHz, most of
the total surface current flows on the edges of parasitic
patches since it is resonating in TMj9 mode as shown
in Fig. 10(a). At 25, 27 and 29 GHz, most of the total surface
currents flow on the main and parasitic patches to form
a quasi-TM3p mode [29]. Field distributions of TMjg and
quasi-TM3g modes under the radiation patches are depicted in
Fig. 10(e) and (f).

D. 1 x 4 ANTENNA ARRAY

A 1 x4 dual polarized antenna array is designed with the con-
figuration shown in Fig. 11. Like the proposed single antenna
element, the antenna array consists of three substrates with
the same thickness. The distance (L) between the antenna
array elements is set to 9.5 mm based on linear antenna array
theory [30]. The drill holes in each substrate are perforated for
alignment. A feeding network for the antenna array is printed
on the bottom of Sub3. Fig. 12(b) shows the half plane of the
antenna array feeding network for measurement. It matches
from 50 €2 to 100 €2 through a linear tapered microstrip line
Ly = 4.8 mm (= 3/4Ay).
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(e) 13}

FIGURE 10. Total surface current distributions at (a) 22 GHz (TM,),
(b) 25 GHz (quasi-TM5), () 27 GHz (quasi-TM5), (d) 29 GHz
(quasi-TM3g), and field distributions of (e) TM,¢ and (f) quasi-TM5
modes.

Layerl

Port2
X 2 (V-poD

Layer2
Portl (Bottom)
(H-pol) . Layer3
(Top : Ground)
Layer4
(Bottom)

FIGURE 11. 3D geometry of the proposed dual polarized 1 x 4 antenna
array.

IV. ANTENNA MEASUREMENT

The proposed antenna was fabricated using the FR4 PCB
process shown in Fig. 13. All the layers were assembled
using nylon bolts and nuts for ease of fabrication. The red
boxes in Fig. 13 indicate antennas, and the rest are feeding
networks and connectors for measurements. All the antennas
were measured in an anechoic chamber.

A. SINGLE ANTENNA ELEMENT

The measured and simulated reflection coefficients (|Sy1],
|S221) are shown in Fig. 14. The —10dB impedance bandwidth
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(b)

FIGURE 12. Configuration of the proposed 1 x 4 array antenna: (a) Top
view of sub1(layer1-top, layer2-bottom) and (b) 1 x 4 feeding network.

Single

Array

FIGURE 13. Fabricated antennas and measurement environment.

~-10+ J

m

2

g-lS SN2

© N =Measurement|S_ |

£-207¢ p———

[ 1

“a Measurement|S, |

.25 mmSimulation:[S,, |

n ~ -Mcasurcmcm:\su\
-30 ! ‘ N e psionitions, |

23 24 25 26 27 28 29 30
Freqeucy(GHz)

FIGURE 14. Measured S-parameter of the proposed single antenna.

is about 23.1 % (23 ~ 29 GHz) and covers the design target
of the 5G mmWave band at 24 ~ 29 GHz. The measured
and simulation values match well. The discrepancy between
the measurement and simulation is due to the fabrication
error of the radius R; shown in Fig. 5. Critical errors were
observed when the vertical wire connecting the feedline and
the L-probe was tilted.

Fig. 15 shows the measured and simulated antenna gain
values with respect to the frequency. The measured cross
polarization suppression was about 15 ~ 20 dB in the
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FIGURE 15. Measured gain of the proposed single antenna element.
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FIGURE 16. Measured radiation patterns of the proposed single antenna
element at (a) 24 GHz, (b) 26 GHz, and (c) 28 GHz.

frequency band of interest. Fig. 16 shows the measured radi-
ation patterns at 24, 26, and 28 GHz, and they match very
well. The small discrepancy at the H-pol pattern is due to
the X connector and feeding coaxial lines for the measure-
ment. The ECC value which represents isolation between the
vertical and horizontal polarizations for polarization diver-
sity of massive MIMO is 0.017 ~ 0.0003 in 23 ~ 30 GHz
band. The proposed antenna’s ECC is much lower than the
required value. The measured radiation efficiency of the
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TABLE 4. 5G mmWave antenna performance comparison.

[11] [13] [14] [15] Proposed Antenna
Type Patch Patch Patch Patch Patch
Array Size 1x4 2x2 2x2 1x8 1x4
Array Antenna Gain 16 dBi 13.7 dBi 11.7 dBi 16.7 dBi 11 dBi
RO4450B TLY-5 Prepreg: ISOLA IS300MD
(tan § = 0.004 (tan & = 0.0009 (tan & = 0.0033
RT5880 FR4
. & = 3.54) & =2.2) & = 3.67)
Substrate Material (tand = 0.0009 (tan § = 0.03
TLY-5 RO4450B Core: EMC EM355(D)
& =2.2) & = 4.1~4.2)
(tans = 0.0009 (tans = 0.004 (tan § =0.011
£ =22) £,=3.54) £=323)
Bandwidth 27 ~32 GHz 26.4~32.3 GHz 25.4 ~30.8 GHz 25.75~30.1 GHz 23 ~29 GHz

Antenna Size 4.1649X0.5649x0.544,  1.4819X1.48,%0.0834,

1.8549%1.8549x0.083/

5.6529%0.759%0.0934, 2.7849X0.4149%x0.12,

Polarization Single Single Single Dual Dual
0 0
_ @
@ -10 %
3} 520
E )
E wmMeasurement:|S | I‘ 8
g [ e -Simulations, | ;% 40 ~Measurement(H-pol)
g MEEsuiERcE(S | £ =Simulation(H-pol)
£_40 wSimulation:[S, | 8 Measurement(V-pol)
” = Measurement:|s, | Z =Simulation(V-pol
o «Simulation:|$, | I -60 ( P )
-50 ' - -100 -50 0 50 100
23 24 25 26 27 28 29 30 Theta(deg)
Freqeucy(GHz) (@)
FIGURE 17. Measured S-parameters of the proposed 1 x 4 antenna array. 0
=
S-10
20 =
= 820
z 3
0 N-30 2
= Lkt = =Measurement(H-pol)
&) ?l::g:.."____:aw.-.u.::_. LT é 40 =Simulation(H-pol)
s '62'”_. ot 'f—\/‘—pbl(Col) — s} Measurement(V-pol)
=220 VMl id ,+* =H-pol(Col) Z 50 =Simulation(V-pol)
QL ‘.‘ .I‘ ==Simulation(Col) - -100 50 0 50 100
= e, o ==V-pol(Cross)
< 3 “=H-pol(Cross) Theta(deg)
40 | | | | Simulation(Cross) (b)
23 24 25 26 27 28 29 30 0
Freqeucy(GHz M
qeucy(GHz) 8 1
FIGURE 18. Measured antenna gain of the proposed 1 x 4 antenna array. £
5-20
. . . =]
antenna is 0.77 ~ 0.84 in the desired 5G mmWave band R.30
. = =Measurement(V-pol)
shown in Table 2. g ol Sl onCVopil)
2 ) Measurement(H-pol)
B. ANTENNA ARRAY MEASUREMENT -50 CSimulation(H-pol)
. . . -100 -50 0 50 100
The measured reflection coefficients (|Sy1| and |S2,2]) and Theta(deg)
gain values of a 1 x 4 antenna array are shown in ()

Fig. 17 and 18, respectively. The measured and simulated

FIGURE 19. Measured radiation patterns of the proposed 1 x4 antenna

IS11] and |S2| values match very well. This shows that the 2y at (a) 24 GHz, (b) 26 GHz, and (c) 28 GHz.

design target of the international 5G mmWave frequency
bands is covered. The measured H-/V-pol gain values were
10 ~ 11 dBi and the measured cross-pol suppression was

about 20 dB. Fig. 19 shows the normalized radiation patterns
at 24, 26, and 28 GHz. The measured 3 dB beamwidth was
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12° in azimuth (H-pol) and 60° in elevation (V-pol). All the
design specifications in Table 2 were covered by the proposed
antenna.

The performance of recently reported research on 5G
mmWave antennas is summarized in Table 4 for comparison.
The antenna designs reported in [11], [15] have relatively
high antenna gain values. In [11], it needs a thick dielectric
superstrate (0.541¢) to improve antenna gain which is much
thicker than commercial mobile devices. In [15], its theoret-
ical antenna gain value of the 1 x 4 array is about 13.7 dBi
but its area (width x length) is almost two-times larger than
the proposed antenna array. Most of the reported antenna
designs have met the bandwidth and gain requirements of
the 5G mmWave antenna module for mobile devices, but
only a few of the reported antennas had dual polarization for
the polarization diversity of MIMO. The proposed antenna
satisfies all 5G mmWave requirements and is printed on
FR4 substrate which is an extremely cost-effective material.
It should be noted that the tan § of FR4 substrate is about
30 times higher than that of the low-loss substrate materials.

V. CONCLUSION

The design and analysis of a broadband dual polarized patch
antenna on FR4 substrate were presented in this study. Accu-
rate electrical characterization of the FR4 substrate in the 5G
mmWave frequency band was also presented. A proximity
L-probe-fed structure and parasitic patches were designed
to improve the —10 dB impedance bandwidth of a square
patch antenna, and the measured fractional bandwidth of the
proposed antenna was 23.1 % (23 ~ 29 GHz). The effect
of FR4 substrate’s high tan § was minimized by introduc-
ing an air cavity structure, and relatively high antenna gain
was achieved (Single: 5 dBi, 1 x 4, Array: 11 dBi). Dual
polarization capability for MIMO was implemented by excit-
ing orthogonal resonant modes through symmetric antenna
geometry. The operation principle of the proposed antenna
was thoroughly investigated through CMA and the total sur-
face current distributions. The proposed antenna satisfies all
the design requirements of a 5G mmWave antenna module
for mobile devices.
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