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Compact antenna designs are necessary for future mmWave 5G smartphones to improve 
transmit power and battery life. The antennas must have high gain for the available physical 
aperture and should support orthogonal beams for single hand and dual hand modes. This 
article gives insight into the design requirements for 5G antennas along with a few design 
examples to realize these antennas.

R &D investment for 5G de-
sign, development and 
deployment has increased 
in recent years: for in-

stance, the European Commission 
has invested €50 million to date 
with several academic institutions 
like University of Surrey, TU Dres-
den, Lund University, etc., have es-
tablished innovation centers target-
ed for 5G architecture designs. The 
Chinese government has initiated 
IMT-2020 to promote and standard-
ize research in 5G wireless tech-
nologies. Leading companies such 
as Samsung, Qualcomm, Ericsson, 
Verizon, Nokia Siemens Networks, 
NXP, NTT Docomo, IBM and Hua-
wei have established dedicated 5G 
research groups.

Researchers at NYU have per-
formed exhaustive channel propa-
gation studies at 28 and 38 GHz 
bands to prove the feasibility of 
mmWave bands for cellular tele-
phony.1 Free space path loss and 
the penetration losses are relatively 
high at mmWave frequencies. The 
free space path loss for sub-6 GHz 
is in the range of 80 to 95 dB com-
pared to its 28 GHz counterpart that 
is about 105 to 110 dB. This differ-
ence can be compensated for in 
the gain of the respective antennas 
on the mobile device-base station 
link. Path loss can be managed by 
changing the gain of the antennas 
with multi-beams, but penetration 
loss can be as high as 30 to 40 dB 
for common building materials such 
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as bricks, concrete and glass win-
dowpanes. This aspect deteriorates 
the link budget severely and the 
feasibility of maintaining the link 
budget with decent power at the 
base station or access point for a 
given receiver sensitivity has not yet 
to be implemented.

DESIRED CHARACTERISTICS OF 
THE SMARTPHONE ANTENNA

Antennas in the mobile device 
must have high gain for the avail-
able physical footprint. Below is 
a list of desired characteristics of 
mmWave 5G antennas.

A. Physical Size
 An exploded view of the internal 

layout of a typical smartphone is illus-
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tion pattern of the 
5G antennas must 
always be oriented 
toward the base 
station, irrespective 
of the orientation 
of the mobile de-
vice handled by the 
user. Details of the 
implementation are 
separately present-
ed in the eBook by 
the authors.3

Figure 2 illus-
trates the layout 
for a generic smart-
phone and the an-

tenna location. The expected radia-
tion pattern when the mobile device 
is held in the upright position is also 
depicted in the illustration. Most of 
the radiated power must be direct-
ed away from the user and toward 
the base station. The beamwidth 
can be in the range of 80 to 120 de-
grees. The front to back ratio must 
be higher than 10 dB when the user 
holds the mobile device. Hence, the 
patterns must be engineered to ac-
commodate the user behavior with 
the mobile device.

C. Beamwidth
In current commercial smart-

phones, the antennas would be 
radiating in an omnidirectional pat-
tern for most of the wireless servic-
es. The same design process would 
fail to achieve the link budget in a 
5G mmWave context. The beam-
width control can be realized using 
a phased array approach with indi-
vidual ports and controllers.

D. Gain
Probably the most discussed pa-

rameter in the context of 5G anten-
nas is the gain. A gain of 8 to 15 dBi 
would be feasible for the constraints 

trated in Figure 1.2 The length of the 
mobile device is about 7 to 10 cm. 
Recent trends suggest that the elon-
gation of the smartphone seems to 
be desired in the market. The width 
of the smartphone is 4 to 7 cm and 
the height of the smartphone is about 
6 to 8 mm. 5G antenna researchers 
must incorporate the design into the 
mobile panel height when designing 
28 GHz antennas. They also must co-
exist with 4G-LTE and MIMO anten-
nas to support backward compatibil-
ity. Most of the real estate is occupied 
by the battery and the motherboard 
along with the battery is enclosed in 
a RF shield. Antenna designers must 
not meddle with the RF shielding 
ground enclosing the motherboard 
as it will compromise the signal integ-
rity of the motherboard. The remain-
ing space must be judiciously used for 
the front-end and back-end electron-
ics. Therefore, the effective space for 
all the antennas supporting various 
wireless services is (8 × 1 × 0.7 cm) 
along the length of the smartphone 
and (6 × 1 × 0.7 cm) along the width 
of the smartphone. When the 5G 
antenna is independently designed, 
additional care must be taken for the 
radiator’s effective area to be within 
these constraints. For a comprehen-
sive understanding of the mmWave 
5G antennas, it is imperative to inves-
tigate the effects of co-located anten-
nas, speakers, camera, metal-frame, 
mold and other electrically close me-
tallic or semi-metallic components.

B. Radiation Pattern
5G is primarily advertised as a 

high data rate wireless service, which 
means that the mobile terminal must 
be beam locked with the base station 
beam. This indicates that the radia-

 Fig. 1  Physical break-down of typical smartphone.
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G. Specific Absorption Rate (SAR)
The question of SAR is important 

for lower bands, especially sub-6 
GHz, due to significant penetration 
of these waves into human tissue. 
In addition to this, mmWave 5G is 
mainly intended for data-oriented 
applications which inherently means 
that the proximity of the user’s head 
with the mobile device can be sig-
nificantly higher compared to voice 
applications.

The primary issue in designing 
a hardware ecosystem at 28 GHz 
is the high free space path loss ac-
cording to the Friis transmission for-
mula. This phenomenon can be mit-
igated by incorporating high gain 
antennas in both the mobile device 
and base stations to maintain a rea-
sonable communication link bud-
get, a forward gain of 8 to 10 dBi is 
desirable. Hence, high gain anten-
nas with minimal physical footprint 

of the available 
space on the mobile 
device. A gain lower 
than 5 dBi would in-
dicate a poor front 
to back ratio sacri-
ficing beam integ-
rity, when the anten-
na is mounted on 
the mobile panel. 
A gain higher than 
15 dBi would have 
a pencil beam sac-
rificing the angular 
coverage necessary. 
As an engineering 
decision, it is bet-
ter to have reason-
ably high gain to 
maintain the link 
budget. It must also 
be noted that the 
complexity of im-
plementing the an-
tenna module at the mobile terminal 
must be simpler in architecture and 
lower cost compared to its counter-
part in the base station.

E. Radiation Efficiency
Radiation efficiency above 80 

percent is recommended. Efficiency 
can be high since half wavelength 
designs could be easily integrated 
in the mobile device compared to 
the electrically small antennas of the 
previous generations. As far as the 
5G antennas are concerned, electri-
cally thin low-loss substrate-based 
designs would lead to high radia-
tion efficiency.

F. Impedance Bandwidth
 A 10 dB impedance bandwidth 

of 26 to 30 GHz is suitable for the 28 
GHz band, but specific bandwidth 
depends on standardization proce-
dures and the regulatory authorities 
of local geogra-
phy. Care must be 
taken so that the 
antenna has mini-
mal spurious radia-
tion in neighboring 
bands. Also, 5G 
antenna designs 
can afford to have 
a 10 dB impedance 
bandwidth due to 
the feasibility of 
electrically large 
designs.

 Fig. 3  Typical human interaction with smartphone.
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planar broadside radiators would 
be radiating toward the user where 
a corner bent design would radiate 
away from the user as shown in Fig-
ure 4. A simpler solution to solve this 
issue is to integrate end-fire anten-
nas which would radiate mostly away 
from the user, when integrated with 
the motherboard of the mobile de-
vice, but the effective physical foot-
print of the antenna would be larger 
compromising the real estate avail-
able in the smartphone.

are essential to be integrated in the 
mobile device. The gain must be 
almost invariant across the opera-
tional bandwidth.

mmWave 5G wireless services are 
mostly dedicated to data applica-
tions. Statistically speaking, the user 
holds the mobile terminal at an angle 
of 30 to 50 degrees with respect to 
the horizontal axis as illustrated in the 
Figure 3. In this context, the anten-
nas must radiate away from the user 
to achieve a good link budget. Also, 

Wasted space could be attrib-
uted to the expected interference 
from the back-end electronics 
board at or near the transmission 
lines feeding the end-fire antenna. 
The corner bent antenna would oc-
cupy minimal footprint post inte-
gration with the smartphone casing 
with radiation toward the base sta-
tion. Corner bent antennas would 
have the feeding plane along the 
plane of the back-end electronics 
board of the smartphone. The ra-
diator, on the other hand, would be 
on the panel of the smartphone, as 
illustrated in Figure 4. A conductor 
backed radiator would radiate away 
from the user. It is also interesting to 
note that when corner bent anten-
nas are integrated with the mobile 
device, the attenuation caused by 
the user’s hands is minimal.

mmWave 5G is for data hungry 
wireless services and not necessarily 
for voice. When it comes to data us-
age, the typical data usage modes 
of the smartphone are portrait and 
landscape mode, but some users 
might have a different way of using 
the phone. The presented cases are 
generally true for over 80 percent of 
the use cases. The usage scenario 
for portrait or single hand mode is 
illustrated in Figure 5a. In portrait 
mode, the user uses one of the 
hands to operate the smartphone. 
The mmWave 5G antenna for this 
case must radiate away from the 
user and toward the base station as 

 Fig. 5  Portrait or single hand mode 
(a) and landscape or dual hand mode (b).
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onstrated in Figure 5b.
The de-facto industry standard is to implement a 

phased array, but phased arrays suffer from high scan-
ning loss and would not work when the beams are fired 
orthogonally.4,5 A single element inset fed strongly res-
onant patch antenna operating at 28 GHz is initially de-
signed and the same element is extended for phased 
array operation with four elements with half wavelength 
spacing. Beam scanning of four-port phased array is il-
lustrated in Figure 6. As evident from the 3D patterns, 
the beam in the boresight axis is speckle free and gives 
highest gain of 12.6 dBi. As the beam is scanned away 
from the boresight, significant gain drop in the beam 
is observed. When the beam is scanned at 60 degrees 
and beyond, beam integrity is compromised. The gain 
drop is close to 5 dB and the patterns become unus-
able at this scanning angle. The story is identical for 
an end-fire antenna array as well. Beam scanning for 
any well-designed phased array is typically limited to 
±40 degrees with respect to the 0 degree axis. A sim-
ple solution to solve this issue is to mount two iden-
tical phased arrays on the appropriate edges of the 
smartphone. This method increases the complexity of 
the controllers and beamformers by at least four-fold.  
Therefore, the phased array solution might not be as 
efficient for portrait and landscape mode scenarios as 
other approaches. 

MICROSTRIP FED SHARED GROUND DESIGN

A. Compact Array
A wideband phased array antenna operating at 28 

GHz is designed and the schematic is shown in Figure 
7a.6 The antenna is designed on Nelco NY9220 sub-
strate with a dielectric constant of 2.2± 0.02 and a dielec-
tric loss tangent of 0.0009. The antenna is designed on 
0.508 mm thick substrate. The antenna is 32.54 mm wide 
and 28.86 mm long. The radiators are placed more than 
10 mm from the feeding port to minimize interference 
from the electrically large end-launch connector. The 

illustrated in Figure 2. In addition to the pattern require-
ment, the antenna must be integrated along the panel 
of the smartphone to keep interference and mutual 
coupling to a minimum with the RF board, which is com-
mon all the way back to the early mobile phones. The 
user might use either of their hands during operation 
and hence the radiation from the antenna must also be 
operational irrespective of the user’s hand position. To 
satisfy this criterion, the forward radiating antennas can 
be installed on the top edge of the phone. The other 
popular mode is landscape or dual hand mode as dem-

 Fig. 6  Beam scanning of four element array.
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feed line is a standard 50 Ω line. The number of elements 
is chosen for a desired gain of 8.5 dBi in the boresight. 
All the four elements are also fed by the 50 Ω transmis-
sion lines. To design a wideband transition from the feed-
ing line and the radiators, a corporate feeding network 
with appropriate quarter wave transformer is used. The 
spacing between the radiators is optimized for maximum 
gain in the boresight and found to be 6.28 mm.

 Fig. 7  Planar array operating at 28 GHz (a); corner bent 
array (b); and radiation patterns of the corner bent array in 
H-plane and E-plane at 28 GHz (c).
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 Fig. 8  Planar printed Yagi antenna (Units in mm) (a); corner 
bent Yagi antenna (b).
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is bent before the radiators, hence 
the radiation would be away from 
the user and toward the base sta-
tion. The actual height of the an-
tenna is 7.4 mm, when this antenna 
is wrapped around the mold of a 
typical commercial smartphone the 
height of the antenna decreases to 
nearly 6 mm which is compliant with 
most of the smartphones available 
on the market today.

The E- and the H-plane radiation 
patterns are illustrated in Figure 
7c. As the beamforming is happen-
ing in the YZ plane (H-plane) the 
beamwidth is narrower compared 
to the XZ plane (E-plane). The front 
to back ratio is more than 20 dB 
across the band of operation, which 
indicates that when the conformal 
phased array is integrated onto the 
smartphone platform, the radiation 
toward the user is minimal.

B. Compact Yagi Antenna
The wideband corner bent array 

presented will be operational for 
portrait mode. Hence the second 
antenna’s feed line and the beam 
radiated from the antenna must 
be orthogonal to meet the require-
ments of Figure 5. To meet these re-
quirements, a new wideband anten-
na is proposed, whose schematic is 
shown in Figure 8a.6 The antenna is 
20 mm wide to accommodate the 
end-launch connector. The antenna 
is 31.9 mm long and its feed line 
is 1.2 mm wide feeding the dipole 
arms, which are orthogonal with re-
spect to the feed line. The feed line 

The radiator is a standard inset 
fed patch antenna operating at 28 
GHz as shown in the inset of Figure 
7a. The planar antenna, when inte-
grated into a smartphone, will radi-
ate toward the user since the beam 
would be directed that way. Also, 
the physical footprint of the anten-
na is high and might be unsuitable 
for a smartphone application as it is 
here. Hence, the antenna is corner 
bent as depicted in Figure 7b. This 
corner bent or conformal antenna 

 Fig. 9  |S11 | and forward gain of the 
corner bent Yagi antenna.
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is connected to 
stubs as depicted 
in the inset of Fig-
ure 8a to achieve 
wide impedance 
bandwidth. The 
parasitic radiators 
aid in gain en-
hancement. The 
conformal design 
of the antenna is 
shown in Figure 
8b. The input re-
flection coefficient 
of the corner bent 
orthogonal antenna is shown in Fig-
ure 9 and it operates from 27 to 31 
GHz translating to 13.8 percent of 
impedance bandwidth. 

The H-plane (YZ plane) radiation 
patterns are shown in Figure 10 at 28 
GHz. The front to back ratio is more 
than 10 dB across the band, indicat-
ing minimal radiation toward the user 
post integration with the smartphone. 
The forward gain is also depicted in 
Figure 9. The gain is 7 dBi at 28 GHz 
indicating a high gain for minimal 
physical footprint. 

C. Shared Ground 
Orthogonal Pattern 
Diversity Module

The orthogonal 
pattern diversity 
module is illus-
trated in Figure 
11. Both the pro-
posed conformal 
antennas are inte-
grated in the same 
dielectric with a 
spacing of 1.2 
mm. The integrat-
ed antenna would 
cater to both land-
scape and por-
trait modes of a 
smartphone with 
minimal physi-
cal footprint and 
minimal radiation 
toward the user. 
The input reflec-
tion coefficients 
of the respective 
ports remain intact 
despite the closely 
spaced antennas. 
The mutual cou-
pling is less than 
20 dB across the  Fig. 13  (a) Schematics of the compact printed Yagi antenna; 

(b) photograph of the fabricated prototype.7
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band. The patterns of the module at 28 GHz are de-
picted in Figure 12.

VERTICALLY MOUNTED END-FIRE ANTENNAS
The schematic of the compact Yagi antenna is de-

picted in Figure 13a.7 It is designed on Nelco NY9220 
substrate with dielectric constant of 2.2. The thickness 
of the substrate is 20 mil, which is essential to maintain 
an electrically smaller microstrip trace. Electrically thick 
substrates would yield higher bandwidths at the cost 
of increased cross-pol radiation. Initially, a standard mi-
crostrip based dipole antenna is designed as shown in 
the inset of Figure 13a. The dipole arm length is var-
ied to achieve a strong resonance at a higher band, 
i.e., at 30.5 GHz for a dipole arm length of 5 mm, but 
the desired band is at 28 GHz. Hence the dipole arms 
are extended by 0.75 mm on both the planes to tune 
the antenna to 28 GHz. The parasitics are optimized 
for gain enhancement of 3 dB in the end-fire. The di-
pole antenna is fed by a 1.2 mm wide microstrip line 
through a quarter wave transformer of width 0.5 mm. 

 Fig. 14  Orthogonal pattern diversity module (a); fabricated 
prototype with smartphone mockup (b); 3D radiation patterns at 
28 GHz (c).6
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power in the forward direction com-
pared to backward direction. This in 
turn translates to minimal radiation 
toward the user when integrated in 
a mobile device. The cross–polariza-
tion level is less than 20 dB. The pre-
sented element is placed orthogo-
nally as shown in Figure 14a.

To verify the validity of the pro-
posed architecture, a 3D printed 
corner piece is designed as shown 
in the photograph of Figure 14b. 
The height of the 3D printed panel 
is around 6 mm with corner tapering, 
which mimics most mobile phones. 
In actual deployment scenario, the 
dielectric used in the commercial 
mobile case would alter the radiation 
pattern and impedance characteris-
tics of the antenna minimally as the 
dielectric is attached to one side of 
the radiator. The 3D patterns when 
each port is excited are shown in Fig-
ure 14c.

CONCLUSION
Detailed requirements for fu-

ture antennas to be integrated in 
mmWave 5G smartphones and 
mobile devices are reviewed in this 
article. The requirements for single 
hand and dual mode operation are 
illustrated. Compact antenna mod-
ule design examples are shown that 
meet the design requirements with 
better gain than current patch an-
tennas. More details about “Com-
pact Antenna Designs for Future 
mmWave 5G Smart Phones” is pre-
sented in the eBook by the authors.3
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The front to back ratio is more than 
10 dB indicating 90 percent more 

The arms of the dipole are 0.25 mm 
wide to achieve impedance match-
ing with the feed line. The width of 
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4.8 mm, which is very well within the 
limits of commercial smartphones 
assuming a vertical mounting of the 
presented elements. The width of 
the ground plane does not hamper 
the impedance characteristics of 
the antenna since the insertion loss 
offered by the electrically compact 
ground plane is minimal. The width 


