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Abstract — Due to limited antenna space, high communication requirements, and strict regulatory constraints, the design of antennas
for modern mobile phones has become an exceedingly challenging task. In recent years, numerous studies have been conducted in this
area, leading to significant advancements. This review paper comprehensively summarizes recent progress made in antenna design
for modern mobile phones. Firstly, the challenges faced in antenna design for modern mobile phones are described, including band-
width enhancement, integration and decoupling techniques, mm-wave array antennas, satellite communication antennas, as well as
interactions between mobile antennas and the human body. Secondly,  the basic antenna types (such as inverted-F,  slot,  loop,  and
planar  inverted-F antennas)  commonly used in modern metal-bezel  mobile  phones along with their  key characteristics  are briefly
summarized. Thirdly, the commonly exployed methods used in practical applications for designing wideband antennas within com-
pact sizes and achieving decoupling among multiple antennas with wide bandwidths are collected. Fourthly, recent advances in the
design of compact, wideband, and wide-angle scanning mm-wave arrays for modern mobile phones are summarized. Fifthly, recent
progress  made  in  satellite  communication  antenna  designs  for  modern  mobile  phones,  including  broadside  and  end-fire  radiation
patterns, is presented. Sixthly, recent studies on the interaction between mobile antennas and the human body are briefly concluded.
Finally, the future challenge of antenna design for mobile phones is briefly discussed. It is our hope that this comprehensive review
will provide readers with a systematic understanding of antenna design principles applicable to modern mobile phones.
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I. Introduction

Mobile  phones,  which  are  capable  of  performing  a  wide
range of functions, such as phone calls, video calls, naviga-
tion, Internet searches, social media apps, banking, and car
control, have become essential tools in people’s daily lives.
Furthermore, mobile  phones  are  an  emerging  trend  in  sci-
ence  and  technology  with  75%  of  the  world’s  population
projected to have mobile connectivity by 2030 [1]. As illus-
trated in Figure 1,  the number of worldwide mobile phone
shipments is  forecasted by the International  Data  Corpora-
tion (IDC) to exceed 1200 million per year for the next five
years [2].  Currently,  each  person  on  Earth  possesses  more
than one mobile phone on average.

The  antenna,  being  an  essential  component  of  mobile
phones,  significantly  impacts  the  user’s  experience.  Since

the  invention  of  mobile  phones  in  the  1980s,  antennas  for
mobile  phones  have  been  extensively  studied  by  the  aca-
demic and industrial communities. The mobile antenna has
evolved from an external sleeve dipole antenna (such as the
mobile  antenna  in  the  Motorola  DynaTAC  8000X  phone
[3]),  to  an  external  monopole  antenna  (such  as  the  mobile
antenna in the Motorola MicroTAC9800X phone [4]), to an
internal patch antenna (such as mobile antenna in the Nokia
3210  phone [5]),  and  to  the  present  integrated  metal-bezel
antenna (such as the mobile antenna in the Apple iPhone 5
phone [6]). The major design requirement of the mobile an-
tenna is to integrate the antenna into a mobile phone which
can  satisfy  the  radiation  specification,  such  as  frequency
coverage, antenna efficiency, radiation pattern, specific ab-
sorption rate (SAR), hearing aid compatibility (HAC), elec-
tromagnetic compatibility (EMC).
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To study mobile antennas comprehensively, Reference
[7] is a recommended book that presents the history, funda-
mental theory,  key  methods,  typical  designs,  MIMO  tech-
nology, practical  applications,  passive  and active  measure-
ments, and  regulations  of  mobile  antennas  in  detail.  Addi-
tionally, the book chapters in [8], [9] give a generalized de-
scription of  the  mobile  antenna.  In  addition,  a  review arti-
cle [10] mainly discusses the design concepts of the exter-
nal antenna for mobile phones before 2000, such as improv-
ing  the  antenna’s  performance,  making  the  antenna  size
small, and reducing the SAR. The review article [11] gives
a survey of  internal  patch antennas in mobile  phones from
1997 to  2010  on  the  antenna  types,  feeding  structures,  ac-
tive  antennas,  isolation,  loading  techniques,  manufacturing
technologies,  SAR,  etc.  Additionally,  a  review article [12]
addresses  the  internal  multi-band  antennas  from  1997  to
2012,  discussing  antenna  types,  multi-band design,  band-
width-enhanced  design,  MIMO  antenna,  4G  LTE  antenna,
industry  requirements,  etc.  The  book [7],  book chapters  in
[8], [9], and review articles [10]–[12] provide a comprehen-
sive  understanding  of  the  antenna  design  for  the  1G,  2G,
3G, and 4G mobile phones.

Coming to the present 5G era, the mobile antenna de-
sign has faced a greater challenge due to the limited antenna
space  and  an  increasing  number  of  design  specifications.
The  design  environment  of  the  display,  cameras,  battery,
speaker,  printed  circuit  board  (PCB),  universal  serial  bus
(USB)  port,  etc.,  the  design  requirements  of  the  multiple
frequency  bands,  multiple  antennas  with  high  isolation,
high efficiency, mutual coupling effect, etc., and the design
concepts of antenna types, common mode (CM) and differ-
ential  mode  (DM)  theory,  5G  NR  MIMO  antenna  design,
millimeter-wave antenna-in-package (AiP) module, etc. are
briefly stated in [13]. In addition to the design environment,
the typical designs of 5G sub-6GHz antennas and 5G mm-
wave  antennas  are  briefly  sketched  in [14].  In  this  review
paper, we  provide  a  comprehensive  review  of  antenna  de-
sign for  modern  mobile  phones,  including  design  chal-
lenges,  basic  antenna  types,  key  techniques,  and  future
challenges.

This  review  paper  is  organized  as  follows.  Section  II

summarizes the five main design challenges of modern mo-
bile  antennas.  Section  III  presents  the  main  characteristics
of modern mobile antennas for metal-bezel mobile phones.
Section IV discusses the commonly used techniques for de-
signing a wide/multi-band mobile antenna within a compact
size. Section V discusses the commonly used techniques for
designing  a  wideband  MIMO  antenna  with  high  isolation.
Section  VI  summarizes  recent  advances  in  the  design  of
mm-wave  antenna-in-package  (AiP)  for  modern  mobile
phones.  The  design  of  a  satellite  communication  antennas
for modern mobile phones is presented in Section VII. Sec-
tion VIII briefly describes the recent processes involved in
the  interaction  between  mobile  antennas  and  the  human
body.  The  future  challenge  of  mobile  antenna  design  is
prospected in Section IX. Finally, Section X concludes this
review paper. 

II. Requirements and Challenges in Antenna
Design for Modern Mobile Phones

 

1. Requirements
The  design  of  mobile  antennas  requires  a  comprehensive
consideration  of  industrial  design  (ID)  and  architecture,
communication specifications, user experience, human body
impact, and legal requirements, which constitutes a compli-
cated  system  engineering  process.  As  shown  in Figure  2,
these  diverse  requirements  form  a  triangular  relationship,
and  mobile  antenna  engineers  need  to  find  a  balance  to
achieve an optimal design of products.
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Figure 2  Triangular  relationship  of  antenna  design  in  modern  mobile
phones.
 

Currently, with the improvement of communication re-
quirements and  the  evolution  of  communication  specifica-
tions,  the  number  of  antennas  in  smartphones  has  reached
20–30 (as depicted in Figure 3), including the following an-
tennas:

– Four antennas for LB (low band): 698–960 MHz;
– Four antennas for MHB (mid- and high-band) MIMO

operation: 1710–2690 MHz;
– Four antennas for 5G New Radio (NR) band MIMO

operation: 3300–4200 MHz & 4400–5000 MHz;
– Two  or  more  dual-band  millimeter-wave  AiP  an-

tennas: 24.25–29.50 GHz and 37.00–43.50 GHz;
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Figure 1  Worldwide mobile phone shipments forecast [2].
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– One  or  more  satellite  communication  antennas:  the
operating band is the L- or S-band;

– Two  GNSS  (global  navigation  satellite  system)  an-
tennas: GPS L5 at 1176 MHz and GPS L1 at 1575 MHz;

– Two to four tri-band WiFi (wireless fidelity) and BT
(Bluetooth)  antennas:  2400–2484  MHz,  5150–5350  MHz,
and 5725–5825 MHz;

– One NFC (near field communication) antenna: 13.56
MHz;

– Three  UWB  (ultra-wideband)  antennas:  6240–6740
MHz and 7750–8250 MHz.

To fully demonstrate the antenna design requirements,
Table  1 summarizes the  frequency  range,  main  specifica-
tions,  key  figures,  and  number  of  antennas  for  different
communication standards.  For the 2G and 3G communica-
tion systems, the mobile antenna should cover the 824–960
MHz  and  1710–2400  MHz  frequency  bands.  For  flagship

mobile phones, two 2G/3G antennas are usually selected for
the  best  performance.  The  key  figure  of  the  antenna  is  its
efficiency. High efficiency associated with high communi-
cation  quality.  For  the  4G  LTE  and  5G  Sub–6GHz  com-
munication  systems,  the  mobile  antenna  should  cover  the
704–960 MHz and 1710–2690 MHz frequency bands for 4G
LTE operation and 3300–4200 MHz / 4400–5000 MHz fre-
quency  bands  for  5G  sub–6GHz  operation.  Four  antennas
are usually deployed on a mobile  phone for  MIMO opera-
tion.  In  addition  to  efficiency,  the  isolation  and  envelope
correlation coefficient  (ECC) among each antenna element
are also key figures [7]. High isolation and low ECC result
in a high system capacity. For the 5G mm-wave, the mobile
antenna  should  cover  the  24.25–29.50  GHz  /  37.00–43.50
GHz frequency bands. Mobile phones usually contain 2 to 3
mm-wave AiP  modules  for  larger  spherical  coverage.  Ac-
cording to [15] and [16], the spherical coverage is evaluat-
ed  by the  CDF (convolutional  distribution function)  of  the
EIRP (effective isotropic radiated power). The EIRP is cal-
culated from the array gain and the RF power. For satellite
communication, the mobile antenna should cover the L- and
S-bands  with  the  characteristics  of  high  gain  and  circular
polarization [17].

For the GNSS system, the flagship mobile phones usu-
ally have two GPS antennas, one for GPS L1 band and the
other  for  GPS  L5  band.  Despite  the  efficiency,  the  upper-
hemisphere  gain  is  also  a  key  figure  to  evaluate  GPS  an-
tenna performance. The WiFi/BT antenna, should cover the
2.4–2.484 GHz and 5.15–5.875 GHz frequency bands. Two
antennas are  usually  used  for  MIMO  operation.  The  effi-
ciency, isolation, and ECC are key figures for WiFi antennas.
The  NFC  is  a  short-range  communication  standard  whose
operation frequency  is  13.56  MHz.  The  card  reading  dis-
tance is the key parameter of the NFC antenna. References
[18]–[20] proposed  three  NFC antennas  with  good  perfor-
mance.  UWB  positioning  technology  is  a  new  function  of
mobile  phones  that  works  at  the  6240–6740  MHz  and
7750–8250 MHz frequency bands. The UWB usually uses a
three-element  antenna  array  for  the  position  function.  The
key  figures  of  the  UWB  are  the  efficiency  and  the  phase
center. Reference [21] proposed a dual-band circular-polar-
ized microstrip antenna array for UWB applications. In add-
ition to the antenna efficiency, the over-the-air (OTA) per-
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Figure 3  Conceptual diagram of the antennas in modern mobile phones.

 

Table 1  Frequency range, main specifications, key figures, and the antenna number of the mobile antenna for different communication standards

Communication standards Frequency range Main specifications Key figures Number of antennas

2G/3G 824–960 MHz / 1710–2400 MHz Antennas selection Efficiency 2

4G LTE 704–960 MHz / 1710–2690 MHz MIMO Efficiency, ECC, and isolation 4

5G Sub-6GHz 3300–4200 MHz / 4400–5000 MHz MIMO Efficiency, ECC, and isolation 4

5G mmW 24.25–29.50 GHz / 37.00–43.50 GHz AiP module Coverage, EIRP 2–3

Satellite L-band / S-band – Gain, polarization, coverage 1

GNSS 1.176 GHz / 1.575 GHz GPS L1&L5 Efficiency, upper-hemisphere gain 2

WiFi/BT 2.4–2.484 GHz / 5.15–5.875 GHz MIMO Efficiency, isolation, ECC 2

NFC 13.56 MHz – Card reading distance 1

UWB 6240–6740 MHz and 7750–8250 MHz Antenna array Efficiency, phase center 3
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formance is a system level performance of mobile antennas,
including the total radiated power (TRP) and total isotropic
sensitivity (TIS) [7]. The TRP, which is used to evaluate a
phone’s performance  when  served  as  a  transmitter,  is  de-
fined as  the  conductive  power  plus  with  the  antenna  effi-
ciency. The TIS, which is used to evaluate a phone’s perfor-
mance when served as a receiver, is defined as the conduc-
tive sensitivity plus with the antenna efficiency.

Because  of  the  constraints  of  ID and architecture,  the
design space of mobile antennas is very limited. To achieve
more effective  power  radiation  in  extremely  limited  envi-
ronments, important antennas are generally designed on the
metal  bezel  of  mobile  phones.  Additionally,  in  practical
products, the display, cameras, battery, speaker, printed cir-
cuit  board  (PCB),  universal  serial  bus  (USB)  port,  etc.,
should also be considered [14]. In [22], a 4G LTE antenna
covering the 824–960 MHz and 1710–2690 MHz frequen-
cy bands considered all the necessary components, such as
the front-facing camera, dual back-facing camera, receiver,
screen, and steel sheet. Additionally, the effect of the USB
connector, LCD, battery, speaker, camera, and microphone
on the antenna performance is studied in [23]–[25]. 

2. Challenges
For modern mobile phones, under the ID of the metal bezel
and full  screen,  the  antenna design has  only  a  small  clear-
ance of less than 1 mm, so we need to resolve the contradic-
tion  between  antenna  size  and  performance.  In  addition,
considering  the  absorption  of  the  antenna  by  the  human
body and the regulatory constraints of the antenna radiation
on  the  human  body,  the  design  rule  for  different  antennas
will  be  greatly  restricted.  Therefore,  the  main  technical
challenges facing for the antenna design of modern mobile
phones are listed below.

1) Antenna size and bandwidth enhancement
The size  and  bandwidth  of  small  antennas  are  funda-

mentally  constrained  by  the  Chu-limit [26], [27] and  sub-
stantial advancements to overcome these constraints remain
elusive. However, for modern mobile phones, space is main-
ly  reserved  for  large  display,  large  battery,  an  increasing
number  of  cameras,  larger  speakers,  PCBs,  etc.,  and  the
space available  for  antenna design is  extremely limited.  In
addition, the number of antennas is continuously increasing,
so  as  to  each  antenna  could  only  occupy  a  small  space.
Therefore, designing a compact mobile antenna with a wide
bandwidth and high efficiency is a large technical challenge.

2) Integration and decoupling of multiple antennas
As mentioned before, the number of antennas in mod-

ern mobile phones has reached 20–30 now and will be fur-
ther increased in the future, and it will be difficult to design
so  many  independent  antennas  in  such  a  limited  mobile
phone  environment.  Consequently,  many  antennas  need  to
coexist  with  a  small  spacing  due  to  system  requirements,
thus, decoupling between these same-band or adjacent-band
antennas  is  a  technical  challenge  and  a  must  for  modern
mobile phones. Moreover, how to integrate multiple anten-
nas into one antenna branch is also an important technique

that  needs  to  be  studied  for  the  miniaturization  of  modern
mobile antennas.

3) Millimeter-wave antenna design
The  design  of  millimeter-wave  antennas  in  mobile

phones  completely  differs  from  that  of  traditional  sub-6
GHz mobile antennas. It utilizes the phased-array AiP mod-
ule  to  achieve  high-gain  beam  scanning.  The  challenge  in
designing  millimeter-wave  mobile  phone  antennas  is  to
achieve  wide-angle  scanning  across  two  wide  frequency
bands (i.e., 24.25–29.50 GHz and 37.00–43.50 GHz) while
maintaining  compatibility  with  the  ID  and  architecture  of
mobile phones.

4) Satellite communication antenna design
To  satisfy  the  communication  requirements  of  areas

where  network  coverage  is  absent,  a  growing  number  of
modern mobile phones will accommodate direct satellite-to-
handset  communication.  Given  the  considerable  distance
between  satellites  and  the  Earth’s  surface,  mobile  phones
are  required  to  employ  high  transmission  power  and  high-
gain antenna technology to meet the EIRP criteria for effec-
tive  communication.  Furthermore,  because  all  spaceborne
antennas utilize circularly-polarized antennas, it is advanta-
geous  for  mobile  antennas  to  adopt  a  circularly-polarized
configuration to  mitigate  polarization  loss  in  communica-
tion links. Consequently, the design of high-gain circularly
polarized antennas represents a new technical challenge for
modern mobile antenna engineering.

5) Interaction between antennas and the human body
Unlike other antennas, mobile antennas strongly inter-

act with the human body. The antennas designed in the low-
er and upper regions of a mobile phone are affected by the
hand grip and the head, respectively. Therefore, we need to
investigate  the  human  body  absorption  effect  of  different
antennas to reduce the antenna efficiency drop when the hu-
man body is close to the antennas and also reduce the spe-
cific absorption rate (SAR) of the antenna to meet the legal
requirements. 

III. Antenna Type, Basic Geometry, and Main
Characteristics

For  modern  mobile  phones,  metal-bezel  mobile  phones
have  become  mainstream.  To  conform  to  modern  metal-
bezel mobile phones, the main antenna types of modern mo-
bile  antennas  are  inverted-F  antennas  (IFAs),  slot  antenna,
loop antennas, and planar inverted-F antennas (PIFAs). The
IFA,  slot  antenna,  and  loop  antenna  can  integrate  with  the
metal  bezel  of  the mobile phone while the PIFA is  mainly
located on the back cover of the mobile phone.  The work-
ing principle of these antennas has been well analyzed in [7].
Here,  we  briefly  state  their  major  antenna  characteristics,
including  the  geometry,  impedance,  modes,  and  potential
bandwidth. 

1. Inverted-F antenna (IFA)
As shown in Figure 4(a), the basic geometry of the IFA has
a  shorting  end  at  point  A  and  an  opening  end  at  point  B.
The IFA is fed at point C. The branch AC between shorting
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point A and feeding point C functions as a shunt-distributed
inductor. The branch AB can integrate with the metal bezel
of the mobile phone. The distance between branch AB and
the  ground  plane  is  the  antenna  clearance G.  As  shown in
Figure  4(b),  the  three  main  resonant  frequencies  within
the 0.5–5 GHz frequency band are located at 0.82, 2.65, and
4.50  GHz.  In  addition, Figure  4(c)  depicts  that,  as  the  an-
tenna  clearance G decreases,  the  potential −6  dB  imped-
ance  bandwidth  decreases  considerably.  Additionally,  the

antenna potential bandwidth is narrow in the lower frequen-
cy band. Figure 4(d) shows that,  the current distribution at
0.82  GHz,  which  reaches  the  maximum  value  at  point  A
and  the  minimum  value  at  point  B,  is  the  1/4-wavelength
mode  of  branch  AB.  Additionally, Figures  4(e)–(f)  shows
that, the current distributions at 2.65 and 4.50 GHz are the
3/4-wavelength  mode  and  5/4-wavelength  mode  of  branch
AB, respectively.  Therefore,  an IFA usually has 1/4-,  3/4-,
and 5/4-wavelength modes.
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2. Slot antenna
The two main types of  slot  antennas are closed slot  anten-
nas  and  opened  slot  antennas.  Their  basic  geometry  is
shown  in Figure  5(a).  The  closed  slot  antenna  has  two
shorting ends at points A and B and is fed at point C. The
opened slot antenna, which is fed at point C, has a shorting
end at point A and an opening end at point B. Note that, for

the modern mobile antenna,  the slot  antenna is  usually de-
ployed at the edge of the main ground for the display. The
branch AB can integrate with the metal bezel of the mobile
phone.  The  width  of  slot G is  the  antenna  clearance.  The
opened slot  antenna,  which evolved from a closed slot  an-
tenna with a half  size,  is  similar to the IFA antenna.  Here,
we only present the characteristics of the closed slot anten-
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na. As shown in Figure 5(b), the three main resonance fre-
quencies within the 0.5–5 GHz frequency band are located
at 1.45, 3.00, and 4.54 GHz. Figure 5(c) shows that the po-
tential −6  dB  impedance  bandwidth  decreases  consistently
with the decreasing of antenna clearance. Figure 5(d) shows
that the current distribution at 1.45 GHz, which reaches the
maximum value on the two sides and the minimum value in
the  middle,  is  the  1-wavelength  slot  mode. Additionally,
Figures 5(e)–(f) shows that the current distributions at 3.00
and 4.54 GHz are  the  2-wavelength and 3-wavelength slot
modes, respectively. Therefore, the closed slot antenna has
1-, 2-, and 3-wavelength modes. 

3. Loop antennas
The basic geometry of the loop antenna, which is shown in
Figure  6(a),  has  an  unbroken  branch  with  a  feeding  point
and  a  shorting  point  at  points  A  and  B,  respectively.  The
feeding point  and  shorting  point  connect  to  the  ground di-
rectly. In  practical  applications,  the  branch  EF  can  inte-

grate with the metal bezel, and the branches AE and BF can
be realized using a flexible printed circuit (FPC) or laser di-
rect  structuring  (LDS)  structure.  The  distance  between  the
branch  EF  and  the  ground  is  the  antenna  clearance.  As
shown  in Figure  6(b),  the  six  resonant  frequencies  within
the 0.5–5 GHz frequency band are located at 1.07, 1.51, 1.75,
2.67, 3.92, and 4.53 GHz. Figure 6(c) shows that the poten-
tial −6 dB impedance bandwidth of the loop decreases con-
siderably  as  the  antenna  clearance  decreases. Figure  6(d)
shows  that  the  current  distributions  at  1.07  GHz,  which
reach  the  maximum  values  at  the  feeding  and  grounding
points and have one minimum value on the branch, are in the
0.5-wavelength  loop  mode.  Additionally, Figures  6(e)–(i)
shows that the current distributions at 1.51, 1.75, 2.67, 3.92,
and 4.53 GHz are in the 1.0-, 1.5-, 2.0-, 2.5-, and 3.0-wave-
length loop modes, respectively. Therefore, the loop antenna
has more resonant modes than the IFA and slot. According-
ly, the loop antenna occupies a larger space.
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4. Planar inverted-F antenna (PIFA)
The geometry of a common PIFA is shown in Figure 7(a).
The PIFA usually has a patch on a PCB ground with a feed-
ing pin and a grounding pin. The grounding pin functions as
a shunt inductor that can be replaced by a lumped inductor.
The height G between the patch and the ground greatly af-
fects  the  antenna  performance.  The  working  principle  and
design method of the PIFA have been well addressed in [7]
and [28].  For modern mobile antennas, the PIFA, which is
usually  located  at  the  back  cover  of  the  mobile  phone,  is

mainly applied to work as a 4G LTE MHB or 5G sub-6GHz
MIMO antennas because of its inferior efficiency. As illus-
trated  in Figure  7(b),  the  four  resonant  frequencies  within
the 0.5–5 GHz frequency band are located at 0.74, 2.65, 3.31,
and  4.57  GHz. Figure  7(c)  shows  that  the  potential −6  dB
impedance bandwidth of the PIFA also decreases consider-
ably with increasing height. Figures 7(d)–(g) shows that the
current  distributions  at  0.74,  2.65,  3.31,  and  4.57  GHz are
the 0.25-, 0.5-, 0.75-, and 1.0-wavelength PIFA modes, re-
spectively.
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IV. Design of the Compact and Wide/Multi-Band
Mobile Antenna

As mentioned before,  the  antenna space in  modern mobile
phones is extremely limited. Designing a wideband or multi-
band  mobile  antenna  within  a  compact  size  is  always  a
challenge for antenna designers. The commonly used meth-
ods for reducing the antenna size and widening the antenna
bandwidth are briefly summarized as follows. 

1. Miniaturization
Antenna miniaturization refers to reducing the antenna size
without  changing  the  resonant  frequency,  or  lowering  the
antenna  resonant  frequency  without  changing  the  antenna
size. The commonly used methods for antenna miniaturiza-
tion are listed below.

1) Loading material with a high permittivity or perme-
ability

An antenna  always  resonates  at  a  fixed  guided  wave-
length. Therefore, a straightforward method is to use a ma-
terial  with  high  permittivity  or  permeability  to  reduce  the
guided  wavelength [29]–[31].  As  shown  in Figure  8(a),
with the use of a new ceramic material in [29], the antenna
size  has  been  reduced  by  22%.  Additionally,  as  shown  in
Figure  8(b)  by  utilizing  the  magneto-dielectric  material  in
[30] as  the  antenna  substrate,  the  antenna  size  can  be  re-
duced.  Material  loading  can  effectively  reduce  the  size  of
the  antenna,  which  has  been  used  in  practical  commercial
mobile phones. However, these new materials are generally
more expensive and increase the cost of the antenna.

2) Meander line
As the antenna resonates at a fixed guided wavelength,

another effective method is to bend the trace of the antenna
branch  within  a  fixed  space.  Thus,  the  antenna  occupied
space  is  reduced [32], [33].  In Figure  9,  a  folded  loop  an-
tenna with a bending trace was proposed to reduce the oc-
cupied space [32]. The meander line has the attractive merit

of flexibility. It is one of the most commonly used methods
for reducing antenna size.

3) Loading inductor on the antenna branch
As  a  common knowledge,  the  capacitive  reactance  of
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the antenna increases as the antenna size decreases. There-
fore, loading inductor can mitigate the increased capacitive
reactance  for  a  compact  antenna [34]–[36].  As  shown  in
Figure  10(a),  the  length  of  the  radiating  branch  of  a
monopole antenna  is  reduced  from  0.25  to  0.17  wave-
lengths by loading a lumped inductor on the branch [34]. A
distributed  inductor  can  also  replace  the  lumped  inductor.
As shown in Figure  10(b),  with  the  help  of  the  distributed
inductor,  the  monopole  antenna  in [35]  works  well  in  the
0.17-wavelength mode. In practical design, loading inductor
will  increase  the  antenna  quality  factor  and  considerably
reduce the antenna bandwidth.
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Figure 10  Inductor loading for miniaturization. (a) Lumped inductor load-
ing [34]; (b) Distributed inductor loading [35].
 

4) Matching circuit
Using a matching circuit to match the antenna imped-

ance at a lower frequency band is also a useful method for
reducing  the  antenna  size [37]–[43].  As  it  is  illustrated  in
Figure 11(a),  the resonance has been matched in the lower
frequency  band  by  applying  a  lumped-element  matching
circuit.  Additionally,  the  lumped  element  in  the  matching
circuit can be replaced by a distributed element. In [41], as
shown  in Figure  11(b),  an  F-shape strip  serves  as  a  dis-
tributed matching circuit to provide a lower frequency band
within a compact size. In practical applications, the match-
ing circuit  method  is  widely  used  for  mobile  antenna  de-
sign. However, lumped-element matching circuits might oc-
cupy part of the PCB space and introduce loss.
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Figure 11  Matching circuit  of  miniaturization.  (a)  Lumped matching cir-
cuit [37]; (b) Distributed matching circuit [41].
  

2. Wideband/multi-band coverage
Wideband/multi-band coverage refers to the method of ex-
panding  the  antennas’ bandwidth  within  a  limited  space.
The commonly used methods for wideband/multi-band cov-
erage in modern mobile phones are listed below.

1) Widening the width of the antenna branch
It  is  common  knowledge  that  widening  the  antenna

width  can  smooth  the  surface  currents  of  the  resonant
branches and thus reducing the Q factor and increasing the
intrinsic  bandwidth of  the antenna [44], [45].  As shown in
Figure  12(a),  a  folded  metal  plate  is  used  to  extend  the
width of the radiating branch, which effectively extends the
intrinsic  bandwidth  of  the  monopole  antenna [44].  As
shown  in Figure  12(b),  the  bandwidth  of  the  single  open-
slot antenna in [45] is widened by increasing the slot width.
In practical applications, using a metal bezel to design mo-
bile antennas can be considered a method for widening the
antenna width.
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Figure 12  Widen  the  antenna  width  for  bandwidth  enhancement.  (a)
Widen the width of the branch [44]; (b) Widen the width of the slot [45].
 

2) Multiple modes and multiple branches
As previously studied, the IFA, slot antenna, loop an-
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tenna,  and  PIFA  have  multiple  modes  located  at  different
resonant  frequencies.  However,  these  resonant  frequencies
are usually outside the desired frequency band. In the open
literature, many methods have been proposed to change the
resonant frequency of one mode while keeping those of oth-
er modes unchanged [46]–[51]. As shown in Figure 13(a), a
line is applied to change the resonant frequency of the third
resonant mode  while  slightly  affecting  the  resonant  fre-
quencies  of  the  first  two  modes [46].  This  phenomenon
occurs  because  the  line  is  located  at  the  E-field  minimum
value of the third mode while the E-filed maximum value of
the  first  two  modes  as  shown in Figure  13(b).  In  practical
applications, the  method  of  controlling  the  resonant  fre-
quencies of some modes while keeping those of others un-
changed is one of the most effective ways to cover the de-
sired frequency band. The multiple modes method is widely
used in commercial mobile phones.

As the antenna modes of one branch are limited, using
multiple branches to cover multiple frequency bands is an-
other effective method [52]–[58]. When multiple frequency
bands are close together, wideband coverage is achieved. If
multiple  frequency  bands  are  far  apart,  multi-band cover-
age is realized. As shown in Figures 14(a) and (b) in [53],
by  adding  antenna  branch  CD  to  antenna  branch  AB,  two
resonant  frequencies  at  1.9  and  2.44  GHz  are  achieved,
which  can  widen  the  antenna  bandwidth.  However,  as
shown in Figure 14(b), the added branch CD usually intro-
duces  a  radiation  efficiency  local  minimum,  which  greatly
affects  antenna  performance.  In [53],  the  method  of  using
two different feeding phases on the two branches is applied
to  mitigate  the  radiation  efficiency  local  minimum  and
enhance  the  antenna  efficiency  by  2.31  dB,  as  shown  in
Figure 14(c). Multiple branches method is also widely used
in commercial mobile phones.
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3) Matching circuit
The  matching  circuit  is  another  effective  method  for

bandwidth  enhancement.  The  desired  impedance  matching
can  be  achieved  with  a  matching  circuit [59]–[64].  As
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shown in Figure 15(a),  the matching circuit  with a lumped
element  is  used  to  generate  new  resonant  modes  at  950
MHz, which effectively extends the bandwidth of the anten-
na  in  combination  with  the  original  antenna  structure’s
resonant mode at 730 and 1030 MHz in [59]. As shown in
Figure 15(b), the monopole antenna in [60] operates at 0.75

wavelength at 1740 and 2420 MHz. To broaden the antenna
bandwidth,  a  short  branch is  used as a distributed inductor
matching  circuit  to  excite  a  new  resonant  mode  at  2890
MHz.  Matching  circuits,  which  can  simultaneously  reduce
the  antenna  size  and  extend  the  antenna  bandwidth,  are
commonly used in practical designs.
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4) The reconfigurable method
The  reconfigurable  method  mainly  uses  PIN  diodes,

varactor  diodes,  4  × single-pole-single-throw (4  × SPST) ,
and single-pole-four-throw (SP4T) switches, etc., to change
the  resonant  frequency  of  each  mode  at  different  states
[65]–[70]. Thus, although the intrinsic bandwidth is narrow,
different frequency bands can be covered separately.

As  shown  in Figure  16(a) [65], the  PIN  diode  is  ap-
plied on the radiated branch. When the PIN diode is in the
“OFF” state,  the  antenna  operates  in  loop  mode  covering
the  790–870  MHz  and  1490–2225  MHz  bands.  When  the
PIN diode is in the “ON” state, the antenna operates in two
IFA  modes  covering  the  845–980  MHz  and  2240–2565
MHz bands.  Thus,  multiple  bands  are  covered.  In [66],  as
shown in Figure 16(b), the resonant frequencies of the slot
branch  can  be  tuned  by  varying  the  capacitor  of  varactor
diodes. Consequently,  a  wide  frequency  band  can  be  cov-
ered  separately.  As  shown  in Figure  16(c), the  reconfig-
urable  antenna  in [67]  uses  a  4  ×  SPST  switch  to  provide
three  inductor  states  with  different  values  for  different
paths,  and  changes  the  resonant  frequency.  Thus,  the
monopole  antenna  operating  in  0.25-wavelength  mode can
cover  the  704–960  MHz frequency  bands  with  these  three

states.  However,  utilizing  an  RF switch  usually  introduces
loss from the switch. To improve the antenna efficiency, an
analysis of the RF switch and methods to reduce the loss of
antenna efficiency were  proposed in [67].  By applying the
series  inductor L3 and  shunt  inductor L6, the  average  effi-
ciency within the 80 MHz band can be improved by 6%. In
practical  applications,  the  SP4T  switch  and  the  4  ×  SPST
switch are widely used, while PIN diodes are rarely applied.
The  SP4T switch  and  the  4  ×  SPST switch  connect  to  the
antenna  branch  with  the  inductor  or  the  capacitor  to  tune
different  resonant  paths  or  switch  multiple  modes  of  the
same  antenna  structure.  The  design  method  of  the  switch
and  the  method  for  reducing  the  loss  from  the  switch  are
similar  to [67]  in Figure  16(c). Commercial  flagship  mo-
bile phones might have 4–8 switches to cover different fre-
quency bands. 

V. Design of the Wideband High-Isolation MIMO
Antenna

As  mentioned  before,  MIMO  technology  has  been  widely
adopted in modern mobile phones. The function and work-
ing principle of MIMO technology are well addressed in [7]
and [71]. However,  as  the available space for  modern mo-
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bile antennas becomes extremely limited and the number of
antennas in mobile phones continues to increase,  the spac-
ing among each antenna element in modern mobile phones
is continuously  decreasing.  Thus,  the  mutual  coupling  be-
tween each antenna is strong which results in poor antenna
performance. Recently, many efficient techniques have been
proposed to  reduce mutual  coupling,  which is  summarized
below.
 

1. Spatial layout
The  simplest  method  for  achieving  high  isolation  among
two antenna elements is to increase their distance [72]–[74].
A  larger  distance  usually  results  in  greater  isolation.  As

shown  in Figure  17(a),  eight  antenna  elements  working  at
3.5 GHz have a spacing of more than 19 mm. Thus, a high
isolation of more than 17.5 dB is achieved. Another effec-
tive method is to select the element deployment that has the
highest  isolation [75], [76].  As  shown in Figure  17(b),  the
orientations of the four elements are rotated to achieve bet-
ter  isolation.  Additionally,  high  isolation  is  achievable  if
one antenna element (Ant 2) is located at the E-field null of
another  element  (Ant  1)  as  shown in Figure  17(c) [77].  In
practical applications, the deployment of mobile antennas is
usually restricted by the system architectures of the mobile
phones and the choice of the antenna position based on the
antenna performance is not always available. 
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2. Orthogonal mode
Two orthogonal  modes  are  naturally  irrelevant.  If  two  an-
tennas  can  excite  two  orthogonal  modes,  they  will  have
high isolation. To the best of the authors’ knowledge, refer-
ence [78]  is  the  first  open  article  that  uses  two orthogonal
modes  to  design  a  high-isolation MIMO  antenna  for  mo-
bile phones. As shown in Figure 18(a), the two orthogonal
polarizations and patterns are realized by the monopole an-
tenna and the dipole antenna. In [79], two antenna elements
(Ant 1 and Ant 2) can radiate two orthogonal radiation pat-
terns, thus, a high isolation of 20 dB is achieved, as shown
in Figure 18(b). Additionally, using two orthogonal chassis
modes  can  also  achieve  high-isolation  MIMO  antennas
[80]–[82]. As shown in Figure 18(c), two feeding ports ex-
cite  two  orthogonal  chassis  modes  along  the  length  and
width  directions,  thus,  an  isolation  of  7.5  dB  is  achieved
within  the  LB  band.  Another  effective  method,  which  is
shown  in Figure  18(d),  is  to  use  two  higher-order  modes.
The two higher-order  modes can achieve high isolation by
properly  designing  the  in-phase  and  out-of-phase  currents
on the antenna. In engineering design, because of the small
size of mobile phones, two wideband orthogonal modes are
difficult to find at the lower frequency band. 

3. Parasitic elements
A parasitic  element,  which  is  usually  located  between two
exciting elements,  can introduce a new mutual  coupling to
mitigate the original mutual coupling [84]–[86]. Thus, high

isolation  is  achieved.  To  achieve  good  performance,  the
parasitic element should be resonant at the desired frequen-
cy band. Additionally, using multiple parasitic elements can
achieve wideband isolation. For example, in [85], two para-
sitic elements can achieve a high isolation of 15 dB within
the 1.7–2.7 GHz frequency band, as shown in Figure 19(a).
To better  control  the  original  coupling  and  newly  intro-
duced coupling, the lumped element can be integrated into
the  parasitic  element [87], [88],  as  shown in Figure  19(b).
In addition to the two-element MIMO antenna, in [89], the
parasitic element can also be applied to decouple the four-
element array. As shown in Figure 19(c), the cross-line par-
asitic  element  can  reduce  the  mutual  coupling  of  a  four-
element array to −11 dB within the 3.3–5.0 GHz frequency
band.  Additionally,  the  parasitic  element  can  work  in  the
lower  frequency  band [90]–[92].  In [92],  a  folded  dual
inverted-shaped parasitic element is applied to decouple the
two-element  MIMO  antenna  to  lower  than −10  dB  within
the 698–974 MHz frequency band, as shown in Figure 19(d).
Another  interesting  advantage  of  the  parasitic  element  is
that it can reduce the mutual coupling and widen the band-
width  simultaneously [85]. Because  of  the  versatile  func-
tions of  simultaneous  decoupling  and  bandwidth  enhance-
ment,  parasitic  elements have been widely used in modern
mobile antenna design for practical applications. 

4. Decoupling network
A decoupling  network,  which  is  usually  located  at  a  PCB,
comprises a decoupling unit and a matching unit [93]–[95].

EL
EC

TR
O
M
A
G
N
ET

IC
 S

C
IE

N
C
E

 

1
5

0

1
9

.5
1

9
2

5
80

2G/3G/4G Ant.

2G/3G/4G Ant.

Ant 1

Feeding point

FR4 substrate

150×80×0.8 mm3

Metal strip on

the front surface
Ground plane on

the back surface
Ant 2Ant 6

Ant 3Ant 7

Ant 4

Ant 5

3

Ant 8

Unit: mm

System ground plane

50-ohm microstrip feed line

2
5

56.5

(a)

z x

y

x

Lm

Wm

Port 3

Port 2

Port 1

Large ground (100×100 mm2)

Port 4
Ant 2

Ant 1

D

y

(b) (c)

Figure 17  Decoupling method of spatial  layout.  (a)  Enlarging the element distance [74];  (b) Rotating the element orientation [76]; (c)  Putting one ele-
ment (Ant 2) at the E-filed null of another element (Ant 1) [77].

 

z
θ y

Monopole

z

y
x

Sub-ground

ILAs

Power divider 

50 Ohm
microstrip lines

Main ground

(a) (b)

Port 2

Port 1

Ant 2

Ant 1

a b c d
Inductor=16 nH

(c) (d)

−7
Ant1 Ant2

Ant1 Ant2
−6
−5
−4
−3
−2
−1
0
1
2

Gain (dBi)
y (90°)

x (0°)Rectangular
hole

90

60

xφ

Figure 18  Decoupling method of an orthogonal mode. (a) Orthogonal polarizations and patterns [78]; (b) Orthogonal radiation patterns [79]; (c) Orthogo-
nal chassis modes [82]; (d) Two higher-order modes [83].

  0060521-12 Electromagnetic Science, vol.2, no.2



The decoupling unit, which connects the feeding line of the
two elements,  introduces  a  new  mutual  coupling  to  miti-
gate the original coupling. The matching unit can match the
antenna well  after  decoupling.  A  typical  decoupling  net-
work where  a  transmission  line  connects  two  antenna  ele-
ments  is  shown in Figure 20(a) [95]. In addition to the di-
rect connection  between  two  elements,  new  mutual  cou-
pling  can  be  introduced  by  the  resonator [96]  and  coupler
[97].  As  shown  in Figure  20(b),  the  decoupling  network

comprises  directional  couplers,  a  transmission  line,  and  a
parallel  resonant  circuit [97].  Additionally,  the  decoupling
network can be used to decouple dual-band [98] or circular-
ly  polarized  MIMO  antennas [99]. Figure  20(c)  is  a  dual-
band  decoupling  network  with  two  resonant  circuits [98].
An  attractive  advantage  of  the  decoupling  network  is  that
the MIMO antenna and the decoupling network can be de-
signed separately. The decoupling network does not occupy
the antenna space.
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5. Neutralization line
The neutralization line, which is realized by connecting two
antenna elements with one or more connecting lines, intro-
duces a new mutual coupling to mitigate the original mutu-
al coupling [100]–[102]. A single line usually decouples the
MIMO antenna at a single frequency with a narrow decou-
pling bandwidth. Using multiple neutralization lines can de-
couple  the  MIMO  antenna  at  multiple  frequencies  with  a
wide bandwidth [102]. As shown in Figure 21(a), [102] uses
three  neutralization  lines  to  introduce  three  new  mutual
coupling  currents  (b1, b2,  and b3)  to  mitigate  the  original
coupling  current  (a)  within  a  wide  frequency  band.  Thus,
decoupling within the 1.62–2.84 GHz frequency band with
mutual  coupling  lower  than −15  dB  is  achieved.  Using  a
long  neutralization  line  or  loading  the  lumped  inductor  on
the  neutralization  line  can  decouple  the  MIMO  antenna  at
the lower frequency band [103]–[105]. Figure 21(b) shows
that, as the lumped inductor is integrated into the neutraliza-
tion  line,  the  neutralization  line  can  decouple  the  MIMO

antenna  at  the  704–960  MHz  frequency  band  and  slightly
affects  on  the  mutual  coupling  at  the  1710–2690  MHz
frequency  band [105].  Additionally,  the  neutralization  line
can decouple the four-element MIMO antenna, as shown in
Figure  21(c) [106]. An attractive  advantage of  the  neutral-
ization line is its small occupied space, which is highly im-
portant for  mobile  antenna design.  Some commercial  flag-
ship mobile phones, such as Samsung S20 and Huawei P20,
have  adopted  neutralization  lines  to  design  high-isolation
MIMO antennas. 

6. Common mode and differential mode theory
Physical orthogonality can be used to design integrated yet
decoupled antenna pairs, thereby realizing natural high iso-
lation  for  closely  spaced  antenna  elements [107]–[116].
This  approach  often  requires  a  clever  antenna  design  and
balanced feeding design to achieve good orthogonality and
high isolation within a compact antenna size.  As shown in
Figure  22,  a  set  of  tightly-arranged  orthogonal  monopole
and dipole antenna pairs is proposed [107], and a high iso-
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lation  of  more  than  20  dB  can  be  realized  according  to  a
balanced  feeding  method  for  the  dipole  antenna.  In [111],
as  shown  in Figure  23,  an  open-slot  structure  is  proposed
that  incorporates  orthogonal  in-phase  current  and  slot
modes, and a high isolation of more than 20 dB is also real-
ized for the metal-bezel mobile phone application. Further-
more,  the  bandwidth  of  the  orthogonal-mode  antenna  pair
can be substantially enhanced by employing a unique com-

bination of  two  sets  of  orthogonal  modes  in  different  fre-
quency bands [116]. This approach is illustrated in Figure 24,
where the combination of orthogonal monopole and dipole
modes  with  orthogonal  slot  and  open-slot  modes  can  be
strategically  engineered  into  a  single  antenna  structure  for
wideband  orthogonal  mode  design.  The  proposed  design
can cover the entire 5G NR frequency band of 3.3–5.0 GHz
with a high isolation of more than 20 dB.
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Although the  orthogonal  mode method offers  promis-
ing  results  in  terms  of  achieving  high  antenna  isolation,  it
often requires complex balanced feeding techniques and its
application in the design of array antennas is often limited.
Consequently, a simplified antenna decoupling methodolo-
gy  based  on  common  mode  (CM)  and  differential  mode

(DM)  cancellation,  referred  to  as  the  mode  cancellation
method  (MCM),  has  been  proposed [117]–[125].  This
methodology aims  to  eliminate  the  mutual  coupling  be-
tween two antenna elements  by strategically  implementing
CM and DM cancellation. As illustrated in Figure 25, theo-
retical analysis  confirmed  that  the  mutual  coupling  be-
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tween  two  antenna  elements  can  be  eliminated  when  the
corresponding CM and DM impedances are identical [117],
[118]. This conclusion could offer a new perspective on an-
tenna decoupling and enable independent tuning of CM and
DM  impedances  by  strategically  exploiting  the  orthogonal
properties  of  these  modes.  As  a  demonstration,  a  self-de-
coupled antenna pair with a shared aperture is illustrated in
Figure  26,  demonstrating  the  practicality  of  the  proposed
methodology [117].  The  current  mode  fed  through  Port  1
can be  equivalent  to  the  superposition  of  the  CM and DM
current  modes,  thus,  the  current  mode  on  the  passive  port
can  be  completely  canceled  when  the  CM  and  DM
impedances are identical. As shown in Figure 26(c), we can
tune  the  impedances  of  the  CM  and  DM  by  adjusting  the
distance of the feeding ports. A good isolation of more than
10  dB  across  a  wide  bandwidth  can  be  realized  when  the

impedances of the CM and DM are in the optimal similari-
ty.  In [125],  the  self-multipath  counteraction  method  was
proposed  to  isolate  more  than  20  dB  within  the  3.3–5.0
GHz frequency band.
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VI. Design of Compact, Wideband, and
Wide-Angle-Scanning mm-Wave Arrays

The  millimeter-wave  (mm-wave)  array  design  in  mobile
phones is usually based on phased-array antenna-in- package
(AiP) modules for high-gain beam scanning. Because of the
arbitrary posture of the smartphone in use, the array is usu-
ally  required  to  have  a  wide-angle-scanning  capability  to
ensure  an  effective  connection  range  for  communication
[126]. Moreover, as the space for antenna design in mobile
phones is very limited, compact and small mm-wave arrays
are  better [127], [128]. Thus,  the  key  challenge  in  design-
ing millimeter-wave arrays for mobile phones is to achieve

small,  wide-angle  scanning  across  two  broad  bands  (i.e.,
24.25–29.50  GHz  and  37.00–43.50 GHz)  while  maintain-
ing  compatibility  with  the  smartphone  industrial  design
(ID) and architecture of mobile phones.

Here, recent advances in the design of compact, wide-
band,  wide-angle  scanning  mm-wave  arrays  for  mobile
phones  are  summarized. Figure  27 shows  the  expected
spherical coverage of the beams of the mm-wave arrays for
mobile phones [129]. Different expected beams can be real-
ized  by  the  array  design  of  broadside  and  end-fire  types.
Here, we  clearly  summarize  the  characteristics  and  chal-
lenges of broadside array and end-fire array design. In addi-
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tion, codesigns of mm-wave arrays with IDs and low-band
antennas are also summarized.
 

1. Broadside array

For the broadside array, the maximum radiation direction is
vertical  to  the  array.  As Figure  28(a)  demonstrates,  when
the array is oriented horizontally with the main board, it en-
ables the  generation  of  the  expected  beams  5  and  6.  Con-
versely, Figure  28(b) reveals  that  when  the  array  is  posi-

tioned  vertically  with  the  smartphone,  it  enables  the
achievement of the expected beams 1–4. However, because
of the profile  constraints  of  mobile phones,  beams 1–4 are
primarily  achieved  by  employing  end-fire  arrays,  which
will  be  further  explored  in  the  next  section.  Moreover,
broadside arrays  are  primarily  utilized  to  achieve  the  ex-
pected beams 5 and 6.

The primary challenges in designing a broadside array
lie  in  achieving  superior  performance  for  wide  operating
bandwidths,  multiple  operating  bands,  and  wide-angle-
scanning with size constraints. This section categorizes the
broadside  arrays  into  three  segments:  single-band, multi-
band,  and  reconfigurable  design.  Moreover,  this  paper
presents summarized solutions to the aforementioned chal-
lenges.

1) Single-band broadside array
The  patch  antenna,  which  is  a  prevalent  element  in

broadside  arrays,  typically  exhibits  a  narrow  bandwidth
[130]. Figure 29(a) portrays a common patch antenna with a
limited  9% impedance  bandwidth,  and  the  proposed  1  ×  8
array  can  achieve  a  beam  scanning  range  of  ±60° [131].
Figures  29(b)–(d)  shows  strategies  such  as  slotting [132],
parasitic  patches [133],  and  parasitic  branches [134] ap-
plied to enhance the bandwidth of the patch antenna to over
20%  of  the  impedance  bandwidth.  Commonly,  for  mm-
wave  arrays  in  mobile  phones,  the  elements  are  based  on
0.5-wavelength  resonance,  taking  0.5-wavelength  spacing.
Wide-angle scanning can be realized when elements are nu-
merous, but the array size is large for the mobile phones [135].
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For the 1 × 4 arrays usually deployed in mobile phones, the
beam  scanning  range  is  limited,  and  generally,  only  ±45°
scanning can be realized [136].

Notably, as shown in Figure 30(a), a compact array is
proposed in [137] with a bandwidth of 25.5–27.5 GHz. The
geometry of the element is  shown in Figure 30(b). In con-
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trast to typical arrays with a 0.5-wavelength resonance ele-
ment  with  0.5-wavelength  element  spacing,  the  proposed
array  uses  a  0.25-wavelength  resonance  coupled  shorted
patch  with  a  small  0.3-wavelength element  spacing  to  im-
prove  wide-angle  scanning.  Three  neutralization  lines  are
used to improve mutual coupling. Figure 30(c) shows that,
the proposed 1 × 4 array can realize wide ±60° beam scan-
ning with only a 1.3 dB scanning loss. Furthermore, the du-
al  polarization can be achieved by orthogonal  slot  coupled
feeding,  and  a  0.4-wavelength  element  spacing  is  used  to
improve  the  scanning  range,  as  shown  in [138].  A  wide  3
dB beam scanning range of more than ±50º for both polar-
izations is  achievable.  The antennas shown in [137], [138]
are  smaller  in  size  and  have  wider  beam  scanning  ranges
than  the  same type  of  single-band broadside  arrays,  which
provides a promising application.

2) Multiband broadside array
As two wide bands (24.25–29.50 GHz and 37.00–43.50

GHz)  need  to  be  concurrently  covered,  extensive  research
has  focused  on  mm-wave ultrawideband  or  multiband  ar-
rays.  Achieving multiband antennas typically  involves two
approaches.  A  common  approach  is  to  assemble  different
structures that resonate at different frequencies [139], [140].
For  instance,  as  shown  in Figure  31(a), [140]  introduces
two pairs of dipole antennas, generating low-band and high-
band radiation along co-polarized and cross-polarized direc-
tions, respectively. Another way to implement a multiband
antenna  is  to  adjust  various  modes  of  the  same  antenna
structure  to  obtain  different  resonances [141]–[144].  As
shown in Figure 31(b),  the TM10 and TM20 modes of the
patch are employed for dual-band resonance [143].
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3) Reconfigurable broadside array
Recent  designs  utilizing  reconfigurable  methods  to

achieve  beam scanning  can  be  categorized  into  two kinds:
those based on the excitation phase difference provided by
shifter reconfigurable control and those based on direct pat-
tern reconfigurable  control.  A  phase  shifter  is  often  indis-
pensable  for  controlling  the  array  beam  direction.  The
phase shifter  provides  the  quantized  phase,  with  each  ele-
ment taking the closest quantized phase instead of the ideal

phase. The more quantized phase the phase shifter provides,
the  greater  the  cost.  However,  providing  less  quantized
phase  results  in  quantization  phase  error,  which  increases
the sidelobe level and reduces the array gain [145].

In [146],  a  reconfigurable  1-bit array  design  is  pro-
posed  as  shown in Figure  32(a).  Each  element  is  fed  by  a
slot on the ground. A 1-bit element with phase values of −π
and 0 is achieved by selecting PIN diodes in different direc-
tions. A fixed phase is applied to mitigate the grating lobes,
and the array can steer the beam from −34° to 35° without
grating  lobes.  Additionally,  to  reduce  the  cost  and  ensure
array  performance,  as  shown  in Figure  32(b),  the  antenna
array  introduces  PIN-diode-controlled strips  for  direct  pat-
tern reconfigurable control, thus, direct beam tilting of ±50°
is achieved [147].
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2. End-fire array
For  the  end-fire  array,  the  maximum radiation  direction  is
parallel to the array. Compared to the broadside arrays, end-
fire arrays can be integrated directly into the PCB of a mo-
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bile  phone,  which  is  particularly  advantageous  for  mobile
phones  with  special  thin  geometries.  However,  excellent
performance is difficult to achieve with a thin profile, small
clearance, dual polarization, and wide beam scanning. This
section  summarizes  the  typical  designs  for  horizontally
polarized,  vertically  polarized,  and  dual-polarized  end-fire
arrays.

1) Horizontal-polarized end-fire array
To  provide  an  overview  of  the  horizontally  polarized

end-fire  array  in  mobile  phones, Figure  33 illustrates  the
typical  designs  of  several  horizontally  polarized  end-fire
arrays. As shown in Figure 33(a), in [148], the horizontally
polarized  magnetoelectric  dipole  is  vertical  to  the  system
ground to achieve the horizontally polarized end-fire radia-
tion. However, the array height must be sufficient for prop-
er  performance,  impacting  the  smartphone  thickness.  As
shown in Figure 33(b), a dipole antenna close to the system
ground exhibits end-fire radiation with horizontal polariza-
tion [149]. Figure 33(c)  shows that  a  patch antenna with a
half-wavelength mode near the system ground can achieve
horizontally  polarized  end-fire  radiation [128].  Similarly,
Figure 33(d) depicts an open-ended slot antenna with a hor-
izontally polarized end-fire radiation pattern [150]. Notably,
the  monopole  antenna  and  slot  antenna  need  to  occupy
enough space to achieve good broadband performance.
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2) Vertical-polarized end-fire array
To provide a comprehensive overview of the vertically

polarized  end-fire  array  in  mobile  phones, Figure  34 illus-
trates  several  typical  designs. Figure  34(a)  shows  that,  the
vertically polarized folded slot antenna moves vertically to
the  system  ground  to  achieve  vertically  polarized  end-fire
radiation [151].  However,  a  critical  drawback  is  that  the
profile  must  be  sufficient  for  proper  performance,  which
impacts the thinness and lightness of mobile phones. As de-
picted  in Figure  34(b),  the  substrate-integrated  waveguide
(SIW) antenna element  can be utilized to radiate  the verti-

cally  polarized pattern [152].  For  the  dipole  element [153]
shown in Figure  34(c)  and  the  monopole  element [154]  in
Figure  34(d),  vertical  polarization  with  end-fire  radiation
can  be  achieved.  For  the  dipole  or  monopole  element,  the
profile  of  the  smartphone  should  be  substantial  for  a  wide
bandwidth.
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3) Dual-polarized end-fire array
For  instance,  if  the  array  is  oriented  vertically  to  the

system ground, and the element has a dual-polarized radia-
tion  pattern,  achieving  a  dual-polarized  end-fire array  be-
comes straightforward. This method is demonstrated in [155],
as  shown  in Figure  35(a),  where  a  smartphone  features  a
vertically deployed dual-polarized slot antenna, resulting in
a dual-polarized end-fire mm-wave array.
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Moreover,  by merging the horizontally polarized end-
fire  array  with  the  vertically  polarized  array,  a  dual-polar-
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ized array can also be achieved. Figure 35(b) shows that, a
horizontal dipole  with  a  vertical  dipole  element  is  em-
ployed to achieve a dual-polarized dipole array [156]. How-
ever,  such  a  configuration  requires  a  substantial  profile  to
ensure optimal performance. To address the profile size, as
shown  in Figure  35(c), [157]  achieved  a  low-profile  dual-
polarized end-fire array by combining a horizontally polar-
ized dipole with a vertically polarized horn. However, such
dual-polarized  end-fire  arrays  typically  require  sufficient
clearance for optimal performance.

Some efforts have been made to reduce clearance. As
shown in Figure 35(d), a dual-polarized array without clear-
ance is achieved by designing a horizontally polarized open
slot and a vertically polarized open-ended waveguide radia-
tion [158].  In  addition,  as  shown  in Figure  35(e), the  pro-
posed  antenna  achieves  ±45°  polarization  by  utilizing  a
modified  SIW  slot  polarizer [159].  Moreover, [160] intro-
duced the  concept  of  exciting  orthogonal  slots  simultane-
ously to realize a dual-polarized end-fire chain-slot array, as
illustrated in Figure 35(f). 

3. Codesign of mm-wave arrays with the ID and the
low-band antennas

The  existing  broadside  arrays  and  the  end-fire  arrays  have
demonstrated  exceptional  performance,  covering  the  ex-
pected  beams  1–6,  as  illustrated  in Figure  27.  However,
considering  the  stringent  specifications  of  mobile  phones
with  full  displays,  curved  displays,  metal  bezels,  glass
backs,  etc.,  mm-wave arrays  must  match the  industrial  de-
sign. Therefore, the codesign of mm-wave arrays in mobile

phones has been extensively researched,  especially in con-
junction  with  industrial  design  and  low-band  antennas.
These codesign examples are summarized below.

1)  Integration  of  the  mm-wave  array  with  a  mobile
phone

The  integration  of  mm-wave  arrays  into  the  mobile
phone of a smartphone is aesthetically and functionally crit-
ical.  This  integration  optimizes  space  within  the  limited
space of a mobile phone and ensures efficient placement of
components.  In  addition,  integration  with  a  metal  bezel
helps mitigate  beam  blockage  and  maintain  the  perfor-
mance  of  the  millimeter-wave array.  Therefore,  consider-
ing the integration of mm-wave arrays with mobile phones
is key to the deployment of mm-wave arrays.

In [161], the impact of the metal bezel on the radiation
pattern  was  investigated.  The  obstruction  caused  by  the
metal  bezel  is  more  pronounced  for  horizontally  polarized
antennas  than  for  vertically  polarized  antennas.  As  shown
in Figure 36(a), the coupling metal  strips  are  used to miti-
gate the blockage from the metal bezel [162]. Additionally,
Figure 36(b) shows that slots on the metal bezel can be uti-
lized to alleviate beam blockage [163]. As shown in Figure
36(c),  direct  radiation  of  the  mm-wave  array  is  allowed
through  a  rectangular  window in  the  metal  bezel  in [164].
This solution has been implemented in commercial 5G mo-
bile terminals such as the Apple iPhone 12, which features
a small mm-wave window [165]. Beyond mitigating the ef-
fects of the metal bezel, reference [166] explored the use of
the  metal  bezel  to  design  mm-wave  leaky-wave  arrays,  as
illustrated  in Figure  36(d).  Moreover,  the  mm-wave  array
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antenna  can  be  directly  implemented  through  slots  on  the
metallic  bezel [167], [168],  effectively  resolving  blockage
issues associated with the metal bezel.

As the mm-wave array is deployed on a mobile phone,
the back cover and phone chassis might considerably affect
the array performance where the array gain decreases great-
ly [128].  In [169],  an  ultra-thinned metasurface  was  pro-
posed to reduce the negative effect from the back cover. In
addition,  to  achieve  mm-wave radiation  in  the  display  di-
rection,  an  optically  invisible  mm-wave  array  antenna-on-
display  (AoD)  with  88%  optical  transparency  was  studied
in [131], [170]. Thus, the mm-wave array is directly imple-
mented on the display.

2) mm-Wave array shared-aperture design with a low-
band antenna

Considering  that  mm-waves  coexist  with  low-band
communications  for  a  long  period,  mm-wave  shared-aper-
ture design with low band antennas is also important.  This
scheme will greatly save antenna design space and support
multiband communication.

The  application  of  the  filter  is  a  viable  approach  for
shared-aperture design, as depicted in Figure 37(a). A low-
band antenna is directly linked to a mm-wave antenna utiliz-
ing  a  low-pass  and high-stop filter [171]. This  scheme en-
ables the design of the mm-wave and the low-band antenna
to be near a single feeding port. As shown in Figure 37(b),
the  mm-wave  slot  array  antenna  is  incorporated  into  the
clearance of the low-band antenna [172].

To further minimize the space occupied by the shared-
aperture design, the structure of the low-band antenna can be
reused for mm-wave array design. As shown in Figure 37(c),
in [173],  the  low-band  antenna  takes  the  form of  a  simple
patch  antenna,  and  the  patch  is  configured  as  an  SIW slot

array for mm-waves. In addition to using the SIW structure,
the  higher-order  mode  of  the  low-band antenna  can  be  di-
rectly employed to design the mm-wave array. As shown in
Figure 37(d), in [174], the half-wavelength slot mode of the
low band  is  excited  multiple  times  to  achieve  a  higher-or-
der mode for the mm-wave.

Notably, as shown in Figure 38, a shared-aperture LTE
and mm-wave antenna with enhanced mm-wave display di-
rection  radiation  has  been  designed [129].  An  interdigital
coupling  structure  is  applied  to  integrate  the  LTE  antenna
and  mm-wave  array  in  the  same  aperture.  The  attractive
performance  makes  this  design  a  promising  candidate  for
use as a mm-wave array for modern mobile phones. 

VII. Design of the Satellite Communication Antenna
As mentioned above, modern mobile flagship phones, such
as the Huawei Mate 60, have introduced satellite communi-
cation capabilities [175]. Smartphones designed with satel-
lite communication  features  can  be  utilized  in  special  sce-
narios, such as emergencies and nonground communication,
which are  very  large  markets.  In  this  section,  before  pre-
senting  the  research  progress  on  satellite  communication
antennas  in  modern  mobile  phones,  conventional  satellite
phones with external antenna designs are briefly introduced.
The  external  antenna  influences  the  appearance  of  modern
mobile  phones,  which  is  not  preferable.  To  accommodate
modern  metal-bezel  mobile  phones,  the  preferable  internal
satellite communication  antennas  are  summarized.  Addi-
tionally, to solve the problems of the limited space of mo-
bile phones and the large space occupied by a single satel-
lite communication antenna, codesign methods for satellite
communication  antennas  and  cellular  antennas  are  also
summarized. 
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1. Single satellite communication antenna
Traditional  satellite  phones  usually  adopt  external  antenna
designs. Figure  39(a)  illustrates  the  Iridium  9505a  satel-
lite  phone  with  an  external  satellite  antenna  design [176].
Figure 39(b) shows the satellite communication antenna of
this type of phone, which is mainly designed with a linearly
polarized antenna [177]. Figure 40(a) illustrates the typical
external  CP  satellite  communication  mobile  phone  Linyun
YT1100 [178],  which  employs  a  helical  antenna  with  CP
radiation  as  shown  in Figure  40(b) [179].  Compared  with
linearly polarized  antennas,  CP  antennas  reduce  the  polar-
ization  loss  in  satellite  communication.  However,  external
antennas  severely  affect  the  appearance  of  phones  and  are
not favorable for modern mobile phones.
 
 

(a)

(b)

Satellite communication antenna

Figure 39  Typical external linearly polarized satellite communication mo-
bile phone antennas. (a) Iridium 9505a satellite phone [176]; (b) Linearly
polarized satellite communication antenna [177].
 

For modern mobile phones, internal satellite communi-
cation antennas  have  been  designed  to  solve  the  appear-
ance  problems  of  traditional  satellite  phones.  In [180]–
[184],  a  ground-mode  tuning  technique  was  proposed  for
CP  satellite  communication  antennas.  A  typical  design  is
shown in Figure 41 [182]. As plotted in Figure 41(a), an an-
tenna using a combination of an electric coupler and a mag-
netic coupler is placed on the ground of the mobile phone,

where these couplers can be coupled to excite the orthogo-
nal mode 1 and mode 2, as shown in Figure 41(c). The ad-
dition of an inductor and a metal strip at the bottom of the
antenna  can  adjust  the  phases,  realizing  a  CP  antenna.  As
shown  in Figure  41(b),  the  3:1  VSWR  bandwidths  cover
2.38–2.52 GHz,  and the  6  dB axial  ratio  (AR) bandwidths
are from 2.36–2.50 GHz. Because the many components on
the ground in smartphones affecting the performance of the
antenna,  employing  the  ground  mode  is  not  suitable  for
practical applications.

+z

In addition to broadside radiation, end-fire radiation is
also preferable for modern mobile phones. [185]–[187] de-
scribe  the  use  of  an  end-fire  internal  antenna  for  satellite
communication. In [185], a CP satellite communication an-
tenna is achieved in a folded mobile phone with the orthog-
onal structure of a direct-feed dipole and a parasitic dipole,
as  shown  in Figure  42(a).  As  shown  in Figure  42(b),  the
folded antenna achieves left-handed CP radiation along the

-axis, which  can  be  expected  for  satellite  communica-
tion. In Figures 42(c) and (d), the −10 dB impedance band-
widths of the antenna in CP states are 2.44–2.58 GHz, and
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Satellite communication antenna

Figure 40  Typical external CP satellite communication mobile phone an-
tenna. (a) Linyun YT1100 satellite phone [178]; (b) CP satellite communi-
cation antenna [179].
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the 3 dB AR bandwidth is considerably wider than the im-
pedance  bandwidths.  In [186],  the  folded  dipole  and  loop
modes of  a  rectangular  loop antenna provide  two orthogo-
nal radiation patterns, enabling internal CP mobile antenna
designs that can be expected to be used for satellite commu-
nications, as shown in Figure 43. As shown in Figure 43(b),

the asymmetric feed simultaneously excites the horizontally
polarized (HP) mode (folded dipole mode) and the vertical
polarization (VP) mode (loop mode). Figures 43(c) and (d)
show  that  the  CP  rectangular  loop  mobile  antenna  has −6
dB impedance bandwidths within 2.27–2.51 GHz and 3 dB
AR bandwidths within 2.482–2.501 GHz.

 
 

Feeding port

Feeding port

(b)

30 24 18 12 6 0

Ant 1
Jsurf

(A/m)

HP

mode

VP

mode

z

x

(a)

Substrate 1

Substrate 2

Feeding port

Coaxial cable

l1

w1w2
d2

h2

d1

z

z

x

x

y

(c) 0

−12

−6

−18

−24

|S
1
1
| (

d
B

)

−30
2.0 2.2 2.4 2.6

Sim.

Mea.

With hand

2.8

Frequency (GHz)

(d) 9

6

3

A
R

 (
d
B

)

0
2.47 2.48 2.49 2.50

Sim. AR

Mea. AR

AR with hand

2.51

Frequency (GHz)

Figure 43  CP rectangular loop mobile antenna for satellite communications [186]. (a) Antenna structure; (b) Current distribution of the two orthogonal
modes; (c) S11; (d) AR.
 

In [187],  two  end-fire  CP  antennas  were  designed
based  on  CM  and  DM  theory.  As  shown  in Figure  44(a),
the orthogonal CM (PIFA mode) and DM (open-slot mode)

are  excited  by  adding  a  slot  to  the  PIFA.  As  illustrated  in
Figure  44(b),  the  designed  antenna  resonates  at  1.61  GHz.
Figures 44(c) and (d) show that the designed PIFA antenna
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has the characteristics of end-fire CP radiation. As shown in
Figure  44(e),  a  slot  is  carved  in  the  middle  of  the  cavity
antenna,  and  the  orthogonal  CM  (TM1/2,1  cavity  mode)
and DM (open-slot mode) can be excited for CP radiation.
Figure 44(f) shows that the slotted cavity resonates at 1.61
GHz. As shown in Figures 44(g) and (h), the slotted cavity
antenna achieves end-fire CP radiation at 1.61 GHz, which
should be useful in satellite communications. 

2. Codesign of the satellite communication antenna and
cellular antenna

The limited space for  mobile  antenna design and the  large
area  occupied  by  a  single  satellite  communication  antenna
have  led  to  the  codesign  of  satellite  antennas  and  cellular
antennas in mobile phones.

Figure 45 shows the codesign of the CP satellite com-

munication antenna and cellular antenna [188]. In Figure 45
(a) shows the antenna structure and the design process. The
satellite  communication  antenna  is  a  single  CP  antenna,
which is composed of two orthogonal slot antennas and an
inductor L1 with three short ends at points E, B, and D. The
cellular antenna working in the LB band is a single LB an-
tenna,  which  has  two  open  ends  at  points  E&A  and  one
short end  at  point  C.  To  realize  the  codesign  in  a  smart-
phone,  a  pair  of  low-stop  high-pass  filters  are  added  to
points E and B. The filters can be equivalent to being open
in the LB band of the single LB antenna and short in the S-
band  of  the  single  CP  antenna,  realizing  the  codesign  an-
tenna (LB&CP Ant). Figure 45(c) indicates that the −6 dB
impedance  bandwidths  of  the  LB&CP  Ant  are  698–962
MHz  and  1980–2130  MHz.  The  3  dB  AR bandwidths  are
2.06–2.1 GHz.
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Figure  46 shows  the  codesign  of  the  wide  end-fire
beam satellite communication antenna and 4G LTE cellular
antenna [189]. Figure 46(a) shows the design process of the

codesign  antenna.  The  satellite  communication  antenna  is
the  floating  dipole  branch  DC,  which  works  in  the  0.5-
wavelength  mode.  A wide  end-fire beam of  the  dipole  an-
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xoz
yoz

yoz xoz

tenna is formed with the ground working as a reflector. To
integrate  the  4G  LTE  antenna,  monopole  branches  and  a
low-stop  high-pass  filter  are  designed. Figure  46(b)  shows
that the −6 dB impedance bandwidths cover 701–973 MHz
and 1640–2780 MHz. The radiation patterns in the - and

- planes are shown in Figures 46(d) and (c), respective-
ly. The orange-filled sections indicate that the antenna gain
is  greater  than  0  dBi. Figure  46(d)  and Figure  46(c) indi-
cate  that  the  end-fire  beam width  with  a  gain  greater  than
0 dBi is 195° in the -plane and 88° in the -plane, re-
spectively.
  

(a)

Matching circuit I
Port 1

A

B

C

EF D

L5 C3

z
xMHB&Satellite Ant

Matching circuit II

L5 C
3

Matching circuit I

Port 2

Port 1
A

B

C

EF

z

x

C2 L4
L3

Co-design antenna

L1L2

C1

D

H

G

L1L2

C1

Matching circuit II

Port 2

E

I

z

x

C2 L4
L3

LB Ant

H

G

Low-stop

high-pass filter

Low-stop

high-pass filter

0
30

60

90

120

150
180

210

240

270

300

330

−25

−15

−5

5

G
ai

n
 (

d
B

i)

G
ai

n
 (

d
B

i)

−15

−5

5

Eθ Eφ Eθ Eφ

xoz

0
30

60

90

120

150
180

210

240

270

300

330

−15
−10
−5

0

5

−10
−5

0

5
yoz

(c) (d)
(+z)

(+x)

(+z)

(+y)

(−z)

(−x) (−y)

(−z)

0.5 1.0 1.5 2.0 2.5 3.0
−24

−18

−12

−6

0

Frequency (GHz)

 S11-MHB&Satellite Ant

 S22-LB Ant

 S11 co-design antenna

 S22 co-design antenna

 S21 co-design antenna

0.704 0.96

1.71 2.69

(b)

S
-p

ar
am

et
er

s 
(d

B
)

Figure 46  Codesign  of  the  wide  end-fire  beam  satellite  communication
antenna and 4G LTE cellular antenna in a single mobile antenna [189]. (a)
Antenna structure and design process; (b) S-parameters of the codesign an-
tenna;  (c)  Radiation  pattern  in  the xoz-plane;  (d)  Radiation  pattern  in  the
yoz-plane.
  

3. Satellite antenna design for commercial mobile
phones

In 2010,  the world’s first  commercial  smartphone with the
function  of  direct  phone-to-satellite  communication  was
launched by the TerreStar Genus [190]. This plastic mobile
phone, designed by TerreStar, could connect to the geosyn-

chronous  Earth  orbit  (GEO)  satellite.  The  satellite  antenna
of  the  TerreStar  Genus  mobile  phone  is  an  internal  PIFA,
which is located at the upper right corner of the phone from
the front view of [190]. In addition to the satellite band, this
phone  can  also  cover  the  2G/3G,  GPS,  and  WLAN/BT
bands. After years of silence, in 2022, the Huawei Mate 50
series  and  Apple  iPhone  14  series  launched  smartphones
that support  satellite  message  services.  Since  the  realiza-
tion of  satellite  SMS service  does  not  require  a  high com-
munication rate, it  does not pose a considerable significant
challenge for the design of mobile phone antennas. Then, in
2023, Huawei introduced a smartphone featuring the abili-
ty to make satellite voice calls [191]. Unlike the preceding
product, the TerreStar Genus Huawei phone utilized a high-
gain  antenna  integrated  within  an  all-metal  bezel  to  make
connections to GEO satellites 36000 kilometers away, pos-
ing an even greater challenge in antenna design. Honor and
Xiaomi swiftly followed suit with their own satellite phone-
enabled  smartphones  in  2024.  According  to  the  current
rapid development trend, we can boldly speculate that satel-
lite  communications  will  become  a  standard  configuration
of smartphones and bring considerable market value in the
future. 

VIII. Interaction Between Antennas and the
Human Body

As mobile phones are usually used in proximity to the hu-
man  body,  interactions  between  mobile  antennas  and  the
human  body  are  negligible.  The  effect  of  the  human  body
on a mobile antenna is mainly quantified as the antenna ef-
ficiency drop, and the effect of a mobile antenna on the hu-
man body is mainly quantified as the SAR. The basic prin-
ciple,  test  method, and several  controlling SAR techniques
are well documented in [7]. Additionally, in [192], the user
effects  on  mobile  antennas  and  the  mitigation  techniques
are summarized for the different working frequency bands.
Herein, we briefly summarize the recent research on the in-
teractions between antennas and the human body as follows. 

1. E-field distributions over a large volume
As  the  SAR is  mainly  calculated  from the  peak  E-field  in
the  human  body,  reducing  the  peak  E-field  is  an  efficient
method  for  reducing  the  SAR.  In [193],  a  novel  antenna
structure, which distributes the E-field over a large volume,
exhibited an almost 50% lower maximum SAR than a patch
antenna. Additionally, using multiple antenna elements with
different feeding amplitudes and phases can also reduce the
peak E-field and thus reduce the effects of the human band
and SAR [194], [195]. As shown in Figure 47, a patch an-
tenna with two feeding amplitudes and phases can achieve
high antenna efficiency on a human hand. 

2. Reverse current
In [196], the concept of reverse current was proposed to de-
crease the electric field radiated by an antenna at the air–tis-
sue interface and, consequently, reduce the SAR of human
tissues. As shown in Figure 48, with reverse current, the 10
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g spatial  average  body SAR can decrease  from 0.95 W/kg
to  0.65  W/kg  at  897.6  MHz [196]. Additionally,  the  con-
cept  of  reverse current  has also been applied to reduce the
SAR for  5G MIMO antennas  on  mobile  phones [197]  and
tablet devices [198].
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Figure 48  Reverse current to reduce the SAR [196].
  

3. Vertical E-field
In [199], the interaction principle of antenna radiation fields
with nearby  human  bodies  are  analyzed  by  using  electro-
magnetic boundary  conditions.  Under  these  boundary  con-
ditions, the horizontal E-field penetrates human tissue more
easily  than  the  vertical  E-field  does [199],  as  shown  in
Figure  49.  Thus,  mobile  antennas  with  a  vertical  E-field
have a higher on-body efficiency and lower SAR. As shown
in Figure  50,  a  smartwatch  antenna  with  a  vertical  E-field
has  a  weak  E-field in  the  human  body,  thus,  the  perfor-
mance of an antenna with a vertical E-field is approximately
4  dB  greater  than  that  of  an  antenna  with  a  horizontal  E-
field [200], [201]. Additionally, the vertical E-field method
can  also  be  applied  to  ear-bar  TWS earphones,  which  can

improve  the  antenna  performance  from  19.1%  to  30.9%
with a vertical E-field [202].
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4. Characteristic modes of the PEC-lossy dielectric
In [203],  the characteristic  modes of a mobile antenna and
human hand combination were analyzed to find the desired
modes with good radiation properties.  Thus,  high antenna-
on-hand  efficiency  is  achieved  with  efficient  excitation  of
these  modes  by  the  proper  feeding  method  as  shown  in
Figure  51. Additionally,  the  characteristic  modes  of  com-
posite  PEC-lossy  dielectric  structures  are  calculated  to
achieve  a  low  modal  coupling  coefficient  to  the  human
body, thus, a low-SAR antenna is achieved [204], [205]. In
addition,  shaping  the  radiation  patterns  has  been  proposed
to reduce the effect of hand movement on a mobile antenna
[206]. Reference [206] shows that the modes with less radi-
ation in the boresight and backward directions are more ro-
bust to hands. 

IX. Future of Antenna Design for Mobile Phones
As mobile  communication technology continues  to  rapidly
evolve  and  new  applications,  technologies,  designs,  and
processes advance, the future of mobile phone antenna de-
sign will  lean  toward  flexibility,  integration,  and  intelli-
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Figure 47  High  antenna-on-hand  efficiency  with  two  feeding  amplitude
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gence. The three key drivers of this evolution can be sum-
marized as follows:

First, new user scenarios are driving mobile phone an-
tenna innovation. The arrival of 5.5G and 6G will open up a
range of new business scenarios, including augmented reali-
ty, cloud services,  and holographic displays.  These scenar-
ios place extreme requirements on the communication traf-
fic,  communication  delay,  and  communication  reliability.
To meet these challenges, next-generation mobile phone an-
tenna  design  will  shift  toward  higher  frequency  bands,
wider bandwidths, and increased functionality. The commu-
nication  band  will  transition  from  the  millimeter  wave  to
THz bands,  allowing  for  increased  communication  band-
width  and  data  rates.  However,  higher-band  antennas,  will
face more comprehensive design,  process,  and architecture
challenges than traditional lower-band antennas. In terms of
communication  bandwidth,  how  to  achieve  wider  antenna
bandwidth and  higher  antenna  efficiency  within  the  ulti-
mate design space remains a considerable challenge in mo-
bile phone antenna design. Therefore, breakthroughs in an-
tenna theory and system design should be sought in the fu-
ture to address this issue. In terms of application scenarios,
future mobile phone antennas will support a range of func-
tions  such  as  cellular  communication,  short-range commu-
nication,  satellite  communication,  satellite  navigation,  and
object  perception.  As  the  number  of  operating  bands  and
antennas  continues  to  increase,  integrated  antenna  design
will  also  undergo  an  important  evolution  in  mobile  phone
antenna  technology.  Additionally,  exploring  more  design
space, such as on-screen antennas and back-cover antennas,
will help alleviate the design pressure caused by the grow-
ing number of antennas.

Second,  intelligence  is  driving  mobile  phone  antenna
innovation. The rapid development of artificial intelligence
and large  model  technology  is  shaping  communication  in-
telligence as a key evolutionary direction for future 6G mo-
bile  communication.  In  the  future,  mobile  phone  antenna
design will  integrate with large-scale communication mod-
els, providing intelligent and flexible antenna configuration
options  that  align  with  user  usage  scenarios.  All  antenna
will be able to cooperate and support each other. In certain
scenarios, all antennas can be aggregated to enhance anten-
na  performance  in  a  certain  frequency  band,  solving  the

problems of  weak  signals  and  small  throughput  encoun-
tered in high-speed rail,  subway,  garage,  and other  scenar-
ios, and  facilitating  full  coverage  without  dead  ends.  Fur-
thermore, the integration of  artificial  intelligence with mo-
bile phone antenna design to achieve intelligent antenna de-
sign  is  also  an  important  direction  for  the  future  evolution
of mobile phone antenna technology.

Third, industrial design is driving mobile phone anten-
na  innovation.  The  trend  toward  larger-screen  mobile
phones has led to the gradual evolution of the mobile phone
form from a single straight screen to folding screens, scroll
screens, flexible screens, and other new formats. However,
the  design  of  mobile  phone  antennas  in  these  new  forms
presents considerable challenges, as the antenna needs to be
carefully designed and flexibly reconstructed to achieve op-
timal  performance  in  various  states.  As  flexible  wearable
mobile phones will become more common in the future, the
interaction  between  the  antenna  and  the  human  body  will
further increase. Therefore, an antenna design with low hu-
man  body  absorption  will  be  a  key  technology  for  future
mobile phone antennas design. In addition, since the launch
of  the  iPhone  4,  the  design  concept  of  using  metal  frame
slits as the main radiator of mobile phone antennas has re-
mained prevalent, but with the pursuit of modern industrial
aesthetics  for  mobile  phone  seamlessness,  overcoming  the
traditional design of mobile phone antennas is also a prob-
lem and challenge. 

X. Conclusion
In this review paper, the design challenges of mobile anten-
nas for modern mobile phones are first  described. Because
metal-bezel mobile  phones  have  become  mainstream,  an-
tenna types suitable for metal-bezel mobile phones, includ-
ing IFAs, slot antennas, loop antennas, and PIFAs, are stud-
ied according to their structures, modes, and potential band-
widths. Then, the commonly used methods of loading mate-
rials, meander  lines,  loading  inductors,  and  matching  cir-
cuits for reducing the antenna size and widening the anten-
na  branch  width,  multiple  modes  and  multiple  branches,
matching circuits,  and  reconfigurable  methods  for  widen-
ing the  bandwidth  are  clearly  summarized.  For  the  chal-
lenge of integration with high isolation, the commonly used
methods of  spatial  layout,  orthogonal  mode,  parasitic  ele-
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ment, decoupling  network,  neutralization  line,  and  com-
mon mode and differential mode theory are carefully sum-
marized.  Recent  progress  on  mm-wave arrays  are  summa-
rized  according  to  the  categories  of  broadside  arrays,  end-
fire arrays, and the codesign of mm-wave arrays with indus-
trial  design  and  low-band antennas.  Additionally,  the  re-
cent progress on satellite communication antennas are sum-
marized according to the categories of single satellite com-
munication antennas and codesigns of the satellite commu-
nication antennas and cellular  antennas.  Recent  new meth-
ods  for  determining  the  interaction  between  antennas  and
the human body include the use of E-field distributions over
a large volume, reverse current, the vertical E-field, and the
characteristic  modes  of  PEC-lossy  dielectrics.  Finally,  the
future  challenge  of  antenna  design  for  mobile  phones  is
briefly summarized.  In  summary,  we  hope  this  review pa-
per can provide  a  systematic  understanding of  antenna de-
sign for modern mobile phones. 
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