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Abstract — Driven by the great demand for highly integrated wireless system-on-chip and system-in-package devices, there has recently been increas-
ing interest  in  the research and development  of  differential  antennas.  Many studies  on the design,  analysis,  and measurement  of  differential  antennas
have been published. This paper presents an overview of the fundamentals and applications of differential antennas. First, it compares differential to bal-
anced and single-ended to unbalanced antennas and explains why the new terms (differential and single-ended antennas) should be adopted instead of
the old terms (balanced and unbalanced antennas). Second, it addresses the quantitative relationship between a differential antenna and its single-ended
counterpart, which is important and useful because the properties of either the differential or single-ended antenna can be determined from the other with
a known solution. Third, it describes how differential antennas can be measured, with a special emphasis on the balun method. Fourth, it classifies dif-
ferential antennas into wire, slot, microstrip, printed, and dielectric resonator antennas to better present their suitability and functionality. Fifth, it pro-
vides  application  examples  of  differential  antennas  from  simple  discrete  wire  to  sophisticated  microstrip  designs.  Finally,  it  is  argued  that  the  old
paradigms of lower gains and bulkier sizes of differential antennas as compared to single-ended antennas do not always hold true; for instance, differen-
tial microstrip patch antennas can possess comparable or even smaller sizes and higher gain values than single-ended microstrip patch antennas.
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 I. Introduction
Antennas were  first  created  as  dipoles  and  loops  by  Hein-
rich Hertz,  who  used  them  from  1886  to  1888  to  demon-
strate the  existence  of  electromagnetic  waves  and  to  vali-
date  Maxwell’s  theory  [1].  Antennas  were  then  made  as
monopoles by Guglielmo Marconi, who began to use them
in  radio  transmission  experiments  in  1895  [2].  Since  then,
many forms of antennas, such as reflector, horn, lens, Yagi-
Uda, slot, helix, spiral, log-periodic, microstrip patch anten-
nas, and dielectric resonator antennas, have been developed
for various applications [3]–[10].

It has been customary to refer to antennas as either bal-
anced  or  unbalanced  antennas  [11]. However,  the  dichoto-
my of antennas as being balanced or unbalanced according
to their  structures  can cause  confusion in  practice.  For  ex-
ample, the existence of any metallic object in the vicinity of
a balanced antenna will likely modify it to being an unbal-
anced antenna. An off-centered excitation of a balanced an-
tenna as used for impedance matching will also turn the de-
vice  into  an  unbalanced  antenna.  The  ground  plane  of  a
modern radio-frequency (RF) system-on-chip (SoC) or sys-
tem-in-package  (SiP)  module  may  be  much  smaller  than
one free-space wavelength. The system ground plane shared
by  an  unbalanced  antenna  also  contributes  to  radiation.  In

this  case,  the  unbalanced  antenna  has  been  somewhat
changed into a balanced antenna.

Now,  it  is  thus  opportune  to  distinguish  antennas  by
their  sources  as  differential  and  single-ended,  because  the
trend of codesign and joint integration of antennas and cir-
cuits for modern RF SoC or SiP modules has generated the
need to optimize the antennas and circuits as a whole. Opti-
mization is  typically  done  in  a  circuit  simulator  using  ex-
tracted compact  models  of  antennas  given  by  an  electro-
magnetic solver [12]. In the circuit community, the terms of
differential  and  single-ended  circuits  prevail  over  those  of
balanced and unbalanced circuits  [13]. Therefore,  it  is  bet-
ter  for  integrated  antenna  designers  to  adopt  the  terms  of
differential and  single-ended  antennas  to  avoid  any  poten-
tial  misunderstanding  from  integrated  circuit  designers
[14]–[39].

Differential  circuits  permit  higher  linearity  and  lower
offset, leaving  them  more  immune  to  power  supply  varia-
tions, temperature changes, and substrate noise than single-
ended circuits.  Consequently,  differential  circuits  are  more
popular than  single-ended  circuits  in  integrated  circuit  de-
sign.

Single-ended antennas such as monopoles show high-
er  gain  values  and  smaller  radiator  sizes  than  differential
antennas such as dipoles. Therefore, single-ended antennas
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have dominated the design of discrete antennas for conven-
tional  RF  systems.  However,  it  must  be  stressed  that  the
concept of lower gains and bulkier sizes of differential an-
tennas  compared  to  single-ended  antennas  is  not  always
true.  It  has  been  demonstrated  that  differential  microstrip
patch  antennas  can  possess  comparable  or  even  smaller
sizes  and  higher  gain  values  than  single-ended  microstrip
patch antennas [22]–[24].

Differential circuits  naturally  call  for  differential  an-
tennas, which is particularly essential in the design of an RF
SoC or SiP. Taking the RF SoC in a 65-nm complementary
metal oxide semiconductor (CMOS) process as an example,
the  voltage  supply  for  the  integrated  circuits  fabricated  in
CMOS technology is typically 1.2 V. With this low voltage
level,  a  differential  power  amplifier  can theoretically  yield
3 dB greater RF power than a single-ended power amplifier.
Furthermore,  differential  antennas  perfectly  interconnect
with  differential  circuits.  No  lossy  balanced/unbalanced
conversion circuit (balun) is needed. As a result, the receiv-
er  noise  performance  and  transmitter  power  efficiency  are
improved [25]–[27].

This paper aims to provide an overview of differential
antennas [28]–[89]. To the best of the author’s knowledge,
this is  the  first  review paper  on  differential  antennas.  Sec-
tion II describes the theory of differential antennas and the
relationship  between  a  differential  antenna  and  its  single-
ended counterpart.  Section III  presents  differential  antenna
measurements  with  special  emphasis  given  to  the  balun
method. Section IV classifies  differential  antennas  and ex-
amines their  suitability.  Section  V  highlights  some  impor-
tant applications  of  differential  antennas.  Section  VI  sum-
marizes conclusions and identifies future directions.

 II. Theory of Differential Antennas

Vd

Vs

A differential  antenna  is  an  antenna  with  two  input  termi-
nals receiving a differential signal source . A single-end-
ed antenna is an antenna with a single input terminal receiv-
ing  a  single-ended  signal  source  [37].  Figure  1 shows
such a differential antenna and its single-ended counterpart.
Note that the differential antenna contains two input termi-
nals but no ground plane, and the single-ended antenna con-
tains one input terminal and the ground plane.
 

Vs

Vd

Ground plane
 

Vd = 2Vs

Figure 1  Illustration of a differential antenna and its single-ended counter-
part where .
 

A  differential  antenna  can  also  be  an  antenna  having
two single-ended input  ports.  Each single-ended input  port

Vs

Vs

must receive a single-ended signal source . The two sin-
gle-ended  signal  sources  applied  on  the  two  single-ended
input ports should present the same amplitude but opposite
phases.  The single-ended counterpart  of  such a differential
antenna possesses one single-ended input port excited by a
single-ended signal source , while the other single-ended
input port maintains an open-circuit configuration [37]. Fig-
ure 2 shows such a differential antenna and its single-ended
counterpart. Note that both antennas contain ground planes.
 

Ground plane Ground plane

Vs
−VsVs

 

Figure 2  Illustration  of  another  differential  antenna  and  its  single-ended
counterpart.
 

 1. Input impedances
The circuit  parameter of impedance is  used to characterize
the input to an antenna with respect to a signal source. Let
us  consider  a  two-port  antenna.  The  differential  input
impedance of the two-port antenna can be expressed as
 

Zdif = Z11−Z12−Z21+Z22 (1)

Z11 Z22

Z12 Z21

where  and  are the self-impedances at the two single-
ended input ports and  and  are the mutual impedances
between  the  two  single-ended  input  ports.  The  single-end-
ed input  impedances  of  the  two-port  antenna  can  be  ex-
pressed as
 

Zsig1 = Z11 (2)
 

Zsig2 = Z22 (3)

Normally, a  two-port  antenna  designed  as  a  differen-
tial antenna is symmetric; therefore, (1), (2), and (3) reduce
to
 

Zdif = 2(Z11−Z12) = 2(Z22−Z21) (4)
 

Zsig1 = Zsig2 = Zsig = Z11 (5)

It  is  known that  there  exist  relations  to  translate  from
differential  antennas to their  single-ended counterparts  and
vice versa [37]. Quantitative relations are given by
 

Zdif

Zsig
=


2, for Z12 = 0
4, for Z12 = −Z11

0, for Z12 = Z11

(6)

which indicates that an unknown antenna impedance can be
determined from the corresponding known impedance [37].
A ratio of 2 is determined from image theory for the anten-
nas  in Figure  1.  A  ratio  of  4  can  be  proven  for  the  same
complex power to the antennas in Figure 2 based on
 

Zdif

Zsig
=

∣∣∣Isig

∣∣∣2
|Idif |2

=

∣∣∣Isig

∣∣∣2∣∣∣∣∣12 Isig

∣∣∣∣∣2 = 4 (7)
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Isig Idifwhere  and  represent the currents from the single-end-
ed and  configured  differential  signal  sources  to  the  anten-
nas,  respectively.  The  ratio  equaling  4  is  significant  for
impedance matching. For instance, if both single-ended an-
tennas  and  circuits  are  designed  for  input  impedances  of
50  Ω,  they  are  matched  to  each  other  and  can  be  directly
connected. However, if they are mirrored to become differ-
ential antennas and circuits, the input impedance of the dif-
ferential antenna is 200 Ω, while the input impedance of the
differential  circuit  is  100 Ω.  Thus,  they are  mismatched to
each  other.  In  this  context,  the  single-ended  input
impedance  of  a  differential  antenna  should  be  designed  to
be 25 Ω for  natural  integration with  the differential  circuit
of 100 Ω. A ratio of 0 can exist if the two-port antenna op-
erates in a higher-order mode for the differential  operation
and  in  a  fundamental  mode  for  the  single-ended  operation
at the same frequency [37].
 2. Radiation characteristics
The radiation characteristics of an antenna are quantified in
the far-field  region  by  the  directivity,  efficiency,  polariza-
tion, pattern, etc.

For the differential antenna and its single-ended coun-
terpart in Figure 1, according to image theory, the radiation
characteristics  can  be  determined  from  the  other  antenna
with known radiation characteristics [11]. For example, the
half-wavelength  dipole  and  quarter-wavelength  monopole
are  the  differential  and  single-ended  counterpart  antennas.
These systems should  possess  the  same efficiency and po-
larization.  The  directivity  of  the  differential  dipole  should
be half that of the single-ended monopole, or the directivity
of  the  single-ended  monopole  should  be  twice  that  of  the
half-wavelength dipole.

For the differential antenna and its single-ended coun-
terpart in Figure 2, it has been found that the differential an-
tenna  provides  a  desirable  cancellation  mechanism,  which
leads  to  a  more  symmetrical  radiation  pattern  and  a  lower
cross-polarization  radiation  level  than  the  single-ended
counterpart.

 III. Measurement of Differential Antennas
Differential antenna measurements  are  performed to  deter-
mine the differential input impedance and radiation charac-
teristics. Experience  informs that  it  is  inconvenient  to  per-
form differential  antenna  measurements  because  most  an-
tenna laboratories are equipped with conventional two-port
vector  network  analysers,  which  are  designed  for  single-
ended  antenna  measurements.  Nevertheless,  three  methods
to  measure  the  input  impedance  of  a  differential  antenna
have been reported and compared [40], and one method has
been  developed  to  measure  the  radiation  characteristics  of
the differential antenna [17].

The  three  methods  for  the  measurement  of  the  input
impedance  of  the  differential  antenna  are:  the  standard S-
parameter,  mixed-mode S-parameter,  and  balun  methods.
The  standard S-parameter  method  was  reported  by  Meys

and  Janssens  [41]  and  later  improved  by  Palmer  and
Rooyen  [42].  It  is  likely  the  easiest  method,  but  does  not
provide any differential excitation to the antennas. First, the
two-port vector network analyzer (VNA) is calibrated. Sec-
ond,  the  two-port S-parameters are  measured  with  the  dif-
ferential antenna under test (DUT) in place. Finally, the in-
put  impedance  of  the  DUT is  derived  from the S parame-
ters as
 

Zdif = 2Z0
1−S 11S 22+S 12S 21−S 12−S 21

(1−S 11) (1−S 22)−S 21S 12
(8)

Z0where  is the reference impedance of 50 Ω.
The  mixed-mode S-parameter  method  is  certainly  the

most sophisticated  method,  but  it  requires  a  more  expen-
sive and less accessible four-port VNA. First, the four-port
VNA is calibrated. Second, the unused two ports are termi-
nated  with  matched  loads  or  left  open.  Third,  the  mixed-
mode S parameters are measured with the DUT in place and
under true  differential  stimulus  signals  of  identical  ampli-
tude and with a 180° phase shift directly at the DUT. Final-
ly,  the  input  impedance  of  the  DUT  is  derived  from  the
mixed-mode S parameters as
 

Zdif = 2Z0
1+S d11

1−S d11
(9)

The balun method uses  a  two-port  VNA and a  balun.
The balun  is  typically  either  a  three-port  180°  power  di-
vider or a four-port 180° hybrid junction. The balun method
avoids the problems of the standard and mixed-mode S-pa-
rameter  methods,  but  removing  the  effect  of  the  balun  is
quite complicated. Hence, most reported impedance results
of  differential  antennas  are  actually  the  characteristics  of
balun-antenna combinations  [15],  [16]. Zhang and Tu pro-
posed  a  calibration  technique  to  remove  the  effects  of  the
three-port 180° power divider [43].

Figure  3 shows  the  measurement  setup  for  the  balun
method.  The  DUT  is  fed  by  a  two-port  VNA  although  a
three-port 180° power divider as the balun. First, a full two-
port  calibration  of  the  VNA to  the  coaxial  cables  (used  to
connect  to  the  balun)  is  performed.  The  VNA can  then  be
considered  ideal  at  the  end  of  the  coaxial  cables.  Second,
the  two-port S-parameters  of  the  ten  two-port  standards
with the VNA are measured. The ten two-port standards are
 

Port 2

Port 1

b
1

a
0

a
1

a
2

V
N
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0°

180°
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D
U

T

b
2

b
0
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Figure 3  Setup for  the  balun  method  using  a  three-port  180°  power  di-
vider.
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short-open,  short-load,  short-short,  match-open,  match-
match,  match-short,  open-open,  open-match,  open-short,
and through,  which  can  be  realized  by  two  VNA  calibra-
tion kits. Third, one port of the VNA is connected to the in-
put port of the balun, the other port of the VNA is terminat-
ed  with  a  match  load,  and  the  one-port S-parameter  from
the VNA is measured ten times, each time with a different
two-port standard on the output of the balun.

The balun and the output coaxial cables between refer-
ence  planes  A  and  B  are  represented  by  a  three-port  error
network defined as a 3 × 3 S-parameter matrix:
   b0

b1

b2

 =
 e00 e01 e02

e10 e11 e12

e20 e21 e22


 a0

a1

a2

 (10)

ai biwhere  and  are the incident and reflected voltage waves
at  reference  planes  A  and  B.  The  DUT  or  the  calibration
standard is characterized at reference plane B by a 2 × 2 S-
parameter matrix:
  [

a1

a2

]
= [Sa]

[
b1

b2

]
(11)

Sawhere  is  known  for  a  two-port  standard  but  is  to  be
known for the DUT. Equation (11) can be rearranged as
  [

b1

b2

]
= [Sa]

−1

[
a1

a2

]
=

[
m11 m21

m12 m22

] [
a1

a2

]
(12)

The measurement made at reference plane A yields
 

b0 = S ma0 (13)

S m

e01 = e10 e02 = e20 e21 = e12 m12 = m21

where  denotes  the  measured  one-port  raw S-parameter
data. Due to the reciprocity of the balun and DUT, one can
obtain , ,  in  (10)  and  in
(12), which leads to
  [

m11 m12

m12 m22

]
=


e11−

e2
01

e00−S m
e12−

e02e10

e00−S m

e12−
e02e10

e00−S m
e22−

e2
02

e00−S m

 (14)

e00 e11 e22 e2
01 e2

02 e12 e02 e10The unknown , , , , , , ,  and  can
be solved from the above steps [43] through
 

S m = e00+

[
(e2

01S a11+ e2
02S a22+2e01e02S a12)

+(2e01e02e12− e2
02e11− e2

01e22)(S a11S a22−S 2
a12)

]
∆

(15)

where
 

∆ =1−S a11e11−S a22e22−2e01S a12

+
(
e11e22− e2

12

) (
S a11S a22−S 2

a12

)
(16)

The S-parameters of the DUT can be obtained as 

[Sa] =
[

S a11 S a12

S a21 S a22

]
=


e11−

e2
01

e00−S m
e12−

e02e10

e00−S m

e12−
e02e10

e00−S m
e22−

e2
02

e00−S m


−1

(17)

Finally, the input impedance of the DUT can be solved
from
 

Zdif = 2Z0
1−S a11S a22+S a12S a21−S a12−S a21

(1−S a11) (1−S a22)−S a21S a12
(18)

Zhang and Tu also extended the calibration technique
developed  by  Curry  to  remove  the  effects  of  the  four-port
180°  hybrid  junction  as  the  balun  in  differential  antenna
measurements. Interested readers are referred to [43], [44].

The  balun  method  can  not  only  measure  the  input
impedance but also measure the radiation characteristics of
the  DUT  simultaneously,  which  is  particularly  useful  in
evaluating  impedance  alterations  as  well  as  the  radiation
properties of differential antennas, such as due to proximity
effects.

Antenna efficiency, an important antenna, is defined as
the ratio of the power radiated by an antenna over the pow-
er delivered to the antenna. Pozar and Kaufman argued that
direct  measurement  is  often  the  only  technique  to  reliably
determine antenna  efficiency  because  factors  such  as  sur-
face roughness, tolerance effects, and spurious radiation are
difficult  to  account  for  in  a  theoretical  calculation and can
impose a drastic effect  on the operating antenna efficiency
[45].

According  to  the  Wheeler  method  [46], if  a  differen-
tial antenna can be modeled by a series RLC circuit, its effi-
ciency can then be calculated as
 

η =
Re

(
Zfs

dif

)
−Re

(
Zwc

dif

)
Re

(
Zfs

dif

) (19)

If the differential  antenna can be modeled by a paral-
lel RLC circuit, its efficiency needs to be calculated as
 

η =
Re

(
Zwc

dif

)
−Re

(
Zfs

dif

)
Re

(
Zwc

dif

) (20)

Re
(
Zfs

dif

)
Re

(
Zwc

dif

)
where and  represent  the  real  parts  of  the
impedances of  the  differential  antenna  at  the  resonant  fre-
quency  in  free  space  and  in  a  Wheeler  cap,  respectively
[47].

The amplitude and phase imbalances of real baluns do
not cause unacceptable errors in radiation pattern measure-
ments [17]. It has been observed that the copolarization ra-
diation patterns agree very well, despite the two baluns be-
ing  different.  The  differences  between  the  cross-polariza-
tion radiation patterns are quite weak and difficult to accu-
rately measure. The insertion loss of the balun can be cali-
brated in the measurement of gain values of the differential
antennas.

  0010021-4 Electromagnetic Science, vol. 1, no. 1
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 IV. Classification of Differential Antennas
There exist  many differential  antennas in either discrete or
integrated forms,  depending  on  their  applications  and  de-
sign  considerations.  In  this  section,  these  are  classified
based  on  their  construction  and  fabrication  and  examine
their suitability.
 1. Wire antennas
Metal  wires  are  favorable  conductors.  Antennas  such  as
dipole, loop, and Yagi-Uda are made of metal wires or rods.
These are classified as differential wire antennas.

A dipole  antenna  commonly  consists  of  two  identical
metal wires or rods. A loop antenna is usually made from a
coil  of  metal  wire.  Dipole  and  loop  antennas  are  the  most
basic  antennas.  A  Yagi-Uda  antenna  is  composed  of  three
or more parallel metal rods. The Yagi-Uda antenna is a di-
rectional  antenna  radiating  in  the  end-fire  direction.  The
loop  and  dipole  antennas  can  be  connected  in  parallel  to
form  a  loop-dipole  composite  antenna.  This  is  denoted  as
the Ω-shaped antenna or simply the Ω antenna [48].

a
xoy

C 2l

b

Figure 4 shows the geometry of the Ω antenna and the
coordinate system. The circular loop has a radius of  and is
placed on the  plane with the center at the origin of the
coordinate system. The circumference of the circular loop is

. The dipole has a length of  with its center tangential to
the circular loop. The Ω antenna comprises metal wire with
radius .
 

 

z

y

x

θ

a

r
b

P (r, θ, ϕ)

I (ϕ′)

l

l

Vd

ϕ′

 

Figure 4  Geometry of the Ω antenna and the coordinate system.
 

b≪ λ

V

Under the thin-wire approximation of , Fang and
Zhang  have  recently  analyzed  the  Ω  antenna  driven  by  a
delta-function  source  of  voltage .  When  considering  the
circular loop antenna, they first validated Storer’s theory for
the current distribution along the circumference of a circu-
lar loop antenna as a Fourier series and the analytical solu-
tion to the input impedance [49] and then confirmed the ex-
tension of Storer’s theory for the radiation characteristics of
the  circular  loop  antenna  by  Rao  [50].  When  considering
dipole antenna, they adopted the sinusoidal current distribu-
tion along the length of the dipole antenna.  However,  they
did not use the available expressions for the radiated fields
directly because the location of the dipole antenna in the Ω
antenna was different from that of the normal single dipole
antenna in  the  coordinate  system.  Instead,  they  had  to  de-
rive the radiation characteristics, as given by 

EΩθ = EL
θ +ED

θ

=
jk0aVd

π

e− jk0r

r

4∑
n=1

jn

αn

nJn (k0asinθ)cosθ
k0asinθ

sin(nϕ)

− jη0Im

4π
e− jk0r

r
e jk0asinθcosϕ{Θ}cosθ sinϕ

Θ =
cos(k0lsinθ sinϕ)− cos[βl− k0δ(n1+ sinθ sinϕ)]

n1+ sinθ sinϕ

+
cos(k0lsinθ sinϕ)− cos[βl− k0δ(n1− sinθ sinϕ)]

n1− sinθ sinϕ
(21)

 

EΩϕ = EL
ϕ+ED

ϕ

=
jk0aVd

π

e− jk0r

r

4∑
n=1

jn

αn

nJn (k0asinθ )cosθ
k0asinθ

sin(nϕ)

− jη0Im

4π
e− jk0r

r
e jk0asinθcosϕ{Θ}cosθ sinϕ (22)

an δ

n1

β = n1k0

where  is  the  coefficient  for  the  Fourier  series  [49],  is
the  half  gap  for  the  delta-function  source,  is the  wave-
length shortening factor [51], , and
 

Im =
Vd

ZD
difsinβ(l−δ) (23)

ZD
difIn (23), , the input impedance of the dipole antenna,

can be expressed as
 

ZD
dif = Zb

(
1− j
α

β

)
sh(2αl)− jsin(2βl)
ch(2αl)− cos(2βl)

(24)

where
 

Zb = 120
[
ln

(
2l
b
−1

)]
(25)

 

α =
Rr

Zbl
[
1− sin(2βl)

2βl

] (26)

RrIn (26),  can be expressed as
 

Rr =
15
2π

w 2π

0

w π
0

(
1− sin2θsin2ϕ

) [
A (θ,ϕ)+B (θ,ϕ)

]2sinθdϕdθ
(27)

where
 

A (θ,ϕ) =
cos(k0lsinθ sinϕ)− cos[βl− k0δ(n1+ sinθ sinϕ )]

n1+ sinθ sinϕ
(28)

 

B (θ,ϕ) =
cos(k0lsinθ sinϕ)− cos[βl− k0δ(n1− sinθ sinϕ )]

n1− sinθ sinϕ
(29)

Hence,  the  input  impedance  of  the  Ω  antenna  can  be
obtained as 
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ZΩdif =
ZL

difZ
D
dif

ZL
dif +ZD

dif

(30)

ZL
difwhere , the input impedance of the circular loop antenna,

is given in [49].

C 2l

yoz

Figure  5 shows  the  simulated  current  distribution  for
the  Ω  antenna  with  and   representing  half  the  free-
space  wavelength.  It  is  evident  that  the  current  is  mainly
concentrated on the dipole. Therefore, the radiation of the Ω
antenna is similar to that of the dipole antenna, as shown in
Figure 6. The current on the circular loop affects the cross-
polarization of the  plane.

Figure  7 shows  the  calculated  and  simulated  input
impedances. Note that the agreement between them is good.

The slight discrepancies exist because conductor losses and
terminal effects have been neglected in the theory [47].
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Figure 5  Current distribution on the Ω antenna at 3 GHz.
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xoz yoz xoyFigure 6  Calculated and simulated radiation patterns of the Ω antenna on the , , and  planes at 3 GHz.
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Figure 7  Calculated and simulated input impedance of the Ω antenna.
 

 2. Slot antennas
A slot antenna is cut into a flat metal sheet. As its currents
are not confined to the edges of the slot but spread out over
the sheet, the slot antenna is an efficient radiator. Radiation
propagates  equally  from  both  sides  of  the  sheet  [10].  The
rectangular slot is the most popular slot shape for antennas.
Other  slot  shapes,  such  as  dumbbell  and  triangular  slots,
can also be found.

ZD
difSlot  and  dipole  antennas  are  complementary.  Let 

ZS
difand  represent  the  differential  input  impedances  of  the

dipole and slot antennas that are cut from an infinitesimally
thin,  perfectly  conducting,  and infinitely  large plane;  these
are linked by Booker’s relation [52] as
 

ZD
difZ

S
dif =
η2

0

4
(31)

η0where , the intrinsic impedance of free space, is equal to
120π Ω.

Zm
sig = ZD

dif/2

Zhs
sig = ZS

dif/2

The  single-ended  input  impedance  of  the  monopole
antenna  is .  Though  the  half  slot  is  still  a  half-
wavelength  slot  antenna,  it  can  be  considered  as  a  single-
ended antenna with the input impedance . Thus,
one can obtain a new impedance relation for the single-end-
ed monopole and half-slot antennas as
 

Zm
sigZhs

sig =
η2

0

16
(32)

Similarly,  one  can  also  find  another  new  useful
impedance relation for the single-ended monopole and dif-
ferential full slot antennas as follows:
 

Zm
sigZS

dif =
η2

0

8
(33)
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 3. Microstrip antennas
A microstrip antenna consists of a very thin metallic strip of
various shapes on a grounded dielectric  substrate.  Interest-
ingly, the first microstrip antenna was a differential disk an-
tenna  published  by  Byron  in  1970  [9]. The  microstrip  an-
tenna concept aroused the attention of the antenna commu-
nity, mainly  due  to  the  works  of  Munson  and  Howell  be-
tween 1972 to 1974 [53]–[56]. Munson’s work showed mi-
crostrip  antennas  as  a  practical  concept  for  solving  many
antenna system problems, giving birth to a new antenna in-
dustry [57].

Byron, Howell, and Munson’s works on microstrip an-
tennas  invigorated  the  antenna  community.  Soon,  an
avalanche of  papers  and  books  followed  on  microstrip  an-
tennas,  which by the 1980s was reaching maturity and has
been  continually  developed  in  the  antenna  field  for  over
half  a  century.  Compared with the many papers  on single-
ended microstrip antennas, there were few papers on differ-
ential  microstrip  antennas  in  the  1980s  [58] –[62],  despite
the  latter  having  clearly  shown  advantage  in  suppressing
higher-order modes,  reducing cross-polarized radiation,  re-
moving pattern distortion, and producing an improved axi-
al ratio for circular polarization.

Zdif

For  the  microstrip  patch  antenna,  the  differential
impedance  can be expressed [37] as
 

Zdif = 2
∞∑

m,n=0

(
Z11,mn−Z12,mn

)
= 4

∞∑
m=0,n=2i+1

Z11,mn (34)

Z11,mn mnth
Z12,mn

mn i = 0,1,2,3, . . .
Zdif n

Zsig

where  is the mode impedance on port 1 for the 
mode,  is the mode impedance between ports 1 and 2
for  the th  mode,   It  is  important  to  note
that  has no term of  being an even number. The single-
ended impedance  can be expressed [37] as
 

Zsig =

∞∑
m=0

∞∑
n=0

Z11mn (35)

Zsig n
Zdif Zsig

Note that  contains terms regardless of whether  is
an odd or even number. Thus, the ratio of to  is
 

Zdif

Zsig
= 4

 ∞∑
m=0

∞∑
n=2i+1

Z11mn

/ ∞∑
m=0

∞∑
n=0

Z11mn

 ≈ 4 (36)

Additionally,  it  should  be  mentioned  that  the  patch
size in the above derivation remains the same for both dif-
ferential and single-ended operations [37], [63]. Hence, the
size ratio is 1. The electrical separation is defined as the ra-
tio of the physical distance between the dual feeds over the
free-space wavelength. It plays an important role in the de-
sign  of  a  differential  microstrip  patch  antenna.  It  has  been
found that  the  electrical  separation  needs  to  be  larger  than
0.1 to guarantee the fundamental resonance [12], [20].

The stacked microstrip patch antenna was first report-
ed by Hall, Wood, and Garrett in 1979 for broadband opera-
tion  [64].  Since  then,  it  has  been  quite  popular  because  it
not only delivers a wide impedance bandwidth but also pro-

vides additional  electrical,  mechanical,  and thermal advan-
tages.  Shao et  al.  reported  the  design  and  optimization  of
differential stacked microstrip patch antennas using the Bat
algorithm  [65].  They  considered  the  stacked  microstrip
patch  antenna  as  two  stacked  microstrip  lines.  Then,  they
applied quasieven and odd modes to provide new insight in-
to the resonance, coupling, and radiation of the stacked mi-
crostrip patch antenna.  For the even mode, the charges are
equal on both the upper and lower patches, which results in
a weak electric field distribution between the patches but a
strong  electric  field  distribution  between  the  lower  patch
and the ground plane. In contrast,  the charges oppose each
other  on  both  the  upper  and  lower  patches  for  the  odd
mode,  which  results  in  a  strong  electric  field  distribution
between  the  patches  but  a  weak  electric  field  distribution
between  the  lower  patch  and  the  ground  plane.  The  even
mode  produces  in-phase  currents  on  both  the  upper  and
lower  patches,  while  the  odd  mode  produces  out-of-phase
currents on the two patches. The in-phase currents enhance
radiation, while the out-of-phase currents weaken radiation.

The  shorted  microstrip  patch  antenna  was  derived
from the microstrip patch antenna by Garvin et al. They re-
ported a missile base mounted SPA in 1977 [66]. The short-
ed microstrip patch antenna is harder to design for differen-
tial  operation  due  to  its  structure  as  a  quarter-wavelength
antenna.  To  create  a  differential  shorted  microstrip  patch
antenna  (DSPA)  from  a  single-ended  shorted  microstrip
patch antenna (SPA), Shao and Zhang first cut a narrow gap
g along  the  centerline  perpendicular  to  the  shorting  edge;
then, they moved the half-shorting wall to the opposite edge
and  added  an  extra  feed  to  the  patch  [24].  This  work
demonstrated  that  the  novel  DSPA  can  be  smaller  than  a
normal SPA at the same resonant frequency. The extent of
size reduction  of  the  DSPA is  determined by the  gap cou-
pling  effect.  A  coupled  transmission-line  model  has  been
developed to  predict  the  resonance  of  the  DSPA  and  suc-
cinctly  provide  deep  physical  insight.  It  has  been  revealed
that, except for gap width, the coupling is dominated by the
patch ratio and substrate thickness rather than the dielectric
constant. In addition, the DSPA shows a comparable or nar-
rower impedance bandwidth, higher directivity, lower radi-
ation  efficiency,  more  symmetrical  radiation  patterns,  and
lower cross-polarization radiation than the SPA.

The planar inverted-F antenna (PIFA) was first report-
ed by Taga and Tsunekawa in 1987 [67]. The PIFA can be
viewed  as  evolved  from  the  SPA  but  with  a  smaller  size.
Hence, the  PIFA  is  quite  popular  in  portable  antenna  de-
sign.  Shao and Zhang reported the differential  PIFA (DPI-
FA)  [23]  in  2019.  They  described  the  frequency  trimming
and,  more  importantly,  the  miniaturization  of  the  DPIFA.
They derived  a  simple  formula  for  determining  the  reso-
nant frequency of a DPIFA. They have shown that the DPI-
FA provides  better  performance  than  the  PIFA.  More  im-
portantly, the size of the DPIFA is smaller than that of the
PIFA for a given resonant frequency.

The grid array antenna was invented by Kraus in 1962
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as  a  traveling-wave  (nonresonant)  antenna  with  the  main
lobe  of  radiation  in  a  backward  angle-fire  direction  [68].
The grid array antenna was implemented in microstrip tech-
nology  by  Conti et  al.  in  1981  as  a  standing-wave  (reso-
nant) antenna with the main beam of radiation in the broad-
side  direction  [69].  Kraus  proposed  a  differential  feeding
technique that used two wires passing through one opening
in the ground plane to  connect  the  source with  the opened
center  of  the  radiating  element.  Zhang et  al. proposed  an-
other differential feeding technique [28] that used two coax-
ial  probes  with  outer  conductors  connected  to  the  ground
plane and inner conductors connected to the two ends of the
radiating  element.  The  novel  feeding  technique  avoided
opening the radiating element and resulted in a large physi-
cal separation between the two feeding points that eased the
testing procedure. The separation can be half guided wave-
length or farther apart, such as with one and a half- or two-
handed half guided wavelengths.

Figure 8 displays the simulated current distributions on
the  microstrip  grid  array  antenna under  parallel  resonance.
The current  distribution by the usual  differential  excitation
concentrates  on  the  radiating  elements  near  the  feeding
points, indicating a low aperture efficiency. The current dis-
tribution was improved by the novel  differential  excitation
[28].  As  a  result,  the  impedance  matching,  gain,  and  gain
bandwidth were  enhanced.  The  enhancement  is  mainly  at-
tributed  to  the  novel  placement  of  dual  coaxial  probes,
which  help  to  maintain  current  phase  synchronization  on
the radiating elements. It was found that the currents are on-
ly truly out-of-phase on the long sides and are in-phase on

the short sides of the loops (near the feeding point) because
at  such  a  high  frequency,  a  slight  loop  dimension  change
would induce  a  big  change  in  signal  phase  over  transmis-
sion. Thus, control over phase synchronization of the loops
far  from  the  feed  point  would  be  much  more  difficult  to
achieve. The conventional placement of the twin wires in [68]
could  be  similarly  to  the  placement  of  a  single  feed  and
shows  poorer  performance  due  to  not  improving  current
phase synchronization.
 4. Printed antennas
A printed antenna is an antenna printed on one surface of a
dielectric  substrate  with  no  ground  plane  existing  directly
underneath the radiator on the other surface. The absence of
the ground plane directly underneath the radiator makes the
printed antenna  radically  different  from  the  microstrip  an-
tenna. The quasi-Yagi, fractal, and spiral antennas are typi-
cal  printed  antennas  for  end-fire  radiation,  multiband,  and
wideband operations, respectively.

The  quasi-Yagi  antenna  was  first  reported  by  Qian et
al. in 1998 as a single-ended antenna, although the driver is
differential [70]. Recently, Zhu and Zhang modified it to a
differential  quasi-Yagi  antenna  [71]. Figure  9 shows  the
simulated electric field distributions on the top and bottom
surfaces of the differential quasi-Yagi antenna printed on a
substrate with a dielectric  constant  of  10.2 and a thickness
of 0.635 mm at  X-band frequencies.  As  expected,  the  sur-
face  wave of  the  TE0 mode is  indeed strongly  excited  and
propagated in the directions normal to the driver. Since the
polarization  direction  of  the  electric  field  on  the  driver  is
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Figure 8  Simulated current distributions: (a) The usual and (b) novel dif-
ferential excitations.
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Figure 9  Simulated electric field distributions: (a) top and (b) bottom sur-
faces of the printed differential quasi-Yagi antenna.
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the  same  as  that  of  the  electric  field  on  the  director,  there
will be  strong  coupling  between  them.  Therefore,  the  sur-
face wave of the TE0 mode is guided to radiate in the end-
fire direction. However, due to the existence of the ground
plane  or  the  reflector,  the  surface  wave  of  the  TE0 mode
cannot be propagated in the grounded substrate region and
will be reflected back, further strengthening the radiation in
the  end-fire  direction.  It  should  be  noted  that  the  surface
wave  of  the  TM0 mode  is  quite  weakly  excited,  and  can
propagate along the axial directions of the driver in both the
grounded  and  ungrounded  substrate  regions.  This  causes
cross-polarized  radiation  and  deteriorates  the  antenna  gain
and  front-to-back  ratio.  Therefore,  in  designing  the  quasi-
Yagi antenna, a major concern is how to excite the surface
waves  of  the  TE0 mode to  the  greatest  extent  and  the  sur-
face waves of the TM0 mode to the lowest extent.

Figure 10 shows the simulated and measured radiation
patterns in the E-plane at 8.2 GHz. The patterns are normal-
ized  with  the  maximum  of  0  dB.  The  measured  co-  and
cross-polarized  radiation  patterns  are  in  the  solid  and  dot-
dashed  lines,  respectively,  while  the  simulated  co-  and
cross-polarized radiation patterns are in the dashed and dot
lines, respectively.
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Figure 10  Simulated and measured patterns of the differential quasi-Yagi
antenna.
 

The  fractal  antenna  uses  a  fractal,  self-similar  design
for  multiband  operation.  Puente et  al. introduced  the  Sier-
pinski gasket  monopole  as  a  single-ended  printed  multi-
band antenna in 1996 [72]. Recently, Fang and Zhang mod-
ified  it  to  a  differential  fractal  antenna  [73]. Figure  11
shows the simulated current density distributions on half of
the differential fractal antenna printed on a substrate with a
dielectric constant of 2.2 and a thickness of 1.588 mm at the
resonant frequencies [73]. The right column presents an ex-
panded view of the region where most of the current is con-
centrated at  each frequency.  The scale  factor  of  two is  the
same as  that  existing  among the  bands.  The  most  interest-
ing feature of such plots is that the current density distribu-
tions  are  very  similar.  This  becomes  especially  apparent
when neglecting the effect of the smaller holes at the lower
bands. Figure  12 shows  the  simulated  and  measured  |Sd11|
of  the  printed  differential  fractal  antenna  as  a  function  of
frequency.  It  is  evident  that  the  printed  differential  fractal

antenna  can  operate  in  the  four  bands  at  0.65,  2.00,  4.00,
and 8.00 GHz, respectively.
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Figure 12  Simulated and measured |Sd11| of the printed differential fractal
antenna as a function of frequency.
 

It  is  desirable  that  an  antenna  demonstrate  the  ability
to  radiate  efficiently  over  a  wide  frequency  bandwidth.
Rumsey conceived  the  idea  of  frequency-independent  an-
tennas  in  the  early  1950s,  which  revealed  that  the
impedance  and  radiation  pattern  properties  of  an  antenna
are frequency independent if the antenna shape is specified
only in terms of angles [74]. Rumsey’s concept was imple-
mented experimentally by Dyson, who constructed the first
planar equiangular spiral antenna cut out of a metal sheet [7].
Figure  13 shows  the  simulated  current  distribution  on  the
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Figure 11  Simulated  current  density  distributions  on  half  of  the  printed
differential  fractal  antenna  at  the  resonant  frequencies.  The  left  column
displays the  whole  antenna  at  the  three  upper  bands,  while  the  right  col-
umn shows a zoomed view of the active region at each band.
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spiral antenna  printed  on  a  substrate  with  a  dielectric  con-
stant of 6.15 and a thickness of 1.27 mm at the central fre-
quency of the wideband from 1 to 6 GHz [75].
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Figure 13  Simulated current  density  distribution  on  the  printed  differen-
tial  spiral  antenna  at  the  central  frequency  of  the  wideband  from  1  to  6
GHz.
 

Figure 14 shows the simulated input impedance of the
printed differential spiral antenna. As shown, a nearly con-
stant  impedance  of  100  Ω  can  be  seen  over  the  frequency
band  from  1  to  5  GHz.  This  is  an  expected  behavior  of  a
frequency-independent antenna. The frequency band from 1
to 5 GHz is  referred to as the “operating band.” Since the
printed differential spiral antenna is a quasiself-complemen-
tary  antenna,  its  input  impedance  can  be  estimated  by
Mushiake’s relation [76] as
 

Zdif =
η0

2

√
εr +1

2

=
120π

2

√
6.15+1

2

≈ 100Ω (37)
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Figure 14  Simulated  and  measured  impedance  of  the  printed  differential
spiral antenna as a function of frequency.
 

 5. Dielectric resonator antennas
A dielectric resonator antenna is a block of dielectric mate-
rial  that  can  take  various  shapes.  Long et  al.  reported  the
first design and test of dielectric resonator antennas in 1983
[10]. They showed that dielectric resonator antennas present
inherent  advantages  of  small  size,  low  loss,  and  relatively
wide bandwidth.

Leung  and  colleagues  have  conducted  intensive  and
extensive  studies  of  dielectric  resonator  antennas  since  the
early 1990s [77]. They reported the first differential dielec-
tric resonator antenna in 2008 [78], which was a rectangu-
lar  dielectric  resonator  antenna  excited  in  its  fundamental
broadside mode.  They  realized  a  compact  differential  hol-
low dielectric resonator antenna in 2010 [79], a differential
dielectric  resonator  antenna  loaded  with  chip  varactors  for
frequency tunability in 2011 [80], and a differential dielec-
tric resonator antenna array in 2018 [81].

Tang et  al. extended  the  design  of  differential  dielec-
tric resonator antennas for dual-band and dual-polarized op-
eration [82], [83] and for integration with filters [84]. More
interestingly, they  developed  a  substrate-integrated  differ-
ential cavity-backed dual-polarized  dielectric  resonator  an-
tenna  with  a  wide  bandwidth,  low  profile,  high  isolation,
and improved gain [85]. Tian et al. combined the functions
of  the  duplexer,  the  filter,  and the  antenna  into  one  highly
integrated differential  module  for  common-mode  suppres-
sion [86].

Dielectric resonator antennas offer no inherent conduc-
tor  loss,  which  is  especially  attractive  for  millimeter-wave
(mmWave) antennas, where the loss in metal fabricated an-
tennas can be high. Chen et al. developed a differential du-
al-polarized 2-D multibeam dielectric resonator antenna ar-
ray based on a printed ridge gap waveguide [87]. The mea-
sured results show an impedance bandwidth of 10% (28.5–
31.5  GHz)  and  a  peak  gain  of  11.8  dBi.  Additionally,  the
measured cross-polarization discrimination is 28.3 dB at the
center  frequency and larger  than 19.2 dB over  the band of
operation. In addition, a measured radiation efficiency of 67%
is achieved for both polarizations at 30 GHz.

 V. Applications of Differential Antennas
Differential  antennas  have  found  applications  in  radios,
radars,  imagers,  sensors,  etc.  This  section  provides  typical
application  examples  of  differential  antennas  from  simple
discrete wire to sophisticated integrated designs in antenna-
in-package (AiP) or antenna-on-chip (AoC) technologies.
 1. Television
The Yagi-Uda  antenna  is  relatively  lightweight,  inexpen-
sive,  and  simple  to  construct.  It  radiates  linearly  polarized
radio waves with a gain of up to 20 dBi. Its largest and best-
known use is as a rooftop television antenna.
 2. Bluetooth radio
Bluetooth radio  is  a  wireless  technology  standard  for  per-
sonal area networks. It is implemented in CMOS technolo-
gy  as  a  wireless  SoC  operating  from  2.402  GHz  to  2.48
GHz. Figure 15 shows a photo of the top and bottom views
of  a  cavity-down  ball  grid  array  package  in  low-tempera-
ture co-fired ceramic (LTCC) technology. The package has
dimensions of 15 × 15 × 1.6 mm3. It  integrates a differen-
tial microstrip patch antenna on the top surface and can car-
ry a Bluetooth radio SoC die in the cavity to realize an AiP
module.
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Figure 15  Differential microstrip  patch  antenna  in  AiP  for  Bluetooth  ra-
dio.
 

 3. Wi-Fi radio
Wi-Fi radio is a family of wireless technology standards for
local  area  networks.  Wi-Fi  radio  is  also  implemented  in
CMOS  technology  as  a  wireless  SoC  operating  at  2.4,  5,
and 6 GHz. Figure 16 shows the photo of the top and bot-
tom views of  a  cavity-down ball  grid  array package in  the
LTCC technology. The package has a size of 17 × 17 × 1.6
mm3.  It  integrates  a  differential  microstrip  line  antenna on
the top surface and can carry a Wi-Fi radio SoC die in the
cavity to realize an AiP module.
 

 

Figure 16  Differential microstrip patch antenna in AiP for Wi-Fi radio.
 

 4. Ultrawideband radio
Ultrawideband (UWB) radio is a wireless technology stan-
dard  with  a  fractional  bandwidth  greater  than  20%  or  a
bandwidth  greater  than  500  MHz.  UWB  radio  allows  for
the transmission of a large amount of data at a very low en-
ergy level  without  interfering  with  conventional  narrow-
band  and  carrier  wave  transmission  in  the  same frequency
band. Figure 17 shows a photo of a printed differential spi-
ral  antenna  for  UWB radio.  It  has  a  size  of  50  ×  50  ×  25
mm3.  The  impedance  bandwidth  ranges  from  2.4  to  5.8
GHz. The gain values are 3.5 dBi over the bandwidth [88].
 5. New radio
The New Radio (NR) is a new radio access technology de-
veloped by third Generation Partnership Project (3GPP) for
the 5G (fifth generation) mobile network. Figure 18 shows
a  photo  of  the  world’s  first  fully  integrated  mmWave AiP
module  for  5G  NR  smartphones  and  mobile  devices.  The
AiP integrates stacked microstrip patch antennas for broad-
side radiation and dipole antennas for end-fire radiation [89].
 6. 60-GHz radio
To provide a multiple gigabit wireless system standard, 60-
GHz radio has been developed. Figure 19 shows the photo
of  the  top and bottom views of  60-GHz CMOS radio SoC
integrated with a four-element AiP that addresses the chal-

lenge of omni-directional operation in the 60-GHz band us-
ing a switched-beam approach to enable broad angular cov-
erage [90].  The AiP has  a  size  of  11 × 11 × 0.5  mm3 that
supports  the  differential  transmit  and  single-ended  receive
paths in both broadside and end-fire directions with four an-
tennas.  Both  single-ended  and  differential  patch  antennas
are used for the broadside direction, while both single-end-
ed  and  differential  quasi-Yagi  antennas  are  used  for  the
end-fire  direction.  Note  that  the  driver  is  a  folded  dipole
rather  than  the  ordinary  dipole.  This  design  facilitates  the
impedance matching between the driver  and coplanar  strip
lines from the manufacturable point of view. The simulated
antenna  peak gains  are  4.3  and 5.1  dBi  for  the  differential
and  single-ended  quasi-Yagi  antennas,  respectively.  The
simulated impedance bandwidth is  at  least  4 GHz for  both
differential  and single-ended quasi-Yagi antennas.  Another
AiP with  the integrated differential  quasi-Yagi  antenna for
60-GHz radio can be found in [91].
 

 

Figure 19  Differential microstrip patch and quasi-Yagi antenna in an AiP
for 60-GHz radio.

 7. Gesture radar
Gesture  radar  can  comprehend  human  motion  at  various
scales and has gained increasing attention in recent years, as
driven by the growth of virtual reality (VR) and augmented
reality (AR). Figure 20 shows the micrograph of the top and

 

Figure 17  Printed differential antenna for UWB radio.
 

 

Figure 18  Differential  dipole  antenna  array  in  an  AiP  for  5G  NR  at  28
GHz.
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bottom views of a 60-GHz gesture radar in an AiP [92].  It
was developed on the embedded wafer level ball grid array
(eWLB) technology with a size of 14 × 14 × 0.8 mm3 and
integrates  two  differential  microstrip  patch  antennas  for
transmission  and  four  single-ended  rectangular  microstrip
patch  antennas  for  reception.  The  differential  microstrip
patch antenna was fed by two microstrip transmission lines.
To  reduce  the  electrical  separation,  a  slit  was  cut  on  the
patch between the two feeding lines.  The simulated results
showed a gain of 4 dBi and a bandwidth of approximately 15
GHz at 60 GHz.
 

 

Figure 20  Differential  microstrip  patch  antennas  in  an  AiP  for  60-GHz
gesture radar.
 

 8. Automotive radar
Automotive  radars  operate  in  the  frequency  band  between
77–81 GHz for medium-range and short-range applications,
such as  collision  warning,  blind  spot  detection,  and  pre-
crash vehicle preparation. The rapid development of highly
integrated multichannel  transceiver  chips  in  silicon germa-
nium (SiGe) or CMOS technologies enables the realization
of compact and low-cost radars, which are a prerequisite for
mass-market adoption.  Compared  to  traditional  soft  sub-
strate  materials,  radar  sensors  based  on  LTCC offer  better
mechanical  stability  and  higher  thermal  conductivity. Fig-
ure  21 shows  the  photo  of  the  top  and  bottom  views  of  a
short-range radar sensor built using a four-channel fully dif-
ferential transceiver  chip  in  SiGe technology and four  sin-
gle-row and four double-row microstrip grid array antennas
in LTCC technology [93]. The compact radar module has a
size of 23 × 23 × 1.416 mm3. The microstrip grid array an-
tennas  were  fed  differentially  with  laminated  waveguides.
The measured 3-dB beamwidth at 79 GHz for a single row
is 16o in the E-plane and 58o in the H-plane. The measured
3-dB beamwidth at 79 GHz for a double row is 16.5o in the
E-plane  and  40o in  the  H-plane.  The  calibrated  measured
gain is 12.4 dBi for the single-row antenna and 14 dBi for
the double-row grid antenna.
 9. 160-GHz sensor
Industrial and  life  science  applications  often  require  sen-
sors  with  special  functionality,  smaller  size,  lower  power
consumption,  higher  accuracy,  easier  applicability,  and
broader  imaging  capabilities. Figure  22 shows a  micro-
graph  of  the  fabricated  160-GHz  sensor  for  food  scanning
[94]. It integrates a differential microstrip grid array anten-
na on the copper redistribution layer with the chip in a 6 × 6
mm2 eWLB package.
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Figure 22  Differential microstrip grid array antennas in an AiP for a 160-
GHz sensor.
 

 10. 300-GHz array
The 300  GHz  band  offers  the  potential  to  achieve  signifi-
cantly higher transmission rates than conventional wireless
communications. It has been identified as a candidate band
for  future  wireless  communications. Figure  23 shows  the
micrograph of a 300-GHz wirelessly locked 2 × 3 array ra-
diating 5.4  dBm with  5.1% DC-to-RF efficiency in  65 nm
CMOS [95]. The array integrates differential loop antennas
and occupies an area of 1.1 × 2.0 mm2.
 11. 650-GHz imager
There  is  substantial  interest  in  terahertz  (THz)  technology

 

(a)

(b)

Figure 21  Differential  microstrip  grid  array  antennas  in  an  AiP  for  79-
GHz automotive radar: (a) top and (b) bottom surfaces.
 

  0010021-12 Electromagnetic Science, vol. 1, no. 1



EL
EC

TR
O
M
A
G
N
ET

IC
 S

C
IE

N
C
E

across various scientific disciplines. Figure 24 shows a chip
in 0.25 μm CMOS technology.  It  integrates  15 differential
microstrip  patch  antennas  for  imaging  at  0.65  THz  [96].
The microstrip patch of size 88 × 100 μm2 was separated 8
μm  from  the  ground  plane  and  connected  to  the  detector
through  two  130-μm-long  microstrip  transmission  lines.
The simulated results showed a gain of 2.1 dBi and a band-
width of approximately 15 GHz.
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Figure 24  Differential  microstrip  patch  antennas  in  an  AoC  for  a  650-
GHz imager.
 

 12. RF energy harvester
RF energy  harvesting  converts  energy  from  ambient  elec-
tromagnetic waves  emitted  from  widespread  RF  transmit-
ters (such  as  indoor  Wi-Fi  routers  and  outdoor  base  sta-
tions) into DC voltages.  A basic  RF energy harvester  con-
sists of  an  antenna  and  a  rectifying  circuit.  Its  antenna  re-
quires  a  wide beam and high gain.  With one antenna port,
the  gain  and beamwidth  always  conflict.  Thus,  a  multiport
antenna  that  uses  the  same  antenna  aperture  for  multiple
beams  could  present  a  promising  solution  for  RF  energy
harvesting.  The multiport  and multibeam antenna could be
equivalent  to  multiple  antennas  of  different  high-gain
beams.  Hu et  al.  proposed  using  a  differential  microstrip
grid array antenna to implement this idea [97], as shown in
Figure 25.
 13. Biomedical monitor
An ingestible wireless capsule for endoscopy diagnosis re-
quires  an  antenna  for  setting  up  a  wireless  data  link  from
the ingestible capsule to the external receiver [98]. Figure 26
shows  an  electrically  small  differential  loop  antenna  with
complex impedance for this application. The antenna’s top

layer consists of an electrically small  loop and an adjacent
meandered  radiator.  In  addition,  an  additional  radiator  is
implemented on the antenna’s bottom layer to enhance the
bandwidth.

 
(a)

(b)

(c)

 

Figure 26  Differential  loop  antenna  for  ingestible  wireless  capsules:
(a) fabricated in each layer, (b) antenna connected with a two-port test fix-
ture, and (c) antenna placed inside the muscle phantom for measurement.
 

 14. Internet of things device
The Internet of Things (IoT) is an emerging enabler of com-
munication  between  people  and/or  devices.  It  will  change
our lives  by creating new dimensions of  an interconnected
world. Figure  27 shows  a  photo  of  an  IoT  device  with  a
printed  differential  dipole  antenna  that  can  operate  at  915
MHz [99].
 

 

Figure 27  Differential dipole antenna for IoT device.
 

 VI. Conclusions
In the past, wireless systems such as radios and radars were
implemented  with  discrete  components.  There  existed  a
clear boundary between the circuit and antenna worlds and
there was limited collaboration between the circuit and an-
tenna communities. Therefore, different technical terms de-

 

Figure 23  Differential loop antennas in an AoC for 300 GHz.
 

 

Figure 25  Differential  microstrip  grid  array  antennas  for  the  RF  energy
harvester.
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veloped, such as the circuit community denoting devices as
differential  and  single-ended  circuits,  whereas  the  antenna
community denoted  them  as  balanced  and  unbalanced  an-
tennas.  Although  some  antenna  researchers  have  realized
that characterizing antennas by their structures as balanced
or unbalanced  might  cause  confusion,  these  old  terms  re-
main used in practice today. At present and into the future,
the design of  wireless  systems from antennas to integrated
circuits  follows  the  trend  of  high  integration.  There  is  no
longer  a  clear  boundary  between  the  circuit  and  antenna
communities. Therefore,  it  is  opportune  to  distinguish  an-
tennas by their sources as differential and single-ended an-
tennas.  This  paper  advocates  to  adopt  these  new  terms  of
differential and  single-ended  antennas  because  the  code-
sign  and  joint  integration  of  antennas  and  circuits  for  the
modern  RF  SoC  or  SiP  module  has  generated  the  need  to
co-optimize antennas and circuits within a circuit simulator
relying  on  extracted  compact  models  of  antennas  from  an
electromagnetic solver. The historic relationship between a
differential  antenna  and  its  single-ended  counterpart  has
been well characterized by image theory. The new relation-
ship  between  another  differential  antenna  and  its  single-
ended counterparts was proven by the fact that they device
show the same complex power as the antennas. The forego-
ing relationships are important and useful because the prop-
erties of either differential or single-ended antennas can be
determined  from  the  properties  of  the  counterpart  device
with a known solution. Relatedly, we made a comparison of
three methods  for  differential  antenna  measurements.  Spe-
cial emphasis was given to the balun method because it can
not only measure the input impedance but also measure the
radiation characteristics of the differential antenna simulta-
neously. It was further shown that removal balun effects is
quite complicated.  The  classification  of  differential  anten-
nas into different types helped to describe the suitability of
each  antenna  type  more  clearly.  Five  types  of  differential
antennas were  examined  from  simple  discrete  wire  anten-
nas  to  sophisticated  integrated  microstrip  antennas.  A new
differential wire antenna, the Ω antenna, was analyzed. The
creation of  a  differential  shorted  microstrip  patch  and  pla-
nar  inverted-F antennas  was discussed with  a  focus  on the
capacitive coupling between the two structural halves or the
electric coupling between the two coupled modes.  The ap-
plications  of  differential  antennas  were  highlighted,  which
clearly reveal  that  differential  antennas  play  a  very  impor-
tant  role  in  the  high-level  integration  of  wireless  systems.
Finally, it must be stressed that the historic concept of low-
er gains and bulkier sizes of differential antennas compared
single-ended  counterpart  antennas  does  not  always  hold
true. For instance, differential microstrip patch antennas can
offer comparable or even smaller sizes and higher gain val-
ues than single-ended microstrip patch antennas.
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