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Abstract — A compact filtering antenna system with wide-angle scanning is proposed for vehicle to infrastructure
(V2I) communication which would handle complex communication scenarios. In this work, a wide beam filtering an-
tenna is realized by using some inductive resistance structures such as metal pins and pillars, and capacitive struc-
tures such as slots,  parasitical patches to produce the radiation nulls at two sides of the operating frequency band
and improve the impedance matching in the passband. Meanwhile, the wide beam capability is also realized by the
above structure. Furthermore, two H- and E-plane linear arrays are designed for the beam scanning capability with
filtering characteristics based on the proposed antenna. To verify the proposed design concept, a prototype is fabri-
cated and measured. The measurement and simulation agree well, demonstrating an excellent filtering characteristic
with the operating frequency band from 3.18 to 3.45 GHz (about 8.1%), the high total efficiency of about 88%, and 3-
dB-beamwidth of more than 100° and 120° in the above two arrays, respectively. Additionally, the proposed arrays
can realize the beam scanning up to the coverage of 112° and 120° with a lower gain reduction and a good filtering
characteristic, respectively.
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 I. Introduction
The wireless communication systems are facing huge

challenges due  to  the  explosion  of  user  growth  in  con-
sumer wireless terminal devices including the Internet of
things  (IoT)  [1],  intelligent  transportation  system (ITS)
[2],  [3],  mobile  communication  [4],  vehicle  to  everything
(V2X) [5], [6], imaging sensors, intelligent city (or home),
etc. Therefore, this would require higher requirements in
the capacity,  latency,  and  reliability  of  the  communica-
tion system. Recently, a variety of antennas, as the piv-
otal  device,  have  been  used  into  vehicle  communication
systems to meet the above requirements [7]–[12].  But in
the face of  high-speed mobile  systems,  the above anten-
nas have serious drawbacks, which can’t realize the beam
scanning capability [13], [14] for mobile terminals. Hence,
wide-angle beam scanning technology has become a pop-

ular research topic and is applied to modern communica-
tion systems. The wide-angle scanning antenna for vehi-
cle to infrastructure (V2I) needs to be directional, have a
wide  coverage  area,  high  sensitivity,  low  interference,
durability, and easy installation to effectively capture da-
ta from vehicles and infrastructure devices in a variety of
environments. For  the  wide-angle  beam-scanning  tech-
nology,  at  present,  there  are  the  following  main  design
approaches to be adopted.  From the array far-field pat-
tern equation, it is achieved by multiplying the array fac-
tor and array unit pattern, so the first way is to broad-
en  the  antenna  unit’s  radiating  pattern,  mainly  such  as
artificial  magnetic  conductor  (AMC)  [15],  designing
metallic  cavity  structure  [16],  putting the  metallic  walls
at the side of the patch [17], and so on. The second solu-
tion is using pattern-reconfigurable method to extend the
array  scanning  range,  where  is  achieved  by  microstrip 
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Yagi  reconfigurable  antenna  [18],  O-slot  patch  antenna
element  controlled  by  the  electrical  components  [19],
combining the patch and dielectric resonator antennas [20],
and  so  on.  The  third  way  is  decoupling  technology,
which is achieved by the electromagnetic bandgap (EBG)
structure [21], high impedance surface (HIS) [22], decou-
pling network [23], etc.

In addition,  due  to  the  increasing  system  integra-
tion,  more  compact  and  multi-functional  RF  front-end
design is the current trend in vehicle communication sys-
tem applications, especially considering the economic fac-
tors. In  the  past  few  decades,  a  large  number  of  multi-
functional  designs  aimed  at  integrating  passive  devices
like filters,  power  dividers,  and  antennas  have  been  re-
ported [24]–[29], which could not only realize more com-
pactness of  the  RF  front-end  subsystems  but  also  re-
markably  enhance  the  system  performance.  However,
there are few designs that can combine the filtering char-
acteristic  with  beam scanning  capability  [30]  for  vehicle
communication systems.

To  address  this  challenge,  a  compact  and  simple
wide beam filtering antenna is designed and explored in
this  article  and  applied  to  the  phased  array  for  wide-
angle beam-scanning capability. The filtering characteris-
tics of the proposed antenna is realized by the following
method:  a) The metal  pins and pillars  are added in the
patch  antenna to  change  the  impedance  performance  to
realize the low frequency radiation null. b) The dumbbell-
shaped  cross  slot  and  parasitic  patch  are  added  in  the
proposed  antenna  to  adjust  its  capacitive  performance
for realize a good high frequency radiation null. More im-

portantly, the inverted L-shaped (IL-shaped) patch could
realize two functions, which are the filtering characteris-
tics and wide beam capability. Hence, a compact filtering
antenna is design to apply for the phased array with the
beam  scanning  capability.  The  proposed  phased  array
has mutual coupling levels lower than −14.5 dB in both
linear arrays, providing efficient wide-angle beam scanning
with  excellent  filtering  characteristics.  This  design  has
potential applications in vehicle communication systems.

 II. The Design Processing and Mechanism
Analysis

 1. Configuration

ϵr=3.66 σ=0.0027 H1=
1.524

ϵr=2.2 σ=0.002 H1=5

The configuration of this wide beam filtering anten-
na  is  illustrated  in Figure  1.  It  consists  of  the  parasitic
patch  (Patch  2)  on  a  thin  substrate  (Substrate  1)  of
Rogers  RO4350B  (  and ,  and 

 mm), the radiating patch (Patch 1) with etching a
dumbbell-shaped cross  slot  on a  substrate  (Substrate  2)
(  and ,  and  mm),  four  inverted
L-shaped patches  which  are  set  the  around  of  the  Sub-
strate 2,  and the  some metallic  pins.  The detailed  posi-
tion of the metallic pins is given in Figure 1(c). The sub-
strates are all fixed by four screws on the square floor as
depicted in Figure 1(b). Also, the Patch 1 is excited by
the  copper  probe  to  connect  the  SMA  connecter.  Now,
the  wide  beam  filtering  antenna  is  designed  and  all di-
mensions of this antenna system, optimized by simulating
in the Ansys software, are given in the following Table 1.
The width of the dumbbell-shaped cross slot is 0.8 mm.
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Figure 1  Geometry of this wide beam antenna with filtering characteristic. (a) Plan view; (b) Side view; (c) 3D exploded view.
 
 

Table 1  Geometrical parameters of the wide beam filtering antenna

Parameter Ls L1 Lp Lc Lv Lk Lw H0 H1 Wp W0

Value (mm) 30 14 16 8 12 7.8 7.5 5 1.524 5.9 2
 
 

 2. Design evolution and mechanism
To better  elaborate  the  antenna designing principle

and understand the antenna working mechanism, the de-

signing  evolution  of  the  wide  beam  filtering  antenna  is
depicted  in Figure  2,  with  the  reference  antennas  being
compared with the wide beam filtering antenna. All  an-
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TM10

tennas  have  the  same  parameters  as  given  in Table  1.
Their  simulated S-parameters  and  realized  gain  with
varying frequencies are reported in Figure 3 and Figure 4.
From Figure 2(a), firstly, a normal microstrip antenna is
designed and fed by the copper probe. Due to the small
size of the patch, Antenna 0 has a higher operating fre-
quency  which  is  higher  than  5  GHz.  Hence,  it  is  found
that the input impedance of Antenna 0 is seriously mis-
matched in the proposed frequency band. To improve the
proposed impedance characteristics and enhance the gain
in this frequency band, as well as to achieve wide beam
characteristics,  four  IL-shaped  patches  are  employed
around Substrate 2 and Substrate 1 is put on the above
Patch  1  to  form  Antenna  1,  as  given  in Figure  2(b).
From Figure  3 and Figure  4,  note  that  the  impedance
matching is realized at around 3.0 and 3.4 GHz and the
radiation null  at the high frequency is obtained but not
well,  meanwhile,  the  wide  beam  pattern  is  radiated  in
Antenna 1, as depicted in Figure 5. This is because that
adding the substrate and increasing the size of radiating
structure can move the resonance frequency to lower fre-
quency band, and the vertical patch is employed to con-
nect  the  ground  which  leads  to  a  vertical  current  for
broadening  the  beam-width  and  controls  the  capacitor
between the Patch 2 and inverted L-shaped patch. How-
ever,  the  radiation  pattern  in  the  E-plane  would  be
skewed  to  one  side,  due  to  uneven  current  distribution
on  the  radiating  structure.  As  depicted  in Figure  2(c),
four metallic pins are applied to improve the impedance
and filtering characteristics, where form to Antenna 2. It
is found that the impedance characteristic is improved a
little  and  the  filtering  performance  has  little  change  as
shown  in Figure  3.  But  these  pins  could  affect  the
impedance  performance  of  the  Patch  2  for  the  upper
stopband.  However,  the  above  structures  couldn’t im-
prove the lower stopband,  three metal  pillars  are added
into Antenna 2 to form Antenna 3. As given in Figure 3
and Figure 4, a narrow operating frequency band is real-
ized and the low frequency radiation null is obtained. Be-
cause  this  structure  could  suppress  the  and pro-
duce the higher modes at the low frequency band. There-
fore,  this  metallic  pillar  would  influence  the  antenna
impedance  matching  and  filtering  characteristics  at  low
frequencies, as well as a rough wide beam filtering anten-
na  being  designed  for  implementation.  The  dumbbell-
shaped cross slot is used to continue to improve the an-

tenna  performance,  which  are  added  in  Antenna  3  to
form Antenna 4 as depicted in Figure 2(e). The slot fur-
ther  optimizes  the  antenna  impedance  matching  while
being able to influence the filtering characteristics at the
low  frequency.  Still,  it  has  little  effect  on  the  filtering
characteristics at  the  high  frequency.  To  further  im-
prove  the  antenna  impedance,  especially  the  filtering
characteristics  at  high  frequencies,  a  parasitic  patch  is
printed on Substrate 1 to realize the wide beam filtering
antenna.  As  reported  in Figure  3 and Figure  4,  a  good
impedance bandwidth  and  two  radiation  nulls  are  ob-

 

(c)(a) (b)

(d)(f) (e)

Figure 2  Evolution of the wide beam filtering antenna. (a) Antenna
0; (b) Antenna  1; (c) Antenna  2; (d) Antenna  3; (e) Antenna  4;
(f) The proposed antenna.
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Figure 3  Simulated  reflection  coefficients  of  the  reference  antennas
and wide beam filtering antenna (wo. VP.: without vertical part).
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Figure 4  Simulated the realized gain of all antennas in Figure 2.
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Figure 5  Simulated  radiation  patterns  of  all  antennas  at  3.3  GHz.
(a) H-plane (xoz-plane); (b) E-plane (yoz-plane).
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tained simultaneously. In addition, As the antenna struc-
ture evolves, the antenna’s radiation pattern is also opti-
mized,  as  given  in Figure  5,  especially  in  the  E-plane,
where the radiation pattern is also very symmetrical and
wide beams on both sides as the current distribution be-
comes more symmetrical.

It is observed in Figure 4 that the antenna produces
two  obvious  radiation  nulls  which  are  at  2.81  GHz  and
3.51 GHz, respectively. To further illustrate the effect of
the  above  key  structures  on  the  filtering  and  radiation
performance  of  this  antenna,  this  antenna’s current  dis-
tributions  at  the  two  radiation  nulls  and  the  resonant
frequency  are  presented  in Figure  6.  From Figures  6(a)
and  (b),  note  that  the  horizontal  current  on  the  IL-
shaped  patch  is  oppositely  oriented  on  the Y-direction
and the  vertical  current  directs  to  the  negative Z-direc-
tion  but  the  far  field  is  cancelled  because  of  the  space
distance  between  two  vertical  currents.  However,  these
currents are induced from the radiating patch, so the dis-

TM20

TM10

TM10

tance between  them  would  affect  the  current  distribu-
tion on the IL-shaped patch and thus lead the low radia-
tion  null  to  change.  Besides,  like  the  mode,  the
horizontal currents on the radiating patch and the para-
sitic patch are also oppositely oriented in the X- and Y-
directions. It is observed that the symmetrical metal pins
and  pillars  and  cross  slot  are  the  main  causal  factor  of
the  cancelled  current  distribution.  The  high  radiation
null  is  still  very  important  to  ensure  better  out-of-band
rejection at high frequency band.  We can find that this
null is at 3.51 GHz in Figure 4 and the current distribu-
tion is  given in Figures 6(e) and (f).  The cancelled cur-
rent is also obtained on the IL-shaped patch either in the
X-  and Y-directions.  It  is  different  from  low  radiation
null that the radiating patch can produce the horizontal
currents  which  are  the  mode,  while  the  parasitic
patch is also the  mode, but has an opposite phase.
Therefore,  these currents are mainly cancelled to obtain
a radiation null.
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Figure 6  Current distribution of the wide beam filtering antenna. At 2.81 GHz (a) 3D view, (b) Side view; At 3.3 GHz (c) 3D view, (d)
Side view; At 3.51 GHz (e) 3D view, (f) side view.

However, at the resonance frequency (3.3 GHz), the
current distribution  is  different  with  the  above  frequen-
cies,  as given in Figures 6(c) and (d).  Noted that verti-
cal  currents  are  obtained  on  the  vertical  patches  of  the
IL-shaped  patches,  which  are  set  on  both  sides  of  the
main patch. The horizontal currents are obtained on the
radiating patch and the parasitic patch. Hence, this is a
typical wide beam current distribution [31], which can be
gotten from
 

I = Ih + Iv (1)

I
Ih

Iv

where  is  the  current  of  the  proposed  antenna,  which
comprises  of  the  horizontal  current ,  and  the  vertical
current .  Hence,  the radiating pattern of  this  antenna
is
 

E(θ) = AhFh(θ) +AvFv(θ)
(
1 + ejδ

)
(2)

Fh(θ) Fv(θ)
Ah Av δ

 and  represent the field-pattern functions.
 and  are the amplitudes of the above two fields. 

is  the  phase  difference  of  two  sources.  To  highlight  the
role of the vertical part (VP) of the IL-shaped patch for

extending the  beam and  enhancing  the  filtering  charac-
teristics  of  this  antenna,  we  also  give  the S-parameter,
gain,  and  radiating  patterns  of  the  designing  antenna
without the VP to compare with the wide beam filtering
antenna, as given in Figures 3, 4, and 5, respectively. In
Figure 3, it can be observed that the inductive character-
istic  could be obtained by connecting the vertical  patch
to  the  ground  plane,  which  can  improve  the  impedance
matching and filtering characteristics. Meanwhile, the ra-
diating pattern can also be improved as given in Figure 5,
the antenna beam is obviously broadened, and its cross-
polarization  is  also  improved  more  than  −20  dB  in  the
E-plane.  Therefore,  considering  the  above  analysis  we
can obtain a simple structural design that improves two
characteristics of the antenna at the same time.
 3. Parameter analysis of impedance of the anten-

na and radiation nulls
This  wide  beam filtering  antenna  is  able  to  exhibit

good  filtering  characteristics  with  wide  beam-width  by
properly  applied some geometric  structure  to  adjust  the
antenna’s  inductive  and  capacitive  characteristics.  The
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effect  of  the above structures on these characteristics  of
this antenna is analyzed in detail as follows.

W0

W0

W0

To investigate the impedance matching and the ra-
diation nulls of this antenna with the influence of , as
shown  in Figure  7. Firstly,  note  that  moving  the  posi-
tion of the metal pins would affect the higher resonance
frequency but little change the lower resonance frequen-
cy.  Similarly,  the  low  radiation  null  is  always  at  2.81
GHz  and  moves  little  with  varying .  However,  the
high  radiation  null  would  move  to  low  frequency  band
with increasing  and the gain increases to weaken the
capability  of  the  upper  stopband.  Hence,  this  structure
can service for controlling this antenna’s impedance char-
acteristic for  the  high radiation null.  In  addition,  as  re-
ported  in Figure  8,  the  slot  also  affects  the  impedance
characteristic of the radiation patch, which has the same
function for the antenna’s impedance matching and radi-
ation null with the metal pins. It can be found that with
the  slot  length  increasing,  the  proposed  antenna’s reso-
nant  frequency  in  the  passband  gradually  moves  to  the
low frequency band, but the impedance matching gradu-
ally  becomes  better  and  then  worse.  At  the  same  time,
with the increase the slot which leads to the high radia-
tion  null  offsetting  to  the  low  frequency  and  increasing
the  null’s gain.  And it  leads  to  weaken  the  upper  stop-
band.
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Figure 7  Simulated  reflection  coefficients  and  realized  gains  of  the
wide beam filtering antenna for different .
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Figure 8  Simulated S-parameters  and  realized  gains  of  the  wide
beam filtering antenna for different .

L1

Also, based on the current distribution at high radi-
ation null, the parasitic patch plays a critical role on the
upper  stopband.  It  is  demonstrated  in Figure  9 that
when other key parameters of the antenna remain invari-
ant, and the parasitic patch’s size ( ) is just increased,
the frequency of the high radiation null offsets to the low
frequency band to result in enhancing its null gain. This
is  because  that  the  resonance  frequency  of  the  parasitic
patch  decreases  with  increasing  its  length.  In  addition,
like  the  above  parameters,  it  has  the  same influence  on
impedance matching, both getting better first and worse
later.
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Figure 9  Simulated S-parameters  and  realized  gains  of  the  wide
beam filtering antenna for different .

Lw

For the low radiation null,  as  given in Figure  6(a),
noted that the metal pins have a significant effect on the
low radiation null, owing to their importance in the radi-
ating patch. Hence, the position of the metal pins is in-
vestigated  for  realizing  a  sharp  selectively  at  the  lower
band edge. As reported in Figure 10, with increasing ,
the pins move to the edge of the radiating patch, the se-
lectively  becomes  better  first  and  worse  later.  But  the
null  gain  is  enhanced.  And  it  is  little  significant  at  the
high  radiation  null.  Besides,  this  antenna’s  impedance
matching has also little effect by these parameters.
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Figure 10  Simulated S-parameters  and  realized  gains  of  the  wide
beam filtering antenna for different .
 

From  these  two  frequencies’ current  distribution  of
the low and high radiation nulls, it is observed that the
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Wp

Wp

inverted L-shaped  patch  could  affect  the  current  distri-
bution at both frequencies. As shown in Figure 11, with
varying ,  the  induced  current  on  the  inverted  L-
shaped  patch  would  be  changed,  which  leads  to  control
the  cancelled  currents.  Hence,  we  would  observe  that
with increasing ,  the gap between the patch and the
radiating patch reduces, the low radiation null offsets to
lower frequency and its  null  gain drops.  Meanwhile,  the
high radiation null towards to higher frequency and this
null gain also drops. Because of the induced current, the
in-band impedance would be also affected by this param-
eter.  Note  that  it  becomes  better  first  and  worse  later.
Besides, the wide beam characteristic will  also be deter-
mined  by  it,  as  these  parameters  can  determine  the
strength of the induced currents and thus the strength of
the  vertical  currents,  which  in  turn  affects  the  antenna
radiation characteristics.
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Figure 11  Simulated S-parameters  and  realized  gains  of  the  wide
beam filtering antenna for different .
 

 4. Antenna performance
According to  the  above  design  guidance,  the  pro-

posed wide beam filtering antenna is fabricated and mea-
sured. The antenna’s S-parameters are implemented by a
vector  network  analyzer.  The  radiating  characteristics
are measured in a far-field anechoic chamber. In Figure 12,
the antenna’s simulated and measured operating frequen-
cy bands are from 3.1 to 3.45 GHz and 3.18 to 3.45 GHz,
respectively. The measured results are very similar to the
simulated results, with the minor difference due to fabri-
cation  and  measurement  error.  This  figure  also  depicts
the simulated and measured realized gain, which is very
consistent across the passband. But the measured radia-
tion nulls and the gain in the stopband have a little dif-
ferent from the simulations. The antenna’s gain is from 5
to 6 dBi  in the passband.  The measured efficiency with
varying frequency is also given in this figure. Noted that
this  antenna  has  a  high  efficiency  in  the  passband,  and
little radiating power in the stopband.

The  simulated  and  measured  radiation  patterns  of
the wide beam filtering antenna are depicted in Figure 13
and very similar. We can find that the 3 dB beamwidths
in the H-plane (H-p.) reach 88° and 103° for simulation

and  measurement,  respectively.  In  the  E-plane  (E-p.),
the 3 dB beamwidths are greater than 120° for both sim-
ulation and measurement. Besides, the cross-polarization
(X-pol.) in  the  E-plane  is  significantly  better  than  the
one  in  the  H-plane  and  is  less  than  30  dB,  while  the
cross-polarization in the H-plane is slightly worse, but al-
so  satisfies  engineering  applications.  Hence,  the  good
wide  beam filtering  antenna is  realized  by the  proposed
design principle.
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Figure 13  Simulated  and  measured  radiation  patterns  of  the  wide
beam filtering antenna at 3.3 GHz.

 III. Beam Scanning Filtering Array
Antenna

 1. H-plane filtering array antenna
A one-to-four H-plane linear array is set to verify its

beam scanning  capability  with  the  filtering  characteris-
tics  in Figure  14.  As  all  we  know,  for  a  wider  scanning
range,  the  array  element-spacing  should  be  as  small  as
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Figure 12  Simulated  and  measured S-parameters,  realized  gains,
and total efficiency of the wide beam filtering antenna.
 

A Compact Filtering Antenna System with Wide-Angle Scanning Capability for V2I Communication 521  



Vactive

possible,  when  less  than  half  wavelength  (at  operating
frequency),  the  scanning  range  can  reach  180  degrees
without the grating lobe. However,  the smaller element-
spacing would lead to stronger coupling between the ar-
ray  elements,  which  can  be  easy  to  affect  the  radiation
pattern.  Besides,  it  has  higher  requirements  on  the  size
of  the  antenna  element.  Fortunately,  thanks  to  the  IL-
shaped patch,  the structure of  this  antenna element be-
comes  very  compact.  The  array’s  element-spacing  is  set
as  42  mm  (lower  than  half  wavelength  at  3.5  GHz)  to
balance  the  scanning  range  with  the  coupling  between
the array elements. From the active element pattern [32],
we assume that the coupling between each cell results in
essentially the same effect and that all . Hence, the
active element pattern in the array is
 

Eactive(θ) = E(θ) · Vactive (3)

Based on the phased array principle, the array’s ra-
diation pattern is
 

Etotal(θ) = Eactive(θ) ·AF(θ) (4)

AF(θ)

E(θ)

Eactive

where  is  the  array  factor.  Hence,  noted  that  the
beam scanning performance could be improved by broad-
ening the pattern  of the array element. Meanwhile,
it can also be affected by the mutual coupling in this fil-
tering  array,  since  the  mutual  coupling  in  this  filtering
array  is  always  lower  than  −15  dB  with  good  filtering
characteristics, its influence for the array pattern is negli-
gible.  Besides,  for  the  large-scale  array,  every  of
the pattern in the array is  similar,  as  given in equation
(3). But it has some differences for small arrays, especial-
ly  for  edge  elements.  Hence,  the  active S-parameters  of
all the elements are given in the article.
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Figure 14  Configuration of H-plane linear filtering array antenna.
 

The  active S-parameters  of  the  array  elements  are
presented to analyze the influence from the coupling on
the scanning impedance characteristics in Figure 15. It is
noted that regardless of any array elements, as the scan-
ning  angle  increases,  the  active S-parameter  gradually
deteriorates, but even if the scanning reaches 56 degrees,
the  active S-parameter  is  less  than  −8 dB.  In  addition,
due  to  the  filtering  characteristics,  the  proposed  active
impedance matching will not change with increasing the
phase shift,  resulting  in  the  impedance  frequency  shift-

ing,  which is  an inherent shortcoming of general  phased
array antennas.

Based on  this  array  design,  the  linear  array  proto-
type  is  fabricated  as  given  in Figure  16.  A  one-to-four
power driver  connects  the  array  elements  and  four  me-
chanical  phase  shifters.  The  power  divider  and  phase
shifters [33] provide equal amplitude and different input
phases, respectively. To verify scanning performance, the
proposed H-plane  linear  filtering  array  system is  assem-
bled  and  tested  in  an  anechoic  chamber.  The  proposed
feeding  system,  including  the  cable,  power  divider,  and
phase  shifters,  is  tested  separately  to  demonstrate  the
factual measured results of the proposed array. And their
losses are excluded from all subsequent test results.
 

H-plane linear array antenna

Mechanical
phase shifter

Four-way SMA
power driver

 

Figure 16  Prototype of  the H-plane linear filtering array and mea-
surement.
 

In Figure  17,  this  linear  filtering  array’s measure-
ments about  its  bandwidth  and  array  coupling  are  pre-
sented  without  the  feeding  network  and  phase  shifters,
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Figure 15  Simulated active S-parameters of every element in the ar-
ray shown in Figure 14.
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which agree with the simulations. The array can operate
in  the  bandwidth from 3.18  to  3.45  GHz and has  lower
than  −15  dB  for  the  mutual  coupling.  Meanwhile,  the
stopband  suppression  looks  very  well  from  2  to  5  GHz
and the coupling in the stopband is very good, which is
the main factor that causes the scanning impedance not
to be frequency shifted.

According  to  the  measurement  in Figure  16,  the
scanning realized  gain  and the  reflection  coefficients  are
drawn in Figure 18. For the sake of the simplicity, four
typical scanning  angles  are  selected  to  verify  the  pro-
posed beam scanning characteristics. Noted that the pro-
posed  filtering  characteristics  and  wide-angle  scanning
capability are  realized  by  this  array  antenna  simultane-
ously.  In  the  passband,  the  scanning  gain  drops  with
varying scanning angles, but the gain reduction is lower
than  3  dB.  Besides,  the  simulated  and  measured  gains
are similar and the measured gain at broadside direction
is  from 9.0 to 9.8 dBi.  And the gain in the stopband is
always  lower  than  0  dBi.  The  scanning  input  reflection
coefficients  are  also  shown  in  this  figure.  With  varying
the scanning angle from 0 degree to 56 degrees, the mea-
sured reflection coefficients are basically lower than −10
dB  in  the  passband.  For  the  stopband,  the  suppression
looks very well.

Also, the  scanning  beams  of  the  H-plane  linear  ar-
ray are reported in Figure 19. It can be noted that as the
scanning  angle  increases,  the  gain  of  the  scan  pattern
gradually decreases. In addition, it can be found that the
filtering  array  can  achieve  ±56°  of  scan  capability  and
the scan gain reduction is less than 2.5 dB, and the side-
lobe  of  the  patterns  is  less  than  7.5  dB  except  for  the
ones  scanning  to  ±56°.  The  cross  polarization  is  lower
than  −13  dB  at  any  scanning  angle.  Four  typical  test
scanning beams are also shown in the figure and are ac-
cording with the simulations.  The total efficiency of the
above  scanning  patterns  is  also  depicted  in Figure  20.
Noted that the total efficiency is very stable in the pass-
band regardless of any scanning angles, and around −1.3
dB in the bandwidth. In the stopband, it has a low effi-
ciency and the  filtering  characteristics  is  obviously  real-

ized by this filtering array.
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Figure 19  Simulations and measurements on the scanning beams of
the H-plane linear filtering array antenna at 3.3 GHz.
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Figure 20  Measured scanning total efficiencies of the H-plane linear
filtering array.
 

 2. E-plane filtering array antenna
Similarly, a  one-to-four  E-plane  linear  filtering  ar-

ray is designed to verify its beam scanning capability and
the filtering characteristics, which has the same element-
spacing with the above linear filtering array. In Figure 21,
the active S-parameters of the array elements in Figure 22
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Figure 17  Simulated and measured S-parameters of the linear filter-
ing array antenna.
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are reported  to  analyze  the  scanning  impedance.  Com-
pared with the active S-parameters of the H-plane array
antenna,  the  active S-parameters have  obviously  varia-
tion  with  enlarging  the  scanning  angle.  The  active S-
parameters  vary  significantly  and get  worse  as  the  scan
angle  increases,  especially  for  array  element  4,  overall,
they  are  less  than −7 dB.  Comparing  with  the  H-plane
array,  it  reveals  a  slightly  poorer  active S-parameters,
mainly because the coupling in the E-plane has a greater
impact on the impedance matching in the array. Howev-
er,  the  filtering  characteristics  of  the  E-plane  array  are
also  realized  and  don’t  shift  with  increasing  scan  angle,
which would be given in Figure  23.  This  linear  array is
fabricated  and  measured  by  connecting  a  one-to-four
power  driver  connects  and  four  mechanical  phase
shifters, as depicted in Figure 22. Also, the whole antenna
system is measured in the anechoic chamber to verify the
scanning performance. Similarly, the operating frequency
band and  coupling  of  this  linear  filtering  array  are  de-
picted  in Figure  24.  It  is  observed  that  its  simulations
and measurements are very similar, which is from around
3.18 to 3.45 GHz for the bandwidth, and lower than 14.5
dB  for  the  mutual  coupling  in  the  array.  More  import-
antly, a good filtering characteristic is realized, which is
low coupling in the stopband.

As demonstrated in Figure 23, the measurement re-
sults  of  scanning  gain  and  input  impedance  at  varying
frequencies are presented. The findings indicate that the
passband  gain  remains  stable,  exhibiting  a  reduction  of
less than 3 dB with varying beam directions. This perfor-
mance  aligns  with  the  simulated  results,  with  low  and
high  radiation  peaks  observed  at  2.81  GHz  and  3.51
GHz, respectively. Although the measured results do not
surpass the simulated ones, the stopband suppression re-
mains  robust  in  both  cases.  The  scanning  impedance
presents  a  satisfactory  performance,  exhibiting  a  good
passband  and  stopband  across  all  scanning  angles,  with
the passband  impedance  deteriorating  but  still  remain-
ing  below  −7  dB  at  60°  scanning  angle. Figure  25 dis-
plays  the  scanning  patterns  of  the  filtering  array  at  3.3

GHz, which indicate that this array can achieve a beam
pattern ranging from −60° to 60° with a low sidelobe and
minimal  gain  reduction,  with  the  worst  sidelobe  being
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Figure 21  Simulated active S-parameters of every element in the ar-
ray in Figure 22.
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Figure 22  Prototype of  the  E-plane  linear  filtering  array and mea-
surement.
 

 

2.5
−35

−25
−30

−20
−15
−10
−5

0
5

3.5

10

4.5 5.02.0 3.0 4.0
Frequency (GHz)

R
ea

liz
ed

 g
ai

n 
(d

B
i)/

S-
pa

ra
m

et
er

s (
dB

)

Sim. 0°
Sim. −20°
Sim. −30°
Sim. −45°
Sim. −60°
Mea. 0°
Mea. −30°
Mea. −45°
Mea. −60°

2

4

6

8

10

12

3.53.0
Frequency (GHz)

R
ea

liz
ed

 g
ai

n 
(d

B
i)

Figure 23  Simulated and measured scanning realized gain and mea-
sured scanning reflection coefficients of the E-plane linear filtering
array.
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Figure 24  Simulated and measured S-parameters of this E-plane lin-
ear array.
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−5.5 dB at ±60° beam direction. The cross polarization
is lower than −25 dB at any scanning angle, which has a
good cross-polarization performance in the E-plane array.
The simulation  results  are  verified  by  the  measured  re-
sults, as  depicted  in  the  figure,  and  display  a  high  de-
gree  of  consistency.  The  total  efficiency  of  the  E-plane
filtering array at different beam directions is presented in
Figure 26, which shows that the measured efficiency lies
in the range of −0.6 dB to −1.6 dB in the passband and
falls below  −6  dB in  the  stopband,  indicative  of  its  re-
markable filtering characteristics.
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Figure 25  Simulated and measured scanning realized gain and mea-
sured scanning reflection coefficients of the E-plane linear filtering
array.
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Figure 26  Measured  scanning  total  efficiency  of  the  E-plane  linear
filtering array.

 3. Discussion
The E-plane filtering array boasts a more extensive

scanning range in comparison to its H-plane counterpart,
as evidenced by its wider E-plane beam-width (as depict-
ed  in Figure  13).  This  observation  is  substantiated  by
the analysis presented in (2) and (4). While the H-plane
filtering array may offer superior filtering characteristics,
the E-plane array experiences a slight degradation in its
active impedance  matching  as  a  result  of  coupling,  par-
ticularly at the edge element. Nevertheless, the proposed
method  presents  a  simple  and  efficient  solution  for
achieving wide-angle  beam-scanning  with  reasonable  fil-
tering  characteristics  in  phased  arrays.  In  the  case  of

large-scale arrays, incorporating edge blind elements can
mitigate the negative impact of edge elements on the sys-
tem’s  performance,  leading  to  improved  wide-angle
beam-scanning and filtering capabilities.

 IV. Conclusion
In summary, to meet the operating scenarios of vehi-

cle  communication  systems,  a  new  dual-functional  FR
front-end system is used. The proposed design would be
able  to  achieve  the  wide  beam  capability  and  filtering
characteristic through a simple and compact design con-
figuration,  which  could  remarkably  reduce  the  volume
and cost of the RF front-end system. Two filtering array
systems have been applied to verify the proposed techni-
cal contributions, which include the beam scanning capa-
bility for coverage of 112° and 120° with a lower gain re-
duction and the filtering characteristic to improve signal
interference. The antenna system is fabricated and mea-
sured in the frequency band from 3.18 to 3.45 GHz (about
8.1%), with excellent agreement between simulations and
experiments. In light of these promising results, the pro-
posed design is an excellent multifunctional RF front-end
system for vehicle communication systems.
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