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Abstract — A new amplitude-only synthesis approach in quintuple electric dipoles (EDs) is proposed to enable the regulation of power flow in the az-
imuthal plane. The regulation methodology is investigated analytically with double ED, triple ED and quintuple ED models. First, when the phase dif-
ference between the EDs switches, the double ED model, acting as a reconfigurable source, can work in two modes with different power flow directions,
i.e., unidirectional mode and bidirectional mode. Then, from the triple ED model, it is verified that the power flow in the two working modes can be reg-
ulated to the desired direction in the azimuthal plane with high precision by controlling the feeding amplitudes of the dipoles. Moreover, a quintuple ED
model  is  developed to  enhance  the  symmetry  and consistency of  the  power  flow regulation  in  the  plane.  Finally,  a  prototype  of  the  azimuthal  beam
steering system, including digitally controlled radio-frequency (RF) frontend tuning circuits, optimized practical feeding elements, and an end-fire radia-
tor, is designed, fabricated and measured. Both unidirectional and bidirectional modes are observed, and satisfactory single-beam and dual-beam steer-
ing performance in the azimuthal plane is achieved. Unlike most phased arrays that realize beam steering by configuring phases, the beam steering of the
proposed reconfigurable source in each mode can be arbitrarily synthesized only by the amplitudes of the quintuple feeding elements, which provides a
new route for realizing low-cost and multifunctional beam-steering systems.
Keywords — Electric dipole, Reconfigurable devices, Amplitude-only synthesis, Beam steering.
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 I. Introduction
With the  rapid  development  of  fifth-generation  (5G)  com-
munication and the Internet  of  things (IoT),  there is  an in-
creasing  demand  for  miniaturized,  multistate,  and  high-
performance beam steering devices. Limited by the inherent
relationship  between  the  size  of  analog  circuits/antennas
and their working performance, such as bandwidth and effi-
ciency, it is very challenging to integrate a large number of
circuits and antennas into a highly constrained space to con-
struct  ultracompact,  high-performance and multistate beam
steering  devices.  To  address  this  challenging  problem,  the
reconfigurable approach, where the structures designed in a
shared space are reconfigured to guide the power flow into
different  spatial  regions  for  different  beam  steering  states,
has  become  one  of  the  most  attractive  solutions.  For  RF

frontend  applications,  the  current  existing  reconfigurable
methods for controlling power flow can be generally divid-
ed into the following three categories.

The  first  category  is  the  use  of  analog  or  digital
switches in the current flowing pathways in the circuits and
antennas [1]–[10], where the switches are embedded in cir-
cuits  or  radiative  metallic  structures  to  select  the  desired
working section. Therefore, their ON/OFF states can deter-
mine the temporal functionality of the circuits and antennas.

The second  category  is  to  employ  novel  active  meta-
surfaces  [11]–[22].  Different  from the  first  category,  these
metasurfaces are arranged in the incident direction of prop-
agating waves,  and  the  spatial  incident  waves  will  be  ab-
sorbed, scattered or transmitted by the metasurfaces with a
certain  amplitude  and  phase  differences  according  to  the
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configured states of the metasurface; thus, the amplitude of
the power that flows in different azimuth angles can be effi-
ciently controlled. Within this category, except for employ-
ing  a  number  of  conventional  switches  [11]–[17],  many
other materials, such as phase-changing materials [18], [19],
liquid crystals [20], and graphene [21], [22], are utilized for
the manipulation of spatial waves.

The  third  category  adopts  active  sources  [23]–[38].
Phased array antennas can achieve beam steering by config-
uring the amplitudes and phases of the feeding ports [23]–
[25]. Moreover, in recent years, the combination of electric
dipoles (EDs) and magnetic dipoles (MDs) has been widely
studied  for  generating  unidirectional  beams,  e.g.,  Huygens
source  antennas  [7],  [8],  [26]–[30],  Huygens  source-based
waveguide  power  dividers  [31],  and  the  excitation  sources
for  controlling  unidirectional  propagation  due  to  the  spin-
momentum  locking  phenomenon  in  different  waveguides
[32]–[37]. It has been demonstrated in these studies that the
phase difference between EDs and MDs can determine the
direction  of  power  flow.  Some  works  further  increase  the
number of dipoles and RF feeding components to construct
a  Huygens  box  [38]  to  realize  desired  wavefronts  in  a
closed  region  by  controlling  the  amplitudes  and  phases  of
these dipoles.

Although these  approaches  have  been  validated  theo-
retically or experimentally, they still face the following cru-
cial problems in regulating the power flow. To increase the
working  states  in  the  first  two  design  approaches,  a  large
number  of  switches,  tunable  materials,  and  bias  structures
should be  utilized,  which  would  result  in  problems  of  in-
creased complexity,  large  insertion  loss,  low space  utiliza-
tion and high cost. For the third approach, the phased array
antennas  and  the  Huygens  box  require  a  large  number  of
phase  and  amplitude  controlling  RF  circuits,  which  make
the  cost  relatively  high.  Moreover,  the  reported  Huygens
source antennas, waveguide dividers, and sources for excit-
ing near-field spin-momentum locking phenomena only re-
alize  power  flow  regulation  in  two  opposite  directions  or
very  limited  azimuth  regulation  states.  Note  that,  as  a  hot
research  topic  in  recent  years,  MIMO  systems  [39]–[42]
have been increasingly used for  beam steering.  In addition
to the above power flow regulation methods, digital beam-
forming is  attracting increasing attention.  However,  digital
beamforming is  realized  by  many processes,  such  as  algo-
rithm processing, modulation and demodulation, which will
lead to a larger time delay and a larger insertion loss. Con-

sequently, for the regulation of power flow in the azimuth-
al  plane,  it  is  still  challenging  to  realize  multiple  steering
states with low delay, complexity, loss, and cost.

In this paper, we propose a new reconfigurable source
to eliminate the above stated problems, where the source is
constructed  by  quintuple  EDs.  The  reconfigurable  source
has two working modes, i.e., unidirectional mode and bidi-
rectional mode. Interestingly, under the two working modes,
the  power  flow  can  be  arbitrarily  regulated  to  the  desired
angles in four quadrants of an azimuthal plane, only by con-
trolling  the  amplitudes  of  the  dipoles,  which  differs  from
the  approach  of  controlling  directivity  by  configuring  the
port  phases  in  conventional  phased  array  antennas  and  the
approach  of  controlling  the  radiation  pattern  by  utilizing
multiple switches in reconfigurable antennas. Based on this
amplitude-only synthesis technique, a prototype of the azi-
muthal  beam  steering  system  is  designed,  fabricated  and
validated. In each working mode, it can realize 360° unidir-
ectional/bidirectional  beam steering  in  the  azimuthal  plane
by  employing  only  three  RF amplitude  tuning  circuits  and
two  switches,  which  paves  the  way  for  miniaturized,  low-
cost, and high-performance multibeam steering systems for
various applications.

This paper is arranged as follows. In Section II, the an-
alytical field analysis of double, triple and quintuple EDs is
successively implemented  to  interpret  the  working  mecha-
nism  of  the  reconfigurable  source,  and  the  reconfigurable
source is designed with electric feeding elements (EFEs) in
the plane-plate waveguide (PPW) scenario as a preliminary
validation  of  the  reconfigurable  source.  In  Section  III,  the
azimuthal  beam  steering  system  is  proposed  based  on  the
optimized reconfigurable source in PPW. Its prototype was
optimized,  fabricated  and  tested.  The  measured  results  are
in  good  agreement  with  the  simulated  results,  which  dem-
onstrates that  the  system  can  realize  the  steering  of  unidi-
rectional  beams  and  bidirectional  beams  in  the  entire  azi-
muthal plane.  Finally,  some conclusions  are  drawn in  sec-
tion VI.

 II. Proposed Reconfigurable Source

 1. Operating mechanism
The  conceptual  evolution  of  the  proposed  reconfigurable
source  is  shown  in Figure  1.  The  three  ideal  models,  i.e.,
double, triple and quintuple ED models, are proposed to il-
lustrate the working mechanism.
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Figure 1  Configuration of the (a) Double ED model, (b) Triple ED model, and (c) Quintuple ED model.
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 1) Double EDs model

pz1 = A1ejφ1

pz2 = A2ejφ2 x0 φ1 φ2

pz1 pz2

The double ED model, as shown in Figrue 1(a), consists of
two  EDs,  i.e.,  located  at  the  original  point  and

 at ( , 0, 0), in which A1 and A2 and  and 
are  the  amplitudes  and  phases  of  and ,  respectively.
The  amplitudes  have  units  of  Ampere  ∙  meter  (A∙m).  The
far-field electric fields radiated by the two EDs are derived
as [43]
 

E1 = jωµA1ejφ1
e−jkr

4πr
sinθθ̂ (1)

 

E2 = jωµA2ejφ2
e−jkr

4πr
ejkx0 sinθcosϕ sinθθ̂ (2)

ω

r
k

where  is the radian frequency, μ is the permeability in the
vacuum,  is the distance from the reconfigurable source to
an observation point in the far field, and  is the wavenum-
ber. Thus, the total electric field is
 

Etotal = jωµ
e−jkr

4πr
sinθθ̂

(
A1ejφ1 +A2ejφ2 ejkx0 sinθcosϕ

)
(3)

The field distribution in the azimuthal plane θ = 90° is
analyzed. If the two EDs have the same amplitude, A1 = A2,
and their phases satisfy
 

∆φx = φ2−φ1 = π− kx0 cosϕ0 (4)

ϕ = ±ϕ0

x0 = 5
∆φx

∆φx

[π− kx0, π+ kx0]
∆φx

∆φx

ϕ

the total field would be zero in the  direction in the
plane, considering that the cosine function is an even func-
tion. From the above equation, one can introduce the mag-
nitude-nulls  in  the  radiated  electric  field.  Here,  assuming

 mm, the total electric field at 10 GHz in the θ = 90°
plane is calculated when  varies, as shown in Figure 2.
It is noted that equation (4) can be satisfied only when 
is  within  the  range ,  i.e.,  [120°,  240°].
Therefore, only the cases of  in this range are presented.
Specifically,  it  can be seen that when  = 120° or 240°,
the electric field will be canceled in the direction  = 0° or

180° and  enhanced  in  the  opposite  direction,  which  ex-
hibits unidirectional radiation performance.

∆φx

ϕ

ϕ

Moreover, when  = 180°, the electric field will be
canceled in the lines  = 90° and 270° and has dual beams
pointing  toward  = 0°  and  180°,  which  exhibits  bidirec-
tional  radiation  performance.  Since  the  far-field  power  is
proportional  to  the  square  of  the  electric  field,  the  power
flow  is  controlled.  The  above  phenomenon  indicates  that
two active  EDs  can  operate  in  unidirectional  and  bidirec-
tional modes to generate single-beam and dual-beam radia-
tion.

x0

Here,  two  issues  should  be  mentioned.  On  the  one
hand, for  the unidirectional  mode,  its  performance is  simi-
lar to that of the Yagi-Uda antenna [9], [44], [45]. However,
since the EDs are active in our framework, there are no pas-
sive parasitic elements, such as reflectors and directors, and
the distance between the active EDs could be smaller  than
the spacing between the reflector  and the director  required
in  the  typical  Yagi-Uda  antenna  [38], which  is  approxi-
mately  λ/4  to  λ/2,  because  the  phase  difference  introduced
by  the  feeding  ports  can  compensate  for  the  decrement  of
the  phase  resulting  from  the  distance.  For  example,  in  the
proposed example shown in Figure 2,  = 5 mm is only λ/6
at 10 GHz. On the other hand, the proposed method can al-
so be applied for the near-field case, but the condition will
be  different  from  (4).  To  focus  on  amplitude-only  beam
steering, we only consider the far-field case for brevity.
 2) Triple EDs model

pz3 = A3ejφ3 y0

y0 = x0 = 5 φ3 = φ2 ∆φy = φ3−φ1 = φ2−φ1 =

∆φx

ϕ ϕ

On  the  basis  of  the  above  analysis,  we  further  study  the
triple ED model for the regulation of the power flow direc-
tion  in  an  azimuthal  plane.  Compared  with  the  double  ED
model,  the  triple  ED  model  introduces  an  additional  ED,
i.e.,  located at (0, , 0). It is easy to derive the
total electric field radiated by the three EDs, which is  pre-
sented  as  (5)  at  the  bottom of  this  page.  Here,  we  assume

 mm  and ,  i.e., 
, and then from the conclusion of the double ED model,

it  can  be  deduced  that  when  the  amplitude  combination
switches from A2 = A1, A3 = 0 to A3 = A1, A2 = 0, in both
unidirectional  and  bidirectional  modes,  the  reconfigurable
source will radiate toward the direction  = 0°/270° and  =
90°/180°, respectively. Therefore, it is reasonable that if we
configure the amplitude combination with A2 ≠ 0 and A3 ≠
0, the transition states, where the power flows toward other
angles in the four quadrants, would be observed. To realize
a  good  power  balance  between  the  three  EDs  to  achieve
field  cancellation  and  enhancement  at  certain  angles,  the
amplitudes of the three EDs are set based on the following
condition:
 

A1 =

√
A2

2+A2
3 (5)

Then, we fix A1 to 2 A∙m and make A2 vary within [0,
A1] to  calculate  the  normalized  electric  field  in  the  az-
imuthal plane θ = 90°, as shown in Fig. 3. For the unidirec-
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Figure 2  The normalized electric field of the double ED model when Δφx
varies.
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∆φx

ϕ ϕ
ϕ ϕ

∆φx

ϕ
ϕ

tional mode (  = 120° or 240°) presented in Figure 3(a)
and (b),  when A2 increases,  the  direction  of  the  maximum
power flow is gradually regulated from  = 0° to  = 90° or
from  =  180°  to  =  270°.  For  the  bidirectional  mode
(  = π) presented in Figure 3(c), the direction of the max-
imum power flow is gradually regulated from  = 0° & 180°
to  =  90°  & 270°.  For  the  regulation  of  the  two working
modes in the first quadrant, i.e., the cases of Figure 3(a) and
(c), the regulated direction can be approximately character-
ized as

 

ϕ = arctan(A3/A2) (6)

which indicates  that  the  direction  can  be  arbitrarily  con-
trolled if the feeding amplitudes have high resolution. Here,
we  highlight  that  the  directivity  is  controlled  by  feeding
amplitudes  under  fixed  feeding  phases,  which  is  distinct
from  conventional  planar  phased-array  antennas  [23].  The
above numerical results verify the efficacy of utilizing dif-
ferent  amplitude  combinations  of  the  EDs  to  regulate  the
power flow in an azimuthal plane.

 

0°

30°

60°
90°

120°

150°

180°

210°

240°
270°

300°

330°

0.5

1.0

0

0.5

1.0

N
o
rm

a
li

z
e
d
 f

a
r-

fi
e
ld

 e
le

c
tr

ic
 f

ie
ld

A
1
=2, A

2
=2, A

3
=0 A

1
=2, A

2
=1.83, A

3
=0.8

A
1
=2, A

2
=0.8, A

3
=1.83A

1
=2, A

2
=1.41, A

3
=1.41

A
1
=2, A

2
=0, A

3
=2

A
1
=2, A

2
=2, A

3
=0

A
1
=2, A

2
=1.41, A

3
=1.41

A
1
=2, A

2
=0, A

3
=2

A
1
=2, A

2
=1.83, A

3
=0.8

A
1
=2, A

2
=0.8, A

3
=1.83

0°

30°

60°
90°

120°

150°

180°

210°

240°
270°

300°

330°

0

0.5

1.0

0.5

1.0
N

o
rm

a
li

z
e
d
 f

a
r-

fi
e
ld

 e
le

c
tr

ic
 f

ie
ld

A
1
=2, A

2
=1.83, A

3
=0.8A

1
=2, A

2
=2, A

3
=0

A
1
=2, A

2
=1.41, A

3
=1.41

A
1
=2, A

2
=0, A

3
=2

A
1
=2, A

2
=0.8, A

3
=1.83

0°

30°

60°
90°

120°

150°

180°

210°

240°
270°

300°

330°

0

0.5

1.0

0.5

1.0

N
o
rm

a
li

z
e
d
 f

a
r-

fi
e
ld

 e
le

c
tr

ic
 f

ie
ld

A
1
=2, A

2
=1.83, A

3
=0.8

A
1
=2, A

2
=0.8, A

3
=1.83

A
1
=2, A

2
=2, A

3
=0

A
1
=2, A

2
=1.41, A

3
=1.41

A
1
=2, A

2
=0, A

3
=2

0°

30°

60°
90°

120°

150°

180°

210°

240°
270°

300°

330°

0

0.5

1.0

0.5

1.0

N
o
rm

a
li

z
e
d
 f

a
r-

fi
e
ld

 e
le

c
tr

ic
 f

ie
ld

(a) (b)

(c) (d)

 

Figure 3  The normalized azimuthal far-field electric field of the triple ED model under different feeding amplitude combinations when (a) Δφx = Δφy = 240°,
(b) Δφx = Δφy = 120°, (c) Δφx = Δφy = 180°, and (d) Δφx = 120, Δφy = 240°.
 

∆φx ∆φy

∆φx ∆φx
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Note that for the triple ED model, there are two exist-
ing  problems.  First,  the  regulation  range  is  limited  in  the
first  and third quadrants.  Second,  in  the regulation process
of  the  unidirectional  mode,  the  front-to-end  ratio  of  the
power  flow  deteriorates  in  the  transition  states,  which  can
be seen in Figure 3(a) and (b). For the former problem, one
may  infer  that  if  ≠ ,  the  power  flow  direction
could  be  regulated  in  the  second  and  fourth  quadrants.
Here, an example is proposed for investigation in detail. We
assume  =  120°  and  =  240°.  It  is  easy  to  deduce
that  when  the  amplitude  combination  switches  from A2 =
A1, A3 =  0  to A3 = A1, A2 =  0,  the  power  flow  direction
changes from  = 180° to  = 90°, which indicates that the
transition states of the two amplitude combinations may re-
sult in the regulation of power flow in the second quadrant.

Following the condition of (6), we present the results of the
transition  states  in Figure  3(d).  Although the  direction  can
be regulated,  the  pattern  of  the  radiated  electric  field  suf-
fers from an unacceptable distortion due to the asymmetric
phase of pz2 and pz3.
 3) Quintuple EDs model
To further address these intrinsic problems in the triple ED
model, the quintuple ED model shown in Figure 1(c) is pro-
posed, where two additional EDs, i.e., pz4 and pz5, are intro-
duced and arranged on the -x and -y axes. In such a frame-
work, on the one hand, to regulate the power flow in a cer-
tain quadrant, proper EDs can be selected and combined to
obtain the  optimum  performance.  Since  the  four  EDs  sur-
rounding the center one (pz1) are symmetrically located, the
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regulation in  the  four  quadrants  would  have  better  consis-
tency. Similar  to  (7),  when  the  deflection  angle  is  deter-
mined, the relationship between the excitation amplitudes is
represented as (11). On the other hand, when three EDs are

selected to regulate power flow in a certain quadrant,  such
as the cases shown in Figure 3(a), the left two EDs could be
properly fed to cancel the backward power flow to improve
the directivity of the power flow. 

Etotal = jωµ
e−jkr

4πr
sinθθ̂

(
A1ejφ1 +A2ejφ2 ejkx0 sinθcosϕ+A3ejφ3 ejky0 sinθ sinϕ

)
(7)

 

Etotal = jωµ
e−jkr

4πr
sinθθ̂

(
A1ejφ1 +A2ejφ2 ejkx0 sinθcosϕ+A3ejφ3 ejky0 sinθ sinϕ+A4ejφ4 e−jkx0 sinθcosϕ+A5ejφ5 e−jky0 sinθ sinϕ

)
(8)

 

Etotal = jωµ
e−jkr

4πr
θ̂
[
αcAE1ejφE1 +αs

(
AE2ejφE2 ejkx0 cosϕ+AE3ejφE3 ejky0 sinϕ

)]
(9)

 

Etotal = jωµ
e−jkr

4πr
θ̂
[
αcAE1ejφE1 +αs

(
AE2ejφE2 ejkx0 cosϕ+AE3ejφE3 ejky0 sinϕ+AE4ejφE4 e−jkx0 cosϕ+AE5ejφE5 e−jky0 sinϕ

)]
(10)

 
 

ϕ =


arctan(A2/A3) (Quadrant 1)
π/2+ arctan(A3/A4) (Quadrant 2)
π+ arctan(A4/A5) (Quadrant 3)
3π/2+ arctan(A5/A2) (Quadrant 4)

(11)

ϕ

To validate the above proposed method, numerical cal-
culation is implemented according to the derived total elec-
tric  field  of  the  quintuple  EDs  model  shown  as  (8).  Here,
we first  study  the  effectiveness  of  the  directivity  improve-
ment  technique  based  on  additional  EDs.  The  case  of  the
power flow pointing to  = 45° is utilized for study. Figure
4(a)  shows  that,  as  predicted,  when  A4  and  A5  increase
from  0  to  0.5  A∙m,  the  front-to-back  ratio  increases  from
3.5 to 13.7 (from 10.88 dB to 22.72 dB). Then, we fix the
feeding amplitude of the two additional EDs to 0.3 A∙m and
calculate  the  radiation  patterns  of  the  quintuple  ED model
under different feeding amplitude configurations according
to  (11),  as  shown  in Figure  4(b).  It  can  be  seen  that  the

power  flow  direction  could  be  arbitrarily  regulated  in  the
azimuthal  plane  with  a  good  front-to-back  ratio,  and  the
pattern consistency  in  different  quadrants  is  highly  im-
proved compared with those in Figure 3(a) and (d). There-
fore, the  quintuple  ED  model  highly  improves  the  perfor-
mance of the triple model and is undoubtedly more suitable
for the practical application of the reconfigurable source.
 2. Preliminary design in PPW
After discussing  the  working  mechanism  of  the  reconfig-
urable source in free space, we design a practical reconfig-
urable source in the PPW scenario for verification. This de-
sign  is  not  only  a  preliminary  structural  realization  of  the
ideal reconfigurable source but also a preparation for the in-
tegration of  RF frontend controlling circuits  and the radia-
tion  source  because  the  metal  planes  in  PPW can  serve  as
the shielding ground between the complex circuits and radi-
ators  to  avoid  serious  interference.  The  configurations  of
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Figure 4  The normalized far-field electric field of the quintuple ED model in the azimuth plane when (a) A4 and A5 vary under a fixed scanning angle and
(b) different feeding amplitudes are applied for the unidirectional working mode.
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the two designed reconfigurable sources in the PPW, which
are constructed by three and five electric  feeding elements
(EFEs)  for  comparison,  are  shown  in Figure  5(a)  and  (b).
The EFEs are cylindrical monopoles, which can be equiva-
lent to electric dipoles [31]. The PPW is constructed by up-
per and bottom perfect electric conductor (PEC) disks. The
side face surrounding the PPW is set as the radiation bound-
ary  for  conveniently  observing  the  power  flow  regulation

±x ±y

behavior. For the quintuple EFE model, one EFE is placed
in the center of the PPW, while the other four EFEs are lo-
cated at the  and  axes, with a distance of 5 mm to the
central EFE. The five EFEs are fed with coaxial waveports
for  numerical  study.  The  constructive  parameters  in  this
model  are  shown  in Table  1.  For  the  triple  EFE  model,
compared with the quintuple model, although two EFEs are
removed, the other configuration is the same.
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Figure 5  The design of the proposed reconfigurable source in the PPW. (a) Triple EFEs model; (b) Quintuple EFEs model.
 

  
Table 1  Physical dimensions of the EFEs in the PPW (unit: mm)

R r H d h

50 5 10.16 1.24 6
 
 

AEn φEn n
n ej∆c ej∆s

The simulated reflection coefficients of the three EFEs
and five EFEs in the PPW are shown in Figure 6(a) and (b).
Because the EFEs are not perfectly matched, equations (5)
and  (8)  should  be  modified  as  equations  (9)  and  (10),  in
which  and  (  = 1 to 5) are the amplitudes and phas-
es of the th EFE, αc = |αc|  and αs = |αs|  are the modi-
fication factors  of  the feeding amplitudes and phases,  con-
sidering the difference between the practical feeding struc-
tures in the PPW and the ideal dipoles in free space and the
reflection of  the  ports.  Note  that  in  the  PPW scenario,  be-
cause the power is constrained between two PEC surfaces,
the  term  sin(θ)  in  the  electric  field  of  the  EFEs  is  set  to
sin(90°)  in  (9)  and  (10).  Since  the  two  equations  have  the
same forms as (5) and (8), the power flow regulation in the
PPW follows the same rule proposed in Section II.1.

In  the PPW scenario,  to  ensure that  the electric  fields
radiated by  the  EFEs  have  a  good  amplitude  balance,  tak-
ing the triple EFEs model as an example, the condition that
is similar to (6) should be satisfied, which is
 

|αc|AE1 =

√
|αsAE2|2+ |αsAE3|2 (12)

To achieve the above condition, the incident powers of
the  three  waveports  should  be  set  to  satisfy  the  following
equation:
 

PE1

(
1− |RE1|2

)
= PE2

(
1− |RE2|2

)
+PE3

(
1− |RE3|2

)
(13)

PEn REnin which  and  are the magnitude of the incident pow-

er and the reflection coefficient at the three waveports.
In  addition  to  the  amplitude  balance  consideration,  it

should be noted that the phase shifts on the EFEs, which are
introduced  by  the  practical  feeding  structures,  should  be
considered. They can be obtained by comparing the electric
field distributions generated by the EFEs with those gener-
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Figure 6  Simulated  reflection  coefficients  for  EFEs  in  the  (a)  triple  and
(b) quintuple ED models.
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∆c ∆s

∆c ∆s

φ′E1 = φE1+∆c φ′Ei =

φEi+∆s (i = 2 to 5)

ated  by  the  ideal  dipoles.  Here,  we  take  the  unidirectional
mode working in the first  quadrant as an example.  For the
triple  EFE model,  it  is  found  that  the  central  EFE and  the
surrounding EFEs bring phase shifts of  = −5° and  = 70°,
while for the quintuple EFE model,  = −30° and  = −85°.
Therefore, the actual phase of the signals fed into the PPW
by  the  EFE  and  MFEs  should  be  and 

.
According to (13) and the extracted phase shifts intro-

ϕ ϕ
ϕ

duced  by  the  practical  EFEs,  several  combinations  of  the
amplitudes of the EFEs are configured to validate the work-
ing  performance.  For  the  unidirectional  mode  of  the  triple
EFE  model,  the  regulation  of  the  power  flow  in  the  first
quadrant is shown in Figure 7(a). Due to the asymmetric ar-
rangement of the EFEs, when PE2 or PE3 = 0, the radiation
pattern does not exactly point to  = 90° or  = 0°. More-
over, when the radiation pattern points to  = 45°, the front-
to-back ratio decreases to ~8 dB.
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Figure 7  The normalized radiation patterns of (a) the triple EFE model in the first quadrant under the unidirectional mode and the quintuple EFE Model
(b) in the first quadrant under the unidirectional mode, (c) in the four quadrants under the unidirectional mode, and (d) in the four quadrants under the bidi-
rectional mode.
 

In contrast, the unidirectional radiation patterns of the
quintuple  EFE  model  in  the  same  quadrant  are  shown  in
Figure  7(b).  The  symmetry  of  the  patterns  is  significantly
improved,  and  the  front-to-back  ratio  in  all  states  is  larger
than 13 dB, which validates the effectiveness of the two ad-
ditional EFEs. It should be mentioned that the feeding am-
plitude of the two additional EFEs is set to 0 in the quintu-
ple  EFE  model.  Different  from  directly  feeding  the  two
EFEs  with  a  small  amplitude  as  that  in  the  ideal  cases  in
Figure 4, here, the scattering of the practical structure of the
two additional  EFEs  can  equivalently  serve  as  two  radia-

tion sources with a small feeding amplitude to compensate
for  the  backward  radiation  and  increase  the  directivity.  In
the above design, two switches can be introduced to select
the combination of waveport 2 / waveport 4 and waveport 3 /
waveport  5  to  achieve  power  flow  regulation  in  the  four
quadrants.  Therefore,  for  this  design,  in  each  working
mode, only three methods of amplitude controlling circuits
and two switches are required to realize the arbitrary regu-
lation of power flow in the horizonal plane, which can max-
imally lower the design complexity and cost. Finally, we al-
so  presented  the  regulation  performance  of  the  quintuple
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EFE model  in  the  four  quadrants  under  both  the  unidirec-
tional and bidirectional modes, as shown in Figure 7(c) and
Figure  7(d),  where  good  radiation  pattern  consistency  and
symmetry are realized, and the radiation nulls are all 10 dB
smaller than the peak realized gain. Note that to further en-
hance  the  directivity,  the  above  quintuple  EFE  model  can
be employed as a subarray to extend the scale of the anten-
na array.

 III. Azimuthal  Beam  Steering  System  Based  on  a
Reconfigurable Source

Based on the working mechanism and the practical feeding
elements introduced in the previous section, we develop an
azimuthal beam steering  system to  demonstrate  the  practi-
cal  application  of  the  reconfigurable  source,  as  shown  in
Figure  8.  The  system  is  composed  of  a  circular  patch,  a
ground plane, five EFEs, and RF front-end circuits. The cir-
cular patch is printed on the upper face of an FR4 substrate,
which  has  a  relative  dielectric  constant εr = 4.4,  loss  tan-
gent tan δ = 0.02, and thickness of 1 mm. The ground plane
is made of a copper plate with a thickness of 1 mm. The cir-

cular patch and ground plane form a PPW with a thickness
of 8 mm, and the power from the reconfigurable source will
propagate to the edge of  this  PPW and radiate through the
aperture  between  the  patch  and  ground  plane.  We  notice
that the impedance matching of the central EFE would dete-
riorate to above −6 dB when it is surrounded by four simi-
lar  EFEs,  as  shown  in Figure  6(b).  Therefore,  we  propose
the structure  of  the  EFEs as  shown in Figure  8(d)  and (e),
where the  central  EFE  adopts  the  planar  inverted  trape-
zoidal structure,  and  the  surrounding  EFEs  employ  the  el-
lipse  strip  loaded  monopole  to  obtain  a  good  impedance
matching  performance  within  the  same  frequency  range.
From Figure  8(f),  we  can  see  that  the  current  on  the  EFE
has an even-symmetry distribution and dominant  ±z-direc-
tion components, which is similar to that of the monopole.
In addition, Figure 8(g) shows its electric field distribution
in the  PPW,  which  is  the  typical  omnidirectional  distribu-
tion radiated by the monopole. Therefore, the ellipse strip is
similar to the monopole antenna and can be further equiva-
lent to the electric dipole analyzed in the theory section. All
feeding  elements  are  printed  on  Rogers 4350 substrates
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Figure 8  The configuration of the proposed azimuthal plane beam steering system. (a) The 3-D view of the overall system; (b) The 3-D view of the five
EFEs; (c) The top view of the five EFEs; (d) The structure of EFE1; (e) The structure of EFE2 – EFE5; (f) The radiated electric field distribution of EFE3
in the xoy plane; (g) The current distribution of EFE3; (h) Scheme of the beam steering system.
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with a relative dielectric constant εr = 3.66, loss tangent tan
δ = 0.004 and thickness of  0.762 mm. The optimized con-
struction parameters shown in Figure 8 are listed in Table 2.
 
 

Table 2  Physical dimension of the azimuthal beam steering system (unit:
mm)

R1 R2 h1 h2 L1 L2 L3 L4 c1

50 180 3.1 1 5.7 10 6.8 10 4.6

d1 c2 d2 W1 W2 W3 s g T

2 3.99 1.1 3.8 5 1 1.27 0.365 3.18
 
 

To  realize  the  desired  amplitudes  and  phases  at  the
feeding  ports,  the  RF  front-end  circuit  with  the  scheme
shown in Figure 8(h) is designed. The RF signal is first di-
vided by a one-to-three power divider, and then the signals’
amplitudes are tuned, and their phase shifts selected. Final-
ly, by  employing  two  switches,  they  are  fed  into  the  de-
sired feeding elements. For convenient regulation, all states
of the amplitude-phase controlling circuits are digitally ma-
nipulated by a microprogrammed control unit (MCU). Note
that the phase switching components in this design are only
employed to switch the unidirectional and directional work-
ing modes of the system, while the beam steering function-

ality is achieved only by the amplitude controlling compo-
nents. In this system, only two states of the phase shifts are
required  for  the  working  mode  switching,  which  can  be
achieved by one low-cost switch and two delay lines.  This
is distinct  from  the  high-cost  phased  array,  where  numer-
ous phase  shift  statuses  are  required to  realize  beam steer-
ing.

A  prototype  of  the  azimuthal  beam  steering  system
was fabricated, assembled, and measured. The radiator and
feeding elements are shown in Figure 9(a). First, the reflec-
tion coefficients of each EFE were measured separately by
using  an  Agilent  Technologies  E5071C  network  analyzer.
The simulated and measured reflection coefficients of each
EFE as functions of the source frequency are shown in Fig-
ure 10. The simulation results agree very well with the mea-
sured  results.  The  overlapped  −10  dB  bandwidth  ranges
from 9.5 to 10.3 GHz. At the resonant frequency, i.e.,  ~10
GHz, the reflection coefficients of all feeding elements are
below  −14.6  dB.  Because  the  reflection  coefficients  are
small, the relationship of  feeding powers between the cen-
tral  EFE and two selected surrounding EFEs, i.e.,  (13) can
be approximately simplified as
 

PE1 = PEi+PE j (14)

 

(a)

(c)

(b)

 

Figure 9  Fabricated azimuthal  beam steering system. (a)  3-D isometric  view before and after  assembly;  (b)  Antenna under test  (AUT) in the anechoic
chamber; (c) Fabricated RF frontend circuits.
 

i j i jwhere  &  = 2 to 4 indicate the th and th EFE. Based on
the  above  measurement  results  and  previous  theoretical
analysis, we first configured the ideal amplitudes and phas-
es  of  the  feeding  elements  in  the  simulation  to  obtain  the

optimum beam steering performance to  provide a  configu-
ration reference for the RF front-end circuit. The combina-
tions of different amplitudes of feeding elements are listed
in Table 3 and indicated as “ideal”, and the corresponding
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radiation  patterns  under  unidirectional  and  bidirectional
modes are shown in Figure 11, which are indicated as “ide-
al simulation”.

The fabricated RF frontend circuits are shown in Figure
9(c).  According  to  the  requirements  listed  in Table  3,  we
adjusted  the  utilized  TGP2109-SM  tunable  phase  shifter
and  CMD282C3  tunable  attenuator  to  provide  the  closest
phases and amplitudes in the three subcircuits. These chips
are controlled by the STM32F103 MCU, and the scanning
angle  and  working  mode  can  be  switched  by  the  matrix
keyboard.  Note  that  the  practical  phases  realized  by  the
phase  shifter  are  different  from  the  ideal  phase,  but  the
phase  difference  between  the  elements  is  configured  as
close as possible to the ideal phase. We emphasize that the
employment  of  phase  shifters  is  only  for  the  purpose  of
working  mode  switching.  All  the  phases  are  fixed  in  each
working  mode,  and  they  have  no  contribution  to  beam
steering.

The  practical  amplitude  combinations  are  shown  in
Table  3,  and  their  corresponding  simulation  and  measured
radiation patterns when we look the 3-D patterns toward the
−z direction at 10.3 GHz are shown in Figure 11. A total of
7  unidirectional  states  and  3  bidirectional  states,  covering
the whole  azimuthal  plane  and  scanning  with  a  45°  incre-
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Figure 10  Simulated and reflection coefficients of the five EFEs.
 

  

Table 3  Combination of different amplitudes of feeding elements

Working mode Case
— EFE1 EFE2 EFE3 EFE4 EFE5

Peak realized gain (dBi) Quadrants ϕ
— PE1 PE2 PE3 PE4 PE5

Unidirectional mode

(a)
Ideal 2 W 0 W 1 W 1 W 0 W 8.28

2 135°
Practical 1.77 W 0 W 1 W 1 W 0 W Sim.: 8.15, Meas.: ~7.7

(b)
Ideal 2 W 0 W 0 W 1 W 1 W

Same with Case (a) 3 225°
Practical 1.77 W 0 W 0 W 1 W 1 W

(c)
Ideal 2 W 1 W 0 W 0 W 1 W

Same with Case (a) 4 315°
Practical 1.77 W 1 W 0 W 0 W 1 W

(d)
Ideal 2 W 1 W 1 W 0 W 0 W

Same with Case (a) 1 45°
Practical 1.77 W 1 W 1 W 0 W 0 W

(e)
Ideal 1 W 1 W 0 W 0 W 0 W 6.71

1 0°
Practical 1 W 1 W 0 W 0 W 0W Sim.: 6.2, Meas.: ~5.4

(f)
Ideal 2 W 1 W 1W 0W 0W

Same with Case (a) 1 45°
Practical 1.77 W 1 W 1W 0W 0W

(g)
Ideal 1 W 0 W 1W 0W 0W

Same with Case (e) 1 90°
Practical 1 W 0 W 1W 0W 0W

The ideal fixed phase: for EFE1 is 70º, and for EFE2-4 is 0º
The practical realized fixed phase: for EFE1 is 102º, and for EFE2-4 is ~56º

Bidirectional mode

(h)
Ideal 1 W 1 W 0 W 0 W 0W 5.52

1&3 0°&180°
Practical 1 W 1 W 0 W 0W 0W Sim.: 5.28, Meas.: ~6.8

(i)
Ideal 2 W 1 W 1 W 0W 0W 4.49

1&3 45°&225°
Practical 1.77 W 1 W 1 W 0W 0W Sim.: 5.66, Meas.: ~6.1

(j)
Ideal 1 W 0 W 1W 0W 0W

Same with case (h) 1&3 90°&270°
Practical 1 W 0 W 1W 0W 0W

The ideal fixed phase: for EFE1 is 210°, and for EFE2-4 is 0°
The practical realized fixed phase: for EFE1 is −114°, and for EFE2-4 is ~56°
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mental angle in the first quadrant, are presented. In the mea-
sured results,  it  can  be  seen  that  due  to  the  difference  be-
tween the  practical  configurations  and  the  ideal  configura-
tions,  for  the  unidirectional  mode,  the  front-to-back  ratio
decreases. For the bidirectional mode, the magnitude of the
power radiated toward the two opposite directions would be
unequal. From the comparison between the “Practical simu-
lation” and “Measurement” in Figure 11, the measured re-
sults  agree  well  with  the  simulated  results,  which  verifies
that the discrepancy in the radiation patterns indeed results
from the error in the feeding configuration.

In  addition  to  the  normalized  radiation  patterns,  the
passive peak realized gain is  calculated by considering the
different input powers under different states and is shown in
Table 3. The measured peak realized gains are smaller than
the simulated ones in the different cases under the unidirec-
tional mode, which is due to the additional loss in the proto-
type. However, they become larger than the simulated ones
in the different cases under the bidirectional mode, which is
mainly because  the  radiation  magnitudes  in  the  two  oppo-
site directions are not equal in the measurement, i.e., the ra-
diation magnitude is enhanced in one direction but decreas-
es  in  the other  direction.  Although there are  discrepancies,
the maximum difference in the peak realized gain in differ-
ent  cases  is  within  1.6  dB. Figure  12 further  shows the  E-
plane cross-polarization  and  copolarization  radiation  pat-
terns at 10.3 GHz under the unidirectional and bidirectional
modes. The  measured  copolarized  radiation  in  both  work-
ing  modes  is  at  least  13  dB and  14  dB stronger  than  their
cross-polarized counterparts,  respectively.  Due  to  fabrica-
tion,  assembly  and measurement  errors,  the  pointing  angle
of the measured beam has a minor shift compared with the
simulated beam.

Although  the  above  measured  radiation  patterns  are
imperfect, the results can validate our proposed method for
the azimuthal steering of power flow. In the future version
of the system, to realize scanning angles with a higher reso-
lution,  the  amplitudes  controlling  chips  with  larger  bits

(smaller amplitude step adjustment) should be utilized.
In  addition,  we  also  studied  the  frequency-dependent

performance of this system. We take case (f) shown in Fig-
ure 11 as an example. The ideal and measured radiation pat-
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Figure 11  Simulated (with ideal and practical feeding amplitudes and phases) and measured radiation patterns of the proposed system operating under dif-
ferent unidirectional and bidirectional modes at 10.3 GHz. The cases correspond to those listed in Table 3.
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Figure 12  Cross-polarization and gain results of the proposed system op-
erating under (a) unidirectional and (b) bidirectional modes at 10.3 GHz.
 

Low-Cost Beam Steering that Covers the Entire Azimuthal Plane Powered by Amplitude-Only Synthesis of... 0030202-11  



EL
EC

TR
O
M
A
G
N
ET

IC
 S

C
IE

N
C
E

terns  at  three  frequency  points  (9.8,  10.2  and  10.6  GHz)
within the −10 dB impedance matching frequency range are
shown in Figure 13. It can be seen that with increasing fre-
quency, the radiation patterns of the system configured with
ideal feeding amplitudes and phases demonstrate good con-
sistency, while the measured ones have larger variations in
the front-to-back ratio. Again, the system is configured with
practical  amplitudes and phases,  and the simulation results
shown  in Figure  13 agree  well  with  the  measured  results,
i.e.,  we  can  observe  similar  deterioration  of  the  front-to-
back  ratio  at  lower  frequencies.  This  comparison  indicates
that  the  reconfigurable  source  itself  has  a  good frequency-
independent  performance  within  its  impedance  matching
frequency range.  However,  the  frequency-dependent  char-
acteristic of  the  feeding  circuit  would  worsen  its  perfor-
mance.
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Figure 13  The (a)  ideal  simulation,  (b)  practical  simulation and (c)  mea-
sured radiation patterns of the proposed system operating at 9.8, 10.2 and
10.6 GHz.
 

From  the  above  results  and  discussion,  the  azimuthal
beam steering system can be well realized by applying our
proposed reconfigurable source. Its two working modes can
introduce  unidirectional  and  bidirectional  beam  steering
performance,  which  will  have  many  potential  applications
in multiobject communication, tracking and monitoring sce-
narios.  Here,  we  also  demonstrate  that  the  radiator  in  this
system can  be  replaced  by  other  antennas,  lenses,  and  cir-
cuits, thus extending the application of the proposed recon-
figurable  source  to  many  other  advanced  wireless  trans-
ceivers and multifunctional circuits.

 IV. Conclusion
A reconfigurable quintuple source that can arbitrarily regu-
late power flow by the amplitude-only synthesis method in
the entire  azimuthal  plane was developed in  this  paper.  Its
working mechanism and two working modes, i.e., unidirec-
tional  and  bidirectional  modes,  were  analytically  analyzed
and validated. Then, practical structures of the source were
designed in  the  PPW  scenario  and  finally  practically  inte-
grated in  an  azimuthal  beam  steering  system.  The  proto-
type of  the  system  was  experimentally  realized  and  mea-

sured,  and  good  consistency  of  the  S-parameters,  working
modes and  beam  steering  performance  was  obtained  be-
tween the  measurement  and  simulation.  This  new  tech-
nique paves  the  way  for  simple,  compact,  low-cost  ap-
proaches for azimuthal beam steering systems.
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