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Abstract—In this paper, a novel method is presented to synthe-
size multi-beam circularly polarized (CP) patterns with sidelobe
level (SLL) and cross-polarization level (XPL) suppression for
planar dipole arrays by optimizing both element rotations and
excitation phases. Multiple sets of excitation phases are adopted
as optimization variables other than the determined values
according to the rotation angles in the conventional sequentially
rotated technique (SRT) and the random sequentially rotated
technique (RSRT), so as to improve the performance of the
obtained CP multi-beam patterns. This releases many more
degrees of synthesis freedom but leads to a new problem of
demanding excessive computation resources for a planar rotated
dipole array with multiple CP patterns. Then, a two-step rotation
and phase optimization strategy is proposed to effectively solve
this optimization problem. In its initial step, the common element
rotations and approximated excitation phases composed of the
common phase parts plus the beam focusing phase parts are
found for multiple desired CP patterns with different beam
directions. And then, a refining step is performed to refine the
excitation phases individually for each CP beam for improved
pattern performance. Four representative examples of synthesiz-
ing multi-beam patterns with both SLL and XPL suppression
are provided to verify the effectiveness of the proposed method.
Comparisons with the conventional SRT and RSRT are also
provided to show the superiority of the proposed method.

Index Terms—Circularly polarized multi-beam patterns, el-
ement rotation and phase optimization, two-step optimization
strategy, planar rotated dipole array.

I. INTRODUCTION

ANTENNA arrays radiating circular polarization (CP)
beam patterns have been widely used in many ap-

plications such as satellite communications [1], [2], glob-
al positioning systems [3], [4], and some high-performance
radars [5], [6], since the systems working in the CP wave
propagation mode can reduce possible multi-path interferences
[7], polarization mismatch [8] as well as the Faraday rotation
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effect when propagating through the ionospheric layer [9].
One popular way of generating CP beam radiation is using an
array with circularly polarized antenna elements which are fed
by either a single or multiple feeding points [10]–[14]. Many
sophisticated designs have been presented to improve the CP
antenna array performance in terms of the axial ratio (AR),
impedance bandwith, antenna gain, sidelobe level, etc. Despite
their success, the single-feed CP element generally suffers
from relatively narrower AR bandwidth [10]–[12] whereas
the multi-feed CP element requires a more complex feeding
structure with additional power loss [13], [14].

As is known, an alternative way of generating CP beam ra-
diation is using an array of rotated linearly polarized elements
with appropriate excitation phases [15]–[32]. This concept
was first presented by Huang in [26] where an array with
2 × 2 linearly polarized microstrip antennas with element
rotations and feeding phases arranged in a [0, π/2, π, 3π/2]
fashion is constructed to obtain a relatively wide AR band-
width. This technique was lately called sequential rotation
technique (SRT), and it has been widely extended to the arrays
with different elements arranged in circular or even spiral
geometries [27]–[30]. In the SRT, the elements are rotated
sequentially according to their element positions, and the ex-
citation phases are usually chosen to equal the corresponding
rotation angels or the opposite values of rotations for obtaining
either left- or right-band CP radiation. It is shown that the
planar array configured by using the traditional SRT may have
high sidelobe level (SLL) and unacceptable cross-polarization
level (XPL) in its diagonal planes (D-plane, i.e, φ = 45◦ and
45◦ pattern cuts for an array aligned in xoy-plane) especially
when the beam is steered from the broadside direction. To
overcome this problem, a random sequential rotation technique
(RSRT) was presented in [31] where all the linearly polarized
elements in the array are rotated with random angles within
[0, 2π], and the best result over different layouts of random
rotations is chosen as the final one. The RSRT could effectively
avoid the presence of high sidelobe level in the D-plane. In
[32], a gradient-based optimization method was introduced
to optimize the element rotations for the array including
mutual coupling. However, in both [31] and [32], only one
CP beam pointing at a fixed direction is considered, which
means that the selected distribution of element rotations may
be not good enough when the beam direction is changed to
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another angle. In addition, the excitation phases in [31] and
[32] are directly determined according to the rotation angles
and the required phase compensation for the given beam di-
rection, and consequently they would not be the optimal. More
recently, a constructed analytical phasing (CAP) technique
was presented in [33] to efficiently calculate the excitation
phases for maximizing the beam gain for a given rotated
element distribution and beam pointing direction (the rotation
angles are prefixed), but this technique lacks SLL and cross-
polarization level control. Besides, some techniques utilize the
element rotations to improve SLL or the mainlobe shaping
performance but for linearly polarized array patterns [34]–[37].
Besides, related research also includes the application of SRT
and RSRT to transmit arrays or metasurface lens for beam
focusing or improved XPL in high-gain applications [38]–
[40]. However, to the best of our knowledge, no technique
for synthesizing CP multi-beam patterns with accurate control
of both SLL and XPL by using rotated linearly polarized
elements has been reported in the literature.

In this work, we present a novel strategy to obtain the best
common element rotations with optimized excitation phases
for planar rotated dipole arrays to synthesize multi-beam CP
patterns pointing at different directions while controlling both
SLL and XPL of each beam pattern. In addition to the common
element rotations, the excitation phases for each of CP patterns
are also adopted as the optimization variables other than
the determined values calculated according to the rotation
angles and the required beam pointing direction. This releases
many more degrees of synthesis freedom, thus providing the
possibility to improve the multiple CP pattern performance.
However, this leads to a new problem of demanding excessive
computation resources as now there are too many optimization
variables for planar arrays with multiple CP beams. To tackle
this issue, a two-step rotation and phase optimization strategy
is presented. In the first step, the required excitation phase for
each CP pattern is approximated as a common phase part plus
a prefixed beam focusing phase term, and thus the best com-
mon element rotations and common phase parts can be found
by solving a multi-beam CP pattern optimization problem
which minimizes the difference between the synthesized and
desired SLLs, XPLs, as well as the beam pointing deviation.
Second, a refining step is performed which re-optimize the
additional phase parts individually for each CP beam pattern
for the given common element rotations obtained at the first
step. In this way, the number of optimization variables in each
optimization is significantly reduced.

The proposed two-step optimization strategy explores the
rotations and multiple sets of excitation phases for multiple
CP patterns as the synthesis freedoms meanwhile maintain-
ing an acceptable computational cost. Several examples of
synthesizing single and multiple scanned CP beam patterns
for planar rotated dipole arrays with different apertures are
provided to validate the effectiveness and advantages of the
proposed method. Synthesis results show that the proposed
two-step rotation and phase optimization strategy can achieve
satisfactory multi-beam CP patterns with much better overall
SLL and XPL performance than those achieved by the SRT
and RSRT.

z x

y

y'

x'
nz'



Fig. 1: Configuration of a 3× 3 planar array with rotated dipole antennas.

II. FORMULATION AND ALGORITHM

A. Planar Rotated Dipole Array with Multi-beam CP patterns

Consider a planar array with N rotated dipole antennas
located at rn = [xn, yn] for n = 1, 2, · · · , N . As an
illustration, Fig. 1 shows a 3× 3 element-rotated planar patch
array. Suppose the rotation angle for the n element is denoted
as ξn ∈ [0, 2π] that is measured in counterclockwise way from
the x′-axis of the local coordinate system (it is parallel with
the x-axis of the global coordinate system as shown in Fig. 1).
Assuming that the mutual coupling is ignored, we can write
the vectorial pattern for the nth dipole element in the following
[35]:

En,θ (θ, φ; ξn) =
cos θ cos (φ− ξn) cos

(
π
2 sin θ cos (φ− ξn)

)
1− sin2θcos2 (φ− ξn)

(1)

En,φ (θ, φ; ξn) =
− sin (φ− ξn) cos

(
π
2 sin θ cos (φ− ξn)

)
1− sin2θcos2 (φ− ξn)

(2)
where φ is measured from the x-axis in azimuth plane and θ
is measured from the z-axis.

Assume that the rotated dipole array generates M beam
patterns scanned at different directions, and those patterns
share the same element rotations but with different sets of
excitation phases. The θ̂- and φ̂- polarized components of the
mth scanned pattern can be written as:

F
(m)
θ (θ, φ) =

N∑
n=1

En,θ (θ, φ; ξn) ej(βrnu
T (θ,φ)+ϕ(m)

n ) (3)

F
(m)
φ (θ, φ) =

N∑
n=1

En,ϕ (θ, φ; ξn) ej(βrnu
T (θ,φ)+ϕ(m)

n ) (4)

where j =
√
−1, u(θ, φ) = [sin θ cosφ, sin θ sinφ], β =

2π/λ is the wavenumber in free space, and ϕ
(m)
n is the

excitation phase of the nth element for the m pattern. As
is known, for an arbitrary radiated field in far-field region,
the left-hand (LH) and right-hand (RH) circularly polarized
components can be constructed from its θ̂- and φ̂- polarized
components. Thus, the LHCP and RHCP components of the
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mth array pattern can be obtained as:

F
(m)
LH (θ, φ) =

F
(m)
θ (θ, φ)− jF (m)

φ (θ, φ)

2
(5)

F
(m)
RH (θ, φ) =

F
(m)
θ (θ, φ) + jF

(m)
φ (θ, φ)

2
(6)

By choosing appropriate rotations ξn and excitation phases
ϕ
(m)
n , it is possible to make the antenna array radiate multiple

LHCP (or RHCP) beam patterns while decreasing the RHCP
(or LHCP) components as much as possible.

B. Multi-beam CP Pattern Synthesis Problem Description

The key problem is how to find the best common rota-
tions and multiple sets of phase distributions for radiating
multiple CP beam patterns with desired characteristics while
suppressing the cross-polarization components. For the SRT, a
typical way is dividing the whole antenna array into multiple
2 × 2 subarrays and then set the rotation angles for each
subarray as [0,−π/2,−π,−3π/2] for the RHCP pattern or
[0, π/2, π, 3π/2] for the LHCP pattern. Meanwhile, the exci-
tation phase is set as:

ϕn = ξn − βrnuT (θmax, φmax) (7)

where βrnu
T (θmax, φmax) is the beam focusing phase ter-

m for generating a main beam directing to (θmax, φmax).
However, it has been mentioned that such a configuration
results in a possible high SLL and XPL at the D-plane of
the obtained pattern [26] due to a relatively large spacing
between the subarray in D-plane. Thus, the RSRT presented
in [31] introduces random rotations to all the elements in the
array, and consequently removes the presence of high SLL
and XPL. However, both the SRT and RSRT consider only
synthesizing a single CP beam pattern pointing at a fixed
direction. In addition, both of them adopt fixed excitation
phases that are calculated by the rotation angles plus the
beam focusing phase term and, thus, without any optimization.
When extended to synthesize multiple CP patterns pointing at
different directions, they may have unsatisfactory performance
due to limited degrees of synthesis freedoms.

In this work, we choose to optimize both the rotation angles
and multiple sets of excitation phases for improving the multi-
beam CP pattern performance. Suppose the desired beam
direction of the mth CP beam pattern is (θ

(m)
max, φ

(m)
max), the

excitation phase can be construct as

ϕ(m)
n = η(m)

n − βrnuT (θ(m)
max, φ

(m)
max) (8)

where η(m)
n is independent optimization variable, and it is not

necessarily equal to ξn here. Thus, we choose both ξn and η(m)
n

for n = 1, 2, · · · , N and m = 1, 2, · · · ,M as optimization
variables for the multi-beam CP pattern synthesis problem.

To synthesize the desired multi-beam patterns, a objective
function that penalizes the SLL, XPL, and the peak direction is
constructed here. Assume the desired SLL and XPL for each of
M CP patterns are denoted as ΓSL and ΓX , respectively. The

objective function for this problem can be given as follows:

f =
W1

MB

M∑
m=1

B(m)∑
b(m)=1

1

2

(
X

(m)

b(m) +
∣∣∣X(m)

b(m)

∣∣∣)2
+

W2

MG

M∑
m=1

G∑
g=1

1

2

(
Y (m)
g +

∣∣∣Y (m)
g

∣∣∣)2 +
W3

M

M∑
m=1

(
Z(m)

)2
(9)

where
X

(m)

b(m) =
∣∣∣F (m)
CO

(
θ
(m)

b(m) , φ
(m)

b(m)

)∣∣∣2 − ΓSL (10)

Y (m)
g =

∣∣∣F (m)
X

(
θ(m)
g , φ(m)

g

)∣∣∣2 − ΓX (11)

Z(m) = −
∣∣∣F (m)
CO

(
θ(m)
max, φ

(m)
max

)∣∣∣2+∣∣∣∣∣∣∣F (m)
CO

(
θ
(m)
max + ∆θ, φ

(m)
max

)∣∣∣2 − ∣∣∣F (m)
CO

(
θ
(m)
max −∆θ, φ

(m)
max

)∣∣∣2∣∣∣∣
∆θ

(12)
In the above, F (m)

CO denotes the desired co-polarization (COP)
of the mth beam pattern which can be either LHCP or RHCP,
depending on the application, and F

(m)
X denotes the cross-

polarization (XP) component of the mth pattern. (θ
(m)

b(m) , φ
(m)

b(m))

for b(m) = 1, 2, · · · , B(m) are sampling angles in the sidelobe
region of the mth CoP pattern, (θ

(m)
g , φ

(m)
g ) for g = 1, 2, ···,

G are sampling angles in the region of XP pattern for the mth
beam. W1, W2 and W3 are the weighting coefficients that are
used to penalize the differences between the synthesized and
desired results in terms of the SLL, XPL and beam pointing
direction, respectively.

Clearly, minimizing the objective function in (9) is a highly
nonlinear optimization problem. Some stochastic optimization
algorithms with good global searching ability would be ap-
propriate. Here we choose the particle swarm optimization
(PSO) since it is a simple but computationally inexpensive
and effective algorithm. It has been successfully applied to
solve many inverse problems including antenna array synthesis
problems [41], [42]. However, it should be noted that the
proposed multi-beam CP pattern synthesis problem is very
computationally expensive since it involves a large number of
unknowns to be optimized. For a N -element planar rotated
dipole array with M CP beam patterns, we need to optimize
N rotations and N×M excitation phases. For example, for the
case of an 8×8-element array and 15 beam patterns, we have a
total of 1024 variables to be optimized. For a highly nonlinear
problem with such a huge number of unknowns, it is very hard
to be solved if without super-computer source. Hence, we will
present a two-step rotation and phase optimization strategy
which still releases the excitation phases as the additional
degrees of synthesis freedom but keep the problem to be
solvable. The detailed description about this strategy will be
given in the following.

C. The Proposed Two-Step Element Rotation and Phase Op-
timization Strategy

As mentioned above, minimizing the objective function (9)
by directly optimizing all the ξns and η(m)

n s is too computa-
tionally expensive. Instead, we adopt a two-step rotation and
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excitation phase optimization strategy to solve the concerned
problem. This strategy consists of the initial optimization step
and the refining optimization step which are described as
follows.

1) The initial optimization step: For the initial optimization,
we assume that the excitation phase of each element for
different patterns is approximated as a common phase part plus
the beam focusing phase part. That is, the excitation phase is
approximated as

ϕ(m)
n ≈ ηapprox

n − βrnuT (θ(m)
max, φ

(m)
max) (13)

Note that although the ηapprox
n is the same for different patterns,

it is not equal to the rotation angle ξn. Instead, we use both
ξn and ηapprox

n as optimization variables when minimizing the
cost function given in (9). Thus, the number of optimization
variables in this initial step is 2N which is much smaller than
the one by directly optimizing all the ξns and η(m)

n s. However,
it should be noted that the proposed initial optimization can
obtain much better accuracy performance than the one by
simply setting ϕn = ξn−βrnuT (θ

(m)
max, φ

(m)
max) like in the SRT

and RSRT to deal with the multi-beam CP pattern synthesis
problem.

2) The refining optimization step: Once the optimal ro-
tations along with the approximated excitation phases are
obtained in the initial step, we can refine the excitation phases
for each CP beam pattern for the optimized element rotation
distribution. In this situation, the excitation phases can be
written as:

ϕ(m)
n = δ(m)

n + ηapprox
n − βrnuT (θ(m)

max, φ
(m)
max) (14)

where δ(m)
n is the additional refining phase term for improving

each CP beam performance. In this step, we perform the
minimization of the objective function (9) again, but only
takes δ(m)

n for n = 1, · · · , N as the optimization variables
for each of beam pattern. That is, in this step, the M beams
with different beam directions are synthesized individually.
Thus, a total number of M times of optimizations (each
with N optimization variables) are performed to refine the
M × N excitation phases which can effectively improve the
performance of M beam patterns.

The proposed two-step rotation and phase optimization
strategy transforms the original optimization problem with a
huge number of unknowns as solving multiple sub-problems,
each has much smaller number of unknowns. Nevertheless,
the two-step optimization strategy still releases the excitation
phases along with the rotations as the synthesis freedoms to
improve the multi-beam CP pattern performance.

D. The Proposed Synthesis Procedure

The whole procedure based on the proposed two-step ro-
tation and phase optimization strategy for synthesizing multi-
beam CP patterns for a planar rotated dipole array is summa-
rized in Algorithm I. In this procedure, the common element
rotation angles ξn ∈ [0, 2π] as well as the approximated
common phases ηapprox

n ∈ [0, 2π] for n = 1, · · · , N are found
in Step 4, while those excitation phases are further refined
in Step 5 and 6 for each beam pattern. The PSO is chosen

Algorithm 1 The Proposed Two-Step Element Rotation and
Phase Optimization for Synthesizing Planar Rotated Dipole
Array with CP Multi-beam Patterns
1: Initialize the array configuration, including the element count N , beam

numbers M , and beam direction (θ
(m)
max, φ

(m)
max) for m = 1, · · · ,M , and

set the desired maximum SLL ΓSL and XPL ΓX ;
2: Set the sidelobe region for the mth beam as {(U, V ); |(U − U(m)

max)2 +

(V − V (m)
max )2 ≥ (R

(m)
SL )2}, where U = sin θ cosφ, V = sin θ sinφ,

U
(m)
max = sin θ

(m)
max cosφ

(m)
max and V

(m)
max = sin θ

(m)
max sinφ

(m)
max is peak

direction of the mth beam, R(m)
SL is the radius of the mainlobe region of

the mth beam in UV plane.
3: Set the parameters for the PSO algorithm such as the maximum iteration
Miter , population size Np, problem dimension D, as well as weighting
factors W1, W2 and W3;

4: In the initial optimization step, for the M beams, find the optimal common
element rotation angle ξn ∈ [0, 2π] and the approximated common phase
η

approx
n ∈ [0, 2π] for n = 1, · · · , N by minimizing the cost function (9)

using the PSO algorithm;
5: With the rotation angles obtained in the initial step, M times of refining

optimization are performed. For each optimization, the mth beam is
synthesized by optimizing the refining phase term δ

(m)
n ∈ [0, 2π] for

n = 1, · · · , N by minimizing the cost function (9) using the PSO
algorithm;

6: Calculate the optimal phase ϕ(m)
n for each beam by using (14);

7: The optimal multi-beam patterns with desired SLLs and XPLs can be
obtained with the common rotation angles optimized in step 4 and
excitation phases calculated in step 6.

to accomplish all the optimizations in this procedure for its
simplicity and effectiveness, although some other stochastic
algorithms may be also applicable.

III. NUMERICAL RESULTS

In this section, to verify the performance and effective-
ness of the proposed strategy, four numerical examples of
synthesizing CP multi-beam scanning planar arrays with re-
duced SLLs and suppressed XPLs are presented. The first
two examples are synthesizing a steered beam pattern and a
two dimensional (2D) multi-beam scanning patterns, respec-
tively, both for the 8 × 8 dipole array. The third example
is synthesizing one dimensional (1D) multi-beam scanning
patterns for arrays with different sizes. The last example is
synthesizing multi-beam scanning patterns for an array with
rotated printed dipole antennas considering practical feeding
and metal ground. The obtained rotated printed dipole array
is fabricated and measured. Note that, in all of the examples,
the maximum number of generations is set as Miter = 3000
for the PSO, and the LHCP is considered as the COP whereas
the RHCP is considered as the XP. However, the proposed
method is also applicable if the RHCP is considered as the
COP. Besides, all the synthesis examples are executed on the
same work station with Inter(R) Xeon(R) CPU E5-2697 v4
@2.30 GHz.

A. Synthesizing a 8× 8 Rotated Dipole Array with a Steered
CP Pattern

In the first example, we consider synthesizing a planar
rotated dipole array with a single scanned CP pattern that
is a special case of multi-beam CP patterns (i.e., M = 1).
Suppose the array is comprised of 8 × 8 half-wave dipoles
with a uniform spacing of 0.5λ in both x̂ and ŷ directions.
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Fig. 2: The rotation angles and excitation phases for the 8 × 8 planar dipole array.
(a) rotation angles and (b) phase distribution obtained by SRT, (c) rotation angles and
(d) phase distribution obtained by RSRT, (e) rotation angles and (f) phase distribution
obtained by the proposed method.

The desired pattern has a LHCP beam that is pointing at the
direction of (θmax = 25◦, φmax = 45◦) in the D-plane. If
the conventional SRT is applied to synthesize this scanned
CP beam pattern, one typical choice for the rotated dipole
geometry is shown in Fig. 2(a) where 16 subarrays are used,
each with 2 × 2 dipoles sequentially rotated with an interval
of π/2. The excitation phase is set as the corresponding
dipole’s rotation angle plus the beam focusing phase given
in (7), as plotted in Fig 2(b). The corresponding COP (LHCP)
and XP (RHCP) patterns are shown in Fig. 3(a) and (b),
respectively. As can be seen, the COP pattern has a high
sidelobe that is actually a grating lobe attributed to the large
spacing of subarrays, and the XP pattern also has a high level
in the D-plane as expected. The maximum SLL and XPL are
−6.47 dB and −4.38 dB, respectively. The RSRT presented
in [31] can reduce the high SLL and XPL in the D-plane.
We run 200 times of implementations for the random element
rotations, and the best result of rotation and excitation phase
distributions that gives the lowest SLL and XPL are shown
in Fig. 2(c) and (d). Note that the excitation phase is not
optimized but calculated according to (7) in the RSRT. The
corresponding COP and XP patterns are given in Fig. 3(c)
and (d), respectively. The obtained best SLL and XPL over
200 times of runs by the RSRT are −12.52 dB and −10.61
dB, respectively.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3: Top views of the COP and XP patterns obtained by the SRT, the RSRT, and the
proposed method in Example A. (a) and (b) show the COP and XP patterns by the SRT,
(c) and (d) show the COP and XP patterns by the RSRT, (e) and (f) show the synthesized
COP and XP patterns with the proposed method, (g) and (h) show the full-wave simulated
COP and XP patterns for the obtained array by the proposed method.

Now, we apply the proposed method to synthesize the same
CP pattern for further reduced SLL and XPL. For the single
beam case, only the first optimization step of the proposed
method is required for optimizing both element rotations and
phases, and the second refining step is unnecessary. We set
ΓSL = −17 dB and ΓX = −21 dB for the desired SLL and
XPL, respectively, RSL = 0.32 for the mainlobe beamwidth
control, W1 = 2, W2 = 1 and W3 = 1 for the weighting
coefficients, D = 128 for the number of variables, and
Np = 1.5D = 192 for the population size. In this example, the
proposed method takes 4.2 hours to accomplish the synthesis.
The obtained rotation and excitation phase distributions are
shown in Fig. 2(e) and (f), respectively. The top views of
the corresponding COP and XP patterns are shown in Fig.
3(e) and (f), respectively. The obtained SLL and XPL are
−16.86 dB and −20.81 dB, respectively. Both of them are
very much lower than the ones obtained by the SRT and
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TABLE I
THE SLLS AND XPLS OBTAINED BY ACHIEVED ROTATION RESOLUTION AND PHASE QUANTIZATION ACCURACY IN FIRST EXAMPLE

CP pattern performance
Phase quantization accuracy

4-bit 5-bit 6-bit ideal (accurate)

Rotation resolution SLL (dB) XPL (dB) SLL (dB) XPL (dB) SLL (dB) XPL (dB) SLL (dB) XPL (dB)

5◦ −15.24 −17.72 −15.99 −18.91 −16.62 −19.66 −16.70 −20.43

ideal (accurate) −15.36 −17.98 −16.11 −19.06 −16.68 −19.75 −16.86 −20.81

(a) (b)

(c) (d)

Fig. 4: Top views of the COP and XP patterns obtained by using 4- and 6-bit quantized
excitation phases, both with 5◦ resolution of rotation angles. (a) and (b) show the COP
and XP patterns using 4-bit quantized phases, respectively; (c) and (d) show the COP
and XP patterns using 6-bit quantized phases, respectively. The corresponding results
using accurate phases and rotation angles are given in Fig. 3(e) and (f).

RSRT, which shows the superiority of the proposed method
in improving the CP purity and decreasing the SLL of the
steered pattern. In addition, the obtained dipole array with
the optimized rotation angles and excitation phases is full-
wave simulated using the high frequency structure simulator
(HFSS) software. The designed dipole model has a length of
48 mm and diameter of 2 mm, working at the frequency of
3 GHz. Fig. 3(g) and (h) show the full-wave simulated COP
and XP patterns, respectively. As can be seen, they generally
agree well with the synthesized ones except for a little bit
degradation in some sidelobe region and XP region due to
mutual coupling effect (the simulated maximum SLL and XPL
are increased to −14.50 dB and −17.25 dB, respectively).

In addition, we also check the effect of realized accuracies
for both rotation angles and excitation phases in practice on
the pattern performance. Table I shows the realized SLLs and
XPLs for different cases of 4, 5, 6-bit phase quantization at
both ideal (accurate) rotation angles and 5◦ rotation angle
resolution. It can be seen that the realized SLL and XPL
are indeed affected by both of the phase and rotation angle
implementation accuracies. When the achieved resolution of
the mechanical rotation is 5◦, using 4-bit quantized phases
gives 1.62 dB and 3.09 dB degradation in SLL and XPL,
respectively, while using 6-bit quantized phases gives only
0.24 dB and 1.15 dB degradation in SLL and XPL, respective-

ly. Fig. 4(a)-(d) show the realized COP and XP patterns for
the case of 4 and 6-bit phase quantization and 5◦ mechanical
rotation resolution. As can be seen, the obtained pattern results
using 6-bit phase quantization and 5◦ rotation resolution are
approaching very well to the synthesized accurate ones shown
in Fig. 3(e) and (f).

B. Synthesizing a 8×8 Rotated Dipole Array with Multi-beam
CP Patterns

In the second example, we check the effectiveness of the
proposed method for synthesizing multi-beam CP patterns
with different peak directions using a planar rotated dipole
array. Assume that a total number of M = 15 CP patterns
are desired, with their beams directing to the angles given in
the first column of Table II. In this example, 8 × 8 rotated
dipoles with a spacing of λ/2 are still used. At first, the SRT
and the RSRT are extended to synthesize the multi-beam CP
pattern as an comparison. The dipole rotations and excitation
phases for the SRT are arranged the same as those in the first
example. For the RSRT, we also run 200 times of random
distributions, and pick up the best one as the final result. The
SLLs and XPLs obtained by the SRT and RSRT for all the 15
CP patterns are given in the left columns of Table II. As can be
seen, for the SRT, the broadside beam pattern has the lowest
SLL and XPL among the 15 beam patterns. However, the SLL
and especially the XPL are increased as the beam is steered
from the broadside direction. When the beam is steered to
θmax = 30◦, the SLLs and XPLs are respectively increased to
−9.11 dB and −8.65 dB for φmax = [0◦, 90◦, 180◦, 270◦],
and they are even increased to −7.89 dB and −2.85 dB
respectively, for φmax = [45◦, 135◦, 225◦, 315◦] in D-plane.
On the other hand, the RSRT can significantly remove the
extremely high SLL and XPL problem for the beam pattern
scanning in the D-plane, but the obtained SLLs for different
beam patterns are ranging from −13.07 dB to −12.03 dB, and
the XPLs are ranging from −13.5 dB to −11 dB. They are
still unsatisfactory for usual applications.

Then we apply the proposed method to synthesize the
same CP multi-beam patterns by using the 8 × 8 rotated
dipole array as well. In this case, two step optimizations
are utilized. In the first step, the common rotations and
approximated excitation phases are optimized by using PSO
with D = 128, Np = 1.5D = 192. In the second step, the
excitation phases are refined for each beam pattern for the
obtained rotated array geometry in the first step, and we set
D = 64, Np = 1.5D = 96 for the PSO. In both steps, we
set RSL = 0.32 for the mainlobe regions of all 15 beams,
ΓSL = −16 dB and ΓX = −17 dB for the desired SLL
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TABLE II
THE SLLS AND XPLS OF THE MULTI-BEAM SCANNING PATTERNS OBTAINED BY THE THREE METHODS IN THE SECOND EXAMPLE.

(θmax,φmax)
SRT RSRT The proposed method (initial) The proposed method (refined)

SLL (dB) XPL (dB) SLL (dB) XPL (dB) SLL (dB) XPL (dB) SLL (dB) XPL (dB)

(0◦, 0◦) −13.22 −20.60 −13.07 −13.40 −15.05 −16.54 −15.08 −16.62

(15◦, 0◦) −12.63 −17.42 −12.64 −12.37 −14.71 −15.79 −16.00 −17.00

(15◦, 60◦) −12.70 −13.24 −12.74 −12.69 −14.71 −15.89 −16.00 −17.00

(15◦, 120◦) −12.70 −13.18 −12.67 −12.97 −14.67 −15.68 −16.00 −17.00

(15◦, 180◦) −12.62 −17.42 −12.64 −13.32 −14.71 −15.89 −15.60 −16.81

(15◦, 240◦) −12.70 −13.24 −12.73 −13.33 −14.81 −15.87 −16.00 −17.00

(15◦, 300◦) −12.70 −13.18 −12.68 −12.99 −14.77 −15.89 −15.90 −16.94

(30◦, 0◦) −9.11 −8.65 −12.03 −11.44 −14.08 −14.32 −14.41 −16.13

(30◦, 45◦) −7.89 −2.85 −12.26 −11.35 −14.52 −13.38 −15.60 −16.68

(30◦, 90◦) −9.11 −8.65 −12.00 −12.42 −13.99 −14.78 −15.39 −16.64

(30◦, 135◦) −7.89 −2.85 −12.17 −12.20 −14.39 −13.48 −14.51 −15.94

(30◦, 180◦) −9.11 −8.65 −12.03 −12.86 −14.09 −14.12 −15.40 −16.61

(30◦, 225◦) −7.89 −2.85 −12.27 −12.42 −14.69 −13.65 −14.79 −16.22

(30◦, 270◦) −9.11 −8.65 −12.04 −12.17 −14.08 −14.63 −14.63 −15.97

(30◦, 315◦) −7.89 −2.85 −12.15 −12.03 −14.55 −13.18 −15.30 −16.34

and XPL, respectively. For optimizing 15 CP beam patterns
of the planar rotated array, the proposed method takes 16.8
and 19.7 hours to accomplish the initial and refining steps,
respectively. The obtained SLLs and XPLs for the 15 CP beam
patterns in the initial and refining steps are given in the right
columns of Table II. It can be seen that by using the proposed
method, the obtained SLLs for different beams are ranging
from −15.05 dB to −13.99 dB in the initial step, and after
the refining step, the SLLs are further reduced to be within
[−16.00,−14.41] dB which is much lower than the SLL range
of [−13.22,−7.89] dB by the SRT as well as [−13.07,−12.03]
dB by the RSRT. The XPLs obtained by the proposed method
for different beams are ranging within [−16.54,−13.18] dB
in the initial step, and after the refining step, they are further
reduced to be within [−17.00,−15.94] dB that is much lower
than the XPL of [−13.40,−11.35] dB achieved by the RSRT.
Compared with the SRT, the proposed method has shown its
significant advantage in achieving low SLL and XPL for the
beam pointing at θmax = 30◦ and all different φmaxs. As an
illustration, Fig. 5(a), (c), (e) and (g) show the summation of
the synthesized 15 COP patterns with different beam directions
obtained by the SRT, RSRT, the initial and refining steps of
the proposed method, respectively. Fig. 5(b), (d), (f), and (h)
show the summation of the XP patterns obtained by the SRT,
RSRT, the initial and refining steps of the proposed method,
respectively. Note that since these results are the summations
of all the 15 beam patterns for either COP and XP components,
the SLL and XPL values shown in these figures are actually
higher than their real values for each pattern. As an example,
Fig. 6(a)-(h) show the COP and XP patterns obtained by
the three methods for the beam direction at (θmax = 30◦,
φmax = 315◦). From Fig. 5 and 6, one can see clearly the
better performance of the proposed method over the SRT
and RSRT. Similarly, Fig. 6(g) and (h) show the full-wave
simulated COP and XP patterns, respectively. As can be seen,
they generally agree well with the synthesized ones except

for a little bit degradation in some sidelobe region and XP
region due to mutual coupling effect. The simulated maximum
SLL and XPL are increased to −14.60 dB and −14.45 dB,
respectively. The synthesized rotation angles and excitation
phases for the 8 × 8 dipole planar array when the main beam
is steered to (θmax = 30◦, φmax = 315◦) are shown in Fig.
7(a) and (b).

Besides, we have also checked the obtained AR perfor-
mance for all the obtained multi-beam CP patterns by the
proposed method. It is found that all the obtained CP patterns
in the 3-dB mainlobe region meet the requirement of AR ≤ 3
dB. As an illustration, Fig. 8(a)-(d) show the obtained regions
of AR ≤ 3 dB for four cases of beam pointing at (θmax = 0◦,
φmax = 0◦), (θmax = 15◦, φmax = 300◦), (θmax = 30◦, φmax

= 135◦), and (θmax = 30◦, φmax = 315◦), respectively. As
can be seen, the obtained regions of AR ≤ 3 dB for the four
cases cover very well their 3-dB mainlobe regions, and the
ARs at the maximum beam directions are all close to 1 dB,
which validates the good CP characteristics of the mainlobe
patterns.

C. Synthesizing Multi-Beam CP Pattern Dipole Arrays with
Different Sizes

In the third example, we consider synthesizing the 1D multi-
beam patterns scanned from −45◦ to 45◦ for rotated dipole
arrays with three different sizes which have 8 × 2, 16 × 2
and 32 × 2 elements, respectively. For these three arrays, all
the elements are arranged in xoy-plane with a spacing of
0.5λ. The number of beams M are set as 7, 13, and 25,
respectively. The scanning and observation plane is fixed as
the principle xoz plane (φ = 0◦ cut-plane). In this example,
the SRT, the RSRT and the proposed method are also utilized
to synthesize the same multi-beam patterns with the same
array configurations for comparison. For the RSRT, we still
run 200 times of random rotation angle distributions and
choose the best result for each of the three arrays. For the
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TABLE III
THE OBTAINED BEST AND WORST SLLS AND XPLS FOR ARRAYS WITH DIFFERENT SIZES OBTAINED BY THE THREE METHODS IN THE THIRD EXAMPLE.

Array size M

SRT RSRT The proposed method (initial) The proposed method (refined)

SLL (dB)

max/min

XPL (dB)

max/min

SLL (dB)

max/min

XPL (dB)

max/min

SLL (dB)

max/min

XPL (dB)

max/min

SLL (dB)

max/min

XPL (dB)

max/min

8× 2 7 −11.45/−13.22 −12.17/−28.22 −11.40/−12.62 −9.89/−12.47 −18.76/−20.79 −18.91/−21.88 −20.32/−21.15 −21.20/−22.74

16× 2 13 −12.31/−13.11 −12.64/−32.89 −12.97/−13.73 −10.41/−11.58 −19.78/−21.24 −19.92/−23.05 −20.78/−21.43 −21.40/−23.15

32× 2 25 −12.80/−13.55 −12.82/−38.02 −12.79/−13.58 −12.37/−13.53 −20.75/−21.55 −19.96/−23.05 −21.70/−22.93 −22.73/−23.95

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 5: Top views of the multi-beam scanning COP and XP patterns obtained by the SRT,
the RSRT and the proposed method. (a) and (b) show the COP and XP patterns by the
SRT; (c) and (d) show the COP and XP patterns by the RSRT; (e)-(h) show the COP and
XP patterns by the proposed method in the initial step and refining steps, respectively.

proposed method, the initial and the refined optimization steps
are applied for all of the three arrays. In the initial optimization
step, for the 8 × 2, 16 × 2 and 32 × 2 rotated dipole arrays,
the problem dimensions are set as D = [32, 64, 128], and the
population sizes are set as Np = [48, 96, 192], respectively.
In the refining optimization step, the problem dimensions are
set as D = [16, 32, 64] and the population sizes are set as
Np = [24, 48, 96] for the three sizes of arrays, respectively.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 6: Top views of the obtained COP and XP patterns when the main beam is steered
to (θmax = 30◦, φmax = 315◦) obtained by the SRT, the RSRT and the proposed
method. (a) and (b) show the COP and XP patterns by the SRT; (c) and (d) show the COP
and XP patterns by the RSRT; (e)-(h) show the COP and XP patterns by the proposed
method in the initial step and refining steps, respectively; (i) and (j) show the full-wave
simulated COP and XP patterns for the obtained array by the proposed method.
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Fig. 7: The synthesized rotation angles and excitation phases for the 8 × 8 dipole planar
array when the main beam is steered to (θmax = 30◦, φmax = 315◦) in the second
example. (a) rotation angles and (b) excitation phase distribution.

(a) (b)

(c) (d)

Fig. 8: Top view of the regions for AR ≤ 3 dB of four different beam patterns in
Example B. (a)-(d) show the regions of AR ≤ 3 dB for the beam pointing at (θmax =
0◦, φmax = 0◦), (θmax = 15◦, φmax = 300◦), (θmax = 30◦, φmax = 135◦) and
(θmax = 30◦, φmax = 315◦), respectively. The back circles denote the corresponding
3-dB mainlobe regions.
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Fig. 9: The COP and XP patterns scanned from −45◦ to 45◦ with an interval of 7.5◦

for an 16 × 2 planar dipole array obtained by the three methods. (a) patterns obtained
by the SRT, (b) patterns obtained by the RSRT, (c) and (d) are patterns obtained by the
proposed method in the initial step and refined step, respectively.

In both steps, ΓSL = ΓX = −22 dB are set for the desired
SLL and XPL for all the three sizes of arrays. The weighting
factors are set as W1 = 1, W2 = 1 and W3 = 1, respectively.

The SLLs and XPLs obtained by the three methods for the
three sizes of arrays are summarized in Table III. It can be
seen from the horizontal comparison that, for the φ = 0◦ cut
of pattern, the RSRT could not obtain lower SLL results than
the SRT for all of the three arrays. It indicates that the RSRT
is not appropriate for the SLL suppression in the φ = 0◦ cut,
although it can remove the gratinglobe problem in D-plane as
mentioned before. For our proposed method, taking the 16×2
array as an example, the obtained SLLs for different beam
patterns are ranging from −21.24 dB to −19.78 dB in the
initial step, and after the refining step, the SLLs are further
reduced to be within [−21.43,−20.78] dB. The results are
much lower than the SLL range of [−13.11,−12.31] dB by
the SRT as well as [−13.73,−12.97] dB by the RSRT. On
the other hand, the XPLs obtained by the proposed method
for different beams are ranging in [−23.05,−19.92] dB in
the initial step, and after the refining step, they are further
reduced to be within [−23.15,−21.40] dB that is much lower
than [−11.58,−10.41] dB achieved by the RSRT. Clearly,
the XPL performance by the proposed method is also much
better than the range of [−32.89,−12.64] dB by the SRT
since its highest XPL among different beams is usually not
acceptable. As an illustration, Fig. 9 shows the synthesized
multi-beam patterns by the three methods for the array with
16 × 2 elements. Note that the similar relative performance
advantage can be also achieved for the arrays with 8× 2 and
32×2 rotated dipoles, as shown in Table III. However, due to
limited space, the synthesized multi-beam patterns for these
two sizes of arrays have been omitted. In this example, the
total time cost for the proposed method including the initial
and refining optimization steps is 0.75 hour for the 8×2 array
with 7 CP beams, 4.1 hours for the 16× 2 array with 13 CP
beams, and 18.9 hours for the 32×2 array with 25 CP beams.

D. Synthesizing a CP Multi-beam Rotated Printed Dipole
Array Considering Feeding and Metal Ground

In the last example, we check the effectiveness of the
proposed method for synthesizing multi-beam CP patterns for
rotated printed dipole array considering practical feeding and
metal ground. The desired muti-beam CP patterns are assumed
to be pointing at θmax = 25◦, 40◦, and 50◦ at the φ = 0◦

plane. The triple-beam patterns were obtained in [26] by using
8 × 2 rectangle microstrip patch antennas arranged by the
SRT. The array in [26] works at 2.27 GHz, and the element
spacing is 72.71 mm that is about 0.55λ at 2.27 GHz. Here,
we adopt a printed dipole antenna loaded with metal ground as
the array element, and the antenna structure and its parameters
are shown in Fig. 11. The vectorial element pattern for this
antenna can be approximated by using the antenna image
principle [43]. That is given by:

EGND
n,θ (θ, φ; ξn)=En,θ(θ, φ; ξn)(1− e−jβ2H cos θ) (15)

EGND
n,φ (θ, φ; ξn)=En,φ(θ, φ; ξn)(1− e−jβ2H cos θ) (16)
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TABLE IV
THE SYNTHESIZED, SIMULATED AND MEASURED SLLS AND XPLS BY THE PROPOSED METHOD IN EXAMPLE D AS WELL AS THE RESULTS OBTAINED IN [26].

(θmax,φmax)

SRT in [26] The proposed method

Calculated* Measured* Synthesized Full-wave simulated Measured

SLL (dB) XPL (dB) SLL (dB) XPL (dB) SLL (dB) XPL (dB) SLL (dB) XPL (dB) SLL (dB) XPL (dB)

(25◦, 0◦) −11.58 −27.49 −11.70 −25.84 −20.14 −18.74 −17.14 −19.98 −15.69 −17.84

(40◦, 0◦) −10.90 −18.41 −11.17 −19.90 −18.81 −20.23 −17.00 −19.97 −14.81 −17.25

(50◦, 0◦) −6.39 −9.07 −7.95 −15.59 −11.18 −18.91 −10.91 −19.74 −12.86 −17.51

*The calculated and measured SLLs and XPLs in [26] are exacted from the corresponding pattern curves presented in this paper.
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Fig. 10: The initial synthesized, full-wave simulated and measured COP and XP patterns
as well as the calculated and measured results in [26]. (a), (c) and (e) show the synthesized
results by the proposed method and the calculated results in [26] for the beam pointing at
θmax = 25◦, 40◦ and 50◦, respectively; (b), (d) and (f) show the full-wave simulated
and measured results by the proposed method and the measured results in [26] for the
beam pointing at θmax = 25◦, 40◦ and 50◦, respectively.

By replacing the equation (1) and (2) with the above new
element pattern expressions, the proposed formulation is still
effective for synthesizing the rotated practical dipole antenna
array. A total of 8 × 2 printed dipole elements with the
same spacing as that in [26] are used, and their rotations and
excitation phases are optimized by using the proposed method.
The initial synthesized COP and XP patterns by the proposed
method for the three beams (θmax = 25◦, 40◦, and 50◦) as
well as the calculated patterns obtained in [26] are shown
in Fig. 10(a), (c), and (e). As can be seen, the synthesized
maximum SLLs for all the three beam cases are much lower
than the calculated SLLs obtained in [26]. The synthesized
XPLs by the proposed method for the three beams are all less
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Fig. 11: Geometry of a printed dipole working at 2.27 GHz. The parameters are given
as follows: Hd = 30, Hm = 8,Wd = 5, Ld = 66, Lm = 8.5,Ws = 2,Wg =
10,Wm = 8,Wf = 1.91, t1 = 1, and t2 = 2. (Unit:mm)

x
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Fig. 12: (a) The obtained rotation angle distribution in example D, (b) The prototype of
the 8×2-element rotated printed dipole antenna array in a microwave anechoic chamber.

than −18 dB, while the calculated XPL of the array in [26]
vary significantly with different beams and the XPL for the
beam of θmax = 50◦ becomes much higher than other two
beam cases. The statistics of the obtained SLL and XPL by
the proposed method as well as the results extracted from [26]
is given in Table IV for detailed comparison.

The obtained printed dipole array with optimized rotation
angles is built and full-wave simulated in HFSS, and the array
model with the rotation angle distribution is shown in Fig.
12(a). Then, we fabricate the 16 printed dipole antennas and
mount them with the required rotations on a 2 mm thick
double-sided copper clad laminate (play as a metal ground)
with size of 708.97 mm × 272.71 mm. Each element is fed by
using SMA connector underneath the ground. The excitation
phases are obtained by the proposed refining optimization but
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using 16 full-wave simulated active element patterns, which
can compensate the pattern performance degradation to some
extent. This antenna array prototype is measured using a far-
field measurement system in a microwave anechoic chamber
located at Haiyun Campus, Xiamen University, as shown in
Fig. 12(b). The simulated and measured array patterns are
obtained by using simulated and measured active element
patterns with the obtained excitation phases. Fig. 10(b), (d)
and (f) show the full-wave simulated and measured COP and
XP patterns as well as the measured results in [26] for the
three different beam cases, respectively. The maximum SLLs
and XPLs of these pattern results are also summarized in
Table IV. As can be seen, although the measured COP patterns
have a little bit higher SLLs than the simulated patterns,
they are generally in a good agreement, which validates the
effectiveness of the proposed method for practical rotated
dipole array design. Compared with the results in [26], the
proposed design has a little bit degradation in measured XPLs,
but with much better performance in the measured SLLs for
all the three beam patterns.

IV. CONCLUSION

In this paper, a novel method of synthesizing CP multi-
beam patterns with reduced SLL and XPL by optimizing
the element rotations and excitation phases for planar dipole
arrays has been presented. Different from the SRT and RSRT
where the excitation phases are calculated according to the
rotation angles, multiple sets of phases are adopted as opti-
mization variables to release many more degrees of freedoms
for improved performance of the obtained CP multi-beam
patterns. In addition, a two-step optimization strategy has been
presented to effectively solve the CP multi-beam synthesis
problem involved with optimization of a large number of
element rotations and excitation phases. Four synthesis exam-
ples have been conducted to demonstrate the effectiveness and
advantages of the proposed method for synthesizing different
CP multi-beam patterns. The results show that the proposed
method can effectively overcome the problem of high SLL
and XPL that is usually arising in the D-plane of the pattern
synthesized by the conventional SRT. And also, the proposed
method can obtain much lower SLLs and XPLs than the
RSRT due to the optimization of both the common element
rotations and all of the excitation phases for multiple CP beam
patterns. One prototype of a rotated printed dipole array has
been fabricated, and the measured multi-beam CP patterns are
in good agreement with the simulated results.
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