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Abstract. Among the existing circularly polarized multi-
beam transmitarray antennas, circularly or linearly-to-
circularly polarized transmitarray units are always re-
quired. Naturally, designing circularly polarized units is
more challenging than linear polarization. To simplify
design and increase operation bandwidth, a novel method
using linearly polarized transmitarray units and feeding
sources is proposed for designing the circularly polarized
multi-beam antenna. Broadband circular polarization is
realized by utilizing sequential rotation technology and
1-bit phase compensation of linearly polarized transmit-
array units. Meanwhile, beam scanning is achieved by
using linearly polarized feeding sources offset. To validate
the design, two multi-beam antenna samples are demon-
strated. Simulated and measured results show that the
designed multi-beam transmitarray antennas can realize
beam scanning to 0° =*10° and £20° in E-plane and
H-plane. Moreover, two antennas maintain —10-dB imped-
ance bandwidth and 3-dB axial ratio (AR) bandwidth at
8.5-10.4 GHz and 8.5—-10.5 GHz, respectively. The pro-
posed circularly polarized multi-beam  transmitarray
antennas have the advantages of broadband operation,
simple design, and low cost.
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1. Introduction

With the increasing congestion of low-frequency
spectrum resources and the explosive growth of communi-
cation data, the utilization of high-frequency spectrum
becomes more urgent. High-gain antennas are widely used
to overcome the severe attenuation of electromagnetic
wave propagation at high-frequency bands. However, the
high-gain antenna is achieved at the expense of beam
width, resulting in reduced beam coverage. A multi-beam
antenna can generate multiple radiation beams to expand
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the space coverage in a shared aperture [1-5]. In recent
years, eclaborately engineered transmitarrays have been
manifested to enlarge the beam coverage and reduce gain
loss [6-9]. Besides, the circularly polarized multi-beam
antenna is widely used in satellite communication, radar
systems, and MIMO communication [10-14].

The circularly polarized multi-beam antenna can be
divided into active and passive designs according to
whether it can be controlled electrically. The active multi-
beam antenna needs many expensive phase shifters [15, 16,
17]. The passive multi-beam antenna can be divided into
spatial feed [18] and matrix network feed [19-22] accord-
ing to different feeding modes. The broadband design of
complex matrix network feed is challenging. The space-fed
multi-beam antenna is based on the optical principle, which
can easily realize beam scanning using feeding sources
offset. The space-fed multi-beam antennas are divided into
reflection and transmission modes according to the relative
position of feeding sources and radiation beams. In particu-
lar, the multi-beam transmitarray antenna is free of feeding
source occlusion.

Generally, there are two methods to design circularly
polarized multi-beam transmitarray antenna:

1) Circularly polarized feeding sources and circularly
polarized transmitarray units are adopted [18], [23-25].

2) Linearly polarized feeding sources are adopted,
and the transmitarray units can convert linear to circular
polarization [26-29].

Undoubtedly, designing circularly polarized feeding
sources is more complicated than linear polarization. More
importantly, the broadband design of circularly or linearly-
to-circularly polarized transmitarray units is challenging
because a high transmission coefficient must be maintained
in the frequency band of axial ratio (AR) less than 3 dB.

This paper proposes a novel method using linearly
polarized feeding sources and transmitarray units to design
circularly polarized multi-beam antenna. Broadband circu-
lar polarization is realized by utilizing sequential rotation
technology and 1-bit phase compensation of linearly polar-
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ized transmitarray units. The proposed method reduces the
design difficulty and increases circularly polarized operat-
ing bandwidth, simultaneously. Two transmitarray antenna
samples are measured to verify the proposed methods.
Simulated and measured results show that the designed
multi-beam transmitarray antennas possess distinguished
port isolation performance and broadband circularly polar-
ized radiation characteristics.

2. Simulation of Transmitarray Unit

A schematic diagram of the proposed circularly polar-
ized multi-beam transmitarray antenna is shown in Fig. 1.
The antenna comprises a transmitarray and feeding source.
To simplify the design, linearly polarized feeding sources
are adopted, and multiple beams are obtained using feeding
sources offset. To realize high-gain circularly polarized
radiation, the transmitarray needs to realize two functions:

1) The phase difference introduced by spatial feed is
compensated, and the spherical phase front is converted
into the planar phase front.

2) The linearly polarized wave from feeding sources
is converted into the circularly polarized wave.

In the proposed method, the two functions above are
simultaneously realized by arranging the linearly polarized
transmitarray unit.

The transmitarray unit using a receiver-transmitter
structure is shown in Fig. 2(a). The blue part is the dielec-
tric layer (e:=2.55, tand = 0.002, 4 = 1.524 mm), the yel-
low part is the metal layer, and the green part is the bonded
layer (&= 3.58, tand =0.004, #;=0.1 mm). The E-shape
metal patches work as receiving and transmitting antennas.
A metal ground is placed to isolate two E-shape metal
patches. Parameters of the unit are p = 10 mm, w = 8.1 mm,
[=81mm, dw=18mm, dl=2mm, w;=12mm,
wr= 1.2 mm, ;=1 mm, = 1.6 mm, and 3= 1.4 mm.

The transmitarray unit is simulated in HFSS 19.0 with
infinite periodic boundary conditions. Two ports are set,
and electromagnetic waves are vertically incident to excite
the transmitarray unit. 7yx and Ryx represent cross-
polarization transmission and reflection components, re-
spectively. Accordingly, 7y and Ry represent co-polarization
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Fig. 1. Schematic diagram of the proposed multi-beam

transmitarray antenna.

transmission and reflection components, respectively. The

co-polarization transmission ratio (TR) can be expressed as
TZ

TR=—— )

T +T,+R +R,

The unit’s simulated propagation coefficients and 7R are
shown in Fig.2(b). TR 1is higher than 97% at
8.7-10.3 GHz. The middle metal ground can isolate the
upper and bottom E-shape metal patches. Therefore, when
changing the polarization direction of the upper E-shaped
patch to y-polarization, the TR of the unit will hardly
change regardless of the polarization of the upper E-shape
metal patches, as shown in Fig. 2(b). Besides, when the
bottom E-shape metallic patch is rotated 0° or 180°, a 1-bit
transmission phase resolution can be realized, as demon-
strated in Fig. 2(c).
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Fig.2. (a) Schematic diagram of the transmitarray unit.

(b) Propagation  coefficients and TR of the
transmitarray unit. (c) 1-bit phase resolution of the
transmitarray unit.
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In Fig. 2(b), two resonance frequencies appear at 9.1
and 10.2 GHz. Different from impedance cascade analysis
[30], the structure is analyzed as two linearly polarized
microstrip antennas connected back-to-back. One side of
the microstrip antenna receives the electromagnetic wave
from the feeding source. Then, the energy is transmitted by
a metallic via in the middle of the unit. Finally, another
side of the microstrip antenna radiates energy. The current
analysis at two resonant frequencies is performed, as de-
picted in Fig. 3. At low frequency (9.1 GHz), the current
flows around the slot to the metal arms with a long current
path. At high frequency (10.2 GHz), the current flows
parallel on metal arms. The unit presents a wide operating
band because of combining two resonance frequencies.

The unit’s parameters were analyzed to prove the cur-
rent analysis, as shown in Fig. 4. Theoretically, the adjust-
ment of the metal arm width (dw) will affect the current
path at low frequency. The high-frequency current flows
along the long side of the metal arm. Therefore, there is
negligible effect at high frequency, as shown in Fig. 4(a).
The parameter scanning of metal arm length (d/) will sim-
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Fig. 4. The parameters analysis of the unit. (a) Width of metal
arm (dw). (b) Length of metal arm (d/).

ultaneously change the current path of two resonant fre-
quencies. Accordingly, Figure 4(b) shows that both reso-
nant frequencies are changed.

3. Design of Transmitarray

According to polarization theory, circular polarization
can be regarded as an elliptical polarization with a small
AR, and linear polarization can be regarded as an elliptical
polarization with a large AR. For simplicity and without
loss of generality, suppose the unit radiates a left-handed
elliptically polarized wave (Ecc)

Ecellza'x-l-.]b'y (2)
where x and y represent normalized vectors along the x-
axis and y-axis, respectively, @ and b represent the ampli-
tudes in two vertical directions. As shown in Fig. 5(a),
when four units are uniformly arranged with the same

feeding phase, the total electric field is E”
E'=4x(a-x+jb-y). (3)

Based on (3), the polarization characteristics of the
sub-array are completely dependent on the unit. The trans-
mitarray unit must radiate circularly polarized wave to
realize sub-array’s circular polarization. However, it is
difficult to design a circularly polarized unit with high TR
and low AR in a broadband range. Therefore, the sequen-
tial rotation technology [31], [32] is adopted to realize
circularly polarized radiation, as shown in Fig. 5(b). The
four units are rotated sequentially with a 90° phase gradient
along left-hand rotation. At the same time, the feeding
phases also differ by 90° phase gradient along left-hand
rotation. Hence, E1, E;, E; and E4 can be written as

E =(a-x+jb-y)e’=a-x+jby,
E,=(-jb-x+a-y)-e”™ =b-x+ja-y, @)
E,=(—a-x—jb-y)-e"™ =a-x+jby,
E, =(jb-x—a-y)-ej‘27°° =b-x+ja-y.

At 6= 0°, the total electric field is E

E=E +E,+E,+E, =(2a+2b)(x+jy). (5

@ (®)

Fig.5. The sub-array arrangement of transmitarray unit.

(a) Uniform configuration.
configuration.

(b) Sequential rotation
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Fig. 6. The arrangement of E-shape metallic patches.
(a) Upper layer of the transmitarray. (b) Bottom layer
of the transmitarray.

According to (5), the sub-array possesses an inherent
circular polarization characteristic, which is independent of
the unit polarization. Theoretically, even if a linearly polar-
ized unit is adopted, the sub-array can still realize the cir-
cularly polarized radiation.

Based on the above sub-array analysis, a transmitar-
ray consisting of 24 x 24 units (240 mm x 240 mm) is
designed. A second-order sequence rotation arrangement
[33] is used for the upper E-shape metal patches to realize
circular polarization, as shown in Fig. 6(a). According to
the operation principle of sequence rotation arrangement,
the unit (m, n) should satisfy the corresponding sequence
rotation feeding phase (¢c,m»). Besides, the space-fed phase
difference of unit (m, n) should be considered, which can
be written as

Py = ky(\x* +y* + F* - F). (6)

The focal diameter ratio (F/D) is selected as 0.5. Hence,
the focal length (F) is 120 mm. The total compensation of
space-fed phase (¢sm,) and sequence rotation feeding
phase (¢cmn) can be expressed as

¢)T,mn = _¢S,mn + (pC,mn + uO ' rmn' (7)

When achieving beam focus at the broadside, the last term
of (7) is null. The total compensation phase (¢r,m;) can be
implemented by rotating bottom E-shape metallic patches
with 0° or 180°. According to (7), the 1-bit coding ar-
rangement of bottom E-shape metallic patches can be cal-
culated in MATLAB, as shown in Fig. 6(b).

4. Multi-beam Transmitarray Antenna

It is worth noting that the polarization of the bottom
E-shape metal patches is the same. Therefore, linearly
polarized antennas can be used as feeding sources. A mi-
crostrip patch array with four U-shape slots is adopted, as
shown in Fig. 7(a). The detailed parameters are p,= 28 mm,
m1=19 mm, my=3.8 mm, m3=10.4 mm, n,= 8 mm, and
ny= 6.1 mm. The simulated and measured S11 possess two
resonance frequencies, and the measured operating fre-
quency is 8.5-10.5 GHz, as shown in Fig. 7(b). At 9.5 GHz,
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The designed feeding source: (a) Configuration of
linearly polarized antenna. (b) The simulated and
measured reflection coefficient. (c) The simulated and
measured radiation pattern in the E-plane and H-plane.
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Fig. 8. (a) The experimental antenna prototype. (b) Practical
measurements in microwave anechoic chamber.

the simulated and measured radiation patterns fit well in
both the E-plane and H-plane, as plotted in Fig. 7(c).
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The prototype of a five-beam transmitarray antenna is
fabricated, as shown in Fig. 8(a). It comprises a transmitar-
ray and five linearly polarized feeding sources along the y-
axis. The distance between the feeding sources and the
transmitarray is controlled by several nylon screws. Practi-
cal measurement is carried out in an anechoic chamber, as
shown in Fig. 8(b).

The measured reflection and port isolation coeffi-
cients are shown in Fig. 9. At 8.5-10.4 GHz, the trans-
mitarray antenna has two resonant frequencies. Meanwhile,
high isolation among five ports is realized in the working
frequency band, and mutual couplings between any two
ports are lower than —18 dB.
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Fig. 9. Measured results of five-beam transmitarray antenna.
(a) Reflection coefficient. (b) Port isolation coefficient.
The feeding sources are located along the y-axis.

Switching the feeding port along the y-axis, the space-fed
phase difference of unit (m, n) can be expressed as [23]

¢symn:k0\/x2+(y—d)2+F2— F*+d*> (8

where d indicates the moving distance of the feeding port.
In this case, the total transmission phase of unit (m, n) is
written as

= (DS,mn + q)T,mn =
ko[\/x2+(J’—d)2+F2 _Fzmz} ©
k, [\/xz +y +F? —F} + O -

To simplify the analysis, equation (9) can be expressed as
(x=0):

¢OUT,mn

goOUT,mny :ko\}(y_d)z_‘_];'2 _ko y2+F2 +c (10)

where ¢ is an angle constant that does not depend on y.
After equation (10) is further simplified, it can be written as

\ly d ‘4 F? —Jy +F. (1)

With y/F as the variable, two curves (d=-0.2F and
d = 0.4F) are drawn according to (11), as shown in Fig. 10
(dashed line). After the feeding ports are switched, the total
transmission phase approximately presents a linear change.
The beam scanning angle in the H-plane can be expressed as

0 0
0, = arcsin Ao Dot | _ grogin| L. CPoutam. (12)
2z oy k, oy

According to (12), the slope of dashed lines (in
Fig. 10) represents the scanning angle, which varies with
the change of d. Hence, beam scanning can be realized by
switching the feeding port. Moreover, d can be positive or
negative, indicating positive or negative scanning angle.
The solid line (in Fig. 10) represents the maximum slope of
the dashed line, which corresponds to an ideal maximum
scanning angle. Apparently, there is an inconsistency be-
tween the dashed lines and solid lines, which suggest
an inherent phase distortion of the transmitarray. Moreover,
when units are close to the edge of the transmitarray, the
phase distortion is larger. On the other hand, when the
absolute value of d increases, the phase distortion becomes
more obvious. All in all, because of the existing phase
distortion, the actual scanning angle is less than the ideal
maximum.

qDOUT FOut,mny  ~ -

The simulated and measured radiation pattern of five
beams at 9.3 GHz and 10.2 GHz are shown in Fig. 11. The
left-hand circularly polarized (LHCP) beams point to —20°
(beam 3, B3), —10° (beam 2, B2), 0° (beam 1, B1), 10°
(beam 4, B4), and 20° (beam 5, BS5), respectively. Accord-
ing to (12), the calculated ideal scanning angle of beam 4 is
13.4°, while the actual scanning angle is less than the ideal
maximum, which is consistent with the theoretical analysis
above.
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Fig. 10. The total transmission phase distribution of d=—0.2F
and d=0.4F.
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Fig. 12. The broadside radiation beam in xoz-plane: (a) at
9.3 GHz and (b) 10.2 GHz.

The amplitude of the LHCP wave is much higher than
the right-hand circularly polarized (RHCP) wave in the
prescribed beam direction. The five-beam transmitarray
antenna presents high-gain circularly polarized radiation

performance. Meanwhile, the broadside beams are meas-
ured in the xoz-plane, as shown in Fig. 12. Pencil beams
with excellent left-hand circularly polarized performance
are demonstrated at 9.3 GHz and 10.2 GHz. The proposed
antenna is characterized by high directivity in both E-plane
and H-plane. Due to the impact of the test environment,
fabrication, and assembly errors, the variation of simulated
and measured results is within a reasonable range.

The realized gain of the broadside beam is simulated
and measured from 8 GHz to 10 GHz to verify the broad-
band performance. In Fig. 13(a), the peak realized gain of
beam 1 (B1) is 22.5 dBi at 9.7 GHz. For an aperture anten-
na with the size of 240 mm x 240 mm, the ideal directivity
is D = 4mA/l¢*, where A is the aperture area, and Ao is the
corresponding wavelength of 9.7 GHz. The calculated D is
28.8 dB. Hence, the aperture efficiency (.= G/D) of the
transmitarray antenna is 23.5% at 9.7 GHz. Besides, the
realized gain shows a relatively smooth trend, and the high
gain is maintained in a wide frequency band. The 2-dB
gain bandwidth is 9.2-10.2 GHz.

The AR of beam 1 (B1) changing with frequency is
shown in Fig. 13(b). The simulated and measured results
show that the transmitarray antenna can achieve circularly
polarized radiation with AR lower than 3 dB at
8.5-10.5 GHz. In the wide operating band, the measured
realized gain and AR are in good agreement with the simu-
lation. The error between measurement and simulation
does not affect the correctness and effectiveness of the
proposed design. Meanwhile, the feeding sources can also
be arranged along the x-axis, and a five-beam transmitarray
antenna with the ability of E-plane scanning can be real-
ized, as shown in Fig. 14.
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Fig. 13. Broadband performance of the transmitarray antenna
in the broadside: (a) Realized gain. (b) AR.
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Fig. 14. Five-beam transmitarray antenna with the ability of E-
plane beam scanning.

Figure 15(a) shows the simulated and measured gain
pattern at 9.7 GHz. The five beams point to —20°, —10°, 0°,
10°, and 20° in the xoz-plane, and the scanning gain de-
creases within 3.6 dB. The main reason for the decrease in
scanning gain is that the 1-bit compensation phase ar-
rangement of the transmitarray aims to achieve a maximum
gain in the broadside. When the feeding source is offset,
the inherent phase distortion is introduced, as mentioned in
Fig. 10. This phenomenon can be alleviated using a multi-
focus design of the transmitarray. However, the multi-
focus design will lead to a gain decrease in the broadside.
Therefore, making a tradeoff according to the design re-
quirements is necessary. Figure 15(b) shows the AR of five
beams, which suggests that five beams possess good circu-
larly polarized characteristics in the prescribed direction.

To highlight the novelty and advantages of this work,
a comparison is concluded in Tab. 1. Among the existing
circularly polarized multi-beam transmitarray antenna, the
circularly or linearly-to-circularly polarized transmitarray
unit is always required. Different from the other circularly
polarized multi-beam transmitarray antennas, the proposed
transmitarray antennas are based on the linearly polarized
feeding source and transmitarray unit. The proposed meth-
od can effectively reduce the design difficulty. Furthermore,
among most existing prototypes, SIW (Substrate Integrated
Waveguide) antennas and horn antennas are used as feed-
ing sources to alleviate port coupling and pursue broad-
band operation. Compared with the microstrip antenna, the
SIW antennas possess a more complex structure, and the
horn antennas inevitably increase the overall profile of
the designed antenna. This work uses only low-profile mi-
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Fig. 15. The radiation performance of five-beam transmitarray
antenna in the xoz-plane. (a) Radiation pattern; (b) AR.

crostrip antennas as feeding sources to achieve broadband
circularly polarized operation with satisfactory port isola-
tion.

5. Conclusion

In summary, this work demonstrates a novel method
for designing circularly polarized multi-beam transmitarray
antennas, and two multi-beam transmitarray antenna proto-
types are designed, fabricated, and measured. Different
from the other circularly polarized multi-beam transmitar-
ray antennas, the proposed antennas are based on the line-
arly polarized feeding source and transmitarray unit. This
new method increases the operating bandwidth and reduces
the design difficulty, simultaneously. To highlight the
novelty and advantages of this work, a comparison of the
proposed antenna among other literature is concluded. This
work has the advantages of simple design, high gain, low
cost, and broadband operation, which have potential appli-
cations in satellite communication.

Reference | Central Frequency Pcﬁ:rtiezr:tl::m Polel;::gtion Unit Polarization Feed Type ;BH;EZ‘:;I(IIE I;z;rffw?;:h
[18] 26.0 GHz CP Cp Cp SIW antenna 31.0% 20.0%
[25] 40 GHz Cp Cp CP Horn - >25.0%
[27] 26.5 GHz Cp LpP LP to CP SIW antenna 1.5% 13.6%
[28] 10 GHz Cp LP LP to CP Horn -- 25.1%
[29] 13 GHz Cp LP LP to CP Microstrip patch 12.4% 16.6%

This work 9.5 GHz CP LP LP Microstrip patch 20.1% 21.0%

Tab. 1. Performance comparison of the proposed antenna among other literature.
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