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Abstract—An integrated dual-band dual-circularly-polarized 
(dual-CP) transmit-array (TA) antenna operating at K- and Ka- 
bands is proposed. Antenna-filter-antenna based polarization 
twisting TA cells possessing high cross-polarized and low co-
polarized linearly-polarized transmission characteristics are 
designed. These TA cells possess highly-efficient circular-
polarization transmission with flipped handedness without using 
any 180° phase shifting lines, thus bringing about benefits such as 
symmetrical structures, design simplification, and more consistent 
CP transmission magnitudes. In addition, the dual-band dual-CP 
transmissive beamforming characteristics are realized by 
arranging K- and Ka-band cells in the same aperture and 
employing hybrid phase compensation strategy. For reducing the 
overall device profile, right-handed CP (RHCP) and left-handed 
CP (LHCP) planar arrays operating at K- and Ka-bands are 
fabricated as feeds for the TA. A dual-band dual-CP TA antenna 
with independently controllable beam directions is synthesized 
and experimentally demonstrated. The measured 2-dB gain and 
axial ratio bandwidths are 11.7% and 10.2% for K-band RHCP 
and LHCP beams, and the two CP beams own bandwidths of 
about 7.5% at Ka-band. The proposed dual-band dual-CP TA 
antenna can be a promising candidate for satellite communications 
and so on.  

Index Terms—Dual-band, dual-circularly-polarization, 
millimeter-wave, transmit-arrays, shared-aperture. 

I. INTRODUCTION

ATELLITE communication has been playing an 
increasingly important role over the past a few decades, 

which will be served as an indispensable part of the 6th-
generation (6G) wireless network that provides unified space-
air-ground interconnections [1]. For the purpose of improving 
overall payload efficiency and increasing system capacity 
density, antennas with multi-beam and multi-color reuse 
characteristics are highly desirable for high throughput 
satellites (HTS) [2], [3]. For four-color reuse scheme, the 
conventional solution requires four reflector antennas 
assembled on the same satellite with a single-feed-per-beam 
configuration [4]. In order to reduce the number of apertures 
and achieve planar structures, transmit-arrays (TAs) generating 
high-gain beams of dual-frequency and dual-polarization can 
provide a promising solution for HTS applications and so on [5]. 

Dual-band TAs share a similar working principle with single-
band TAs, with a difference manifested by the fact that the 
phase compensation at each of the two bands should be able to 
be manipulated independently. So far, dual-band linearly-
polarized (LP) and circularly-polarized (CP) shared-aperture 
TAs have been proposed by employing antenna-filter-antenna 
(AFA) cells [6]–[9] and multi-layered phased shifting surfaces 
(PSSs) building blocks [10]–[15]. By utilizing LP patch 
radiators as the receiving elements and the same LP patches 
with Berry phase (BP) determined variable rotation angles 
placed on the transmitting side for both bands, a dual-band CP 
TA antenna is proposed [7]. It possesses a 3-dB gain and axial 
ratio (AR) < 3 dB bandwidth of around 7% at both bands. A 
dual-band CP TA antenna is presented by employing multi-
layered PSSs [13], which exhibits a 3-dB gain and AR 
bandwidth of 10% and 7% at the low-band and high-band, 
respectively.  

For the purpose of increasing the spectral efficiency of 
communication systems, TAs with dual-polarized 
characteristics have been widely explored in recent years [16]–
[22]. In [18], a dual-LP TA antenna is realized by placing 
rectangular patches on both sides of a ground plane etched out 
with cross-shaped slots. The beam directions for the orthogonal 
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polarizations can be independently controlled by modifying the 
sizes of the rectangular patches and cross-shaped slots for each 
polarization, offering a 3-dB gain bandwidth of about 18% for 
the dual-LP beams. In contrast to dual-LP TAs, dual-CP TAs 
are more desirable for space applications, which are more 
difficult to be designed [21], [22]. By combining a bottom dual-
LP TA composed by +45° and +135° polarized AFA cells and 
a top LP-to-CP polarizer, a TA antenna with dual-CP feature is 
achieved [21], [23]. This dual-CP TA antenna owns a 
bandwidth of about 7.3% with gain variation and AR below 3 
dB for both CP beams. For the purpose of reducing the panel 
thickness of dual-CP TAs, more recently, single-functional-
layer designs have been proposed by jointly exploiting dynamic 
phase (DP) and Berry phase (BP) compensation techniques [22], 
[24]. Such dual-CP TA possesses a joint 2-dB gain and AR < 2 
dB bandwidth of about 12.3% for both CP beams [22].  

Dual-band or dual-polarized antennas can support two-color 
reuse scheme for satellite communication applications [25]. In 
contrast, antennas with simultaneous dual-band and dual-
polarization characteristics compatible with four-color reuse 
strategy can further improve the spectral efficiency particularly 
for high throughput applications [3]. Recently, dual-band dual-
CP reflect-array (RA) antennas have been actively investigated 
and reported [26]–[29]. In order to eliminate the feed blockage 
of RA antennas, dual-band and dual-polarized TA antennas are 
studied. For example, shared-aperture metallic slots [30] or 
loop elements [31] have been utilized for achieving dual-band 
dual-LP TAs. However, the LP characteristics of these dual-
band dual-LP TAs requires exact alignment between the 
transmitter and receiver, thereby restricting their practical 
applications [30], [31]. Therefore, it is urgent to design TA 
antennas possessing dual-band dual-CP radiation features with 
four independently controllable beams, which are amenable for 
a variety of space applications. 

In this paper, an integrated dual-band dual-CP TA antenna is 
reported for generating two K-band beams and two Ka-band 
beams with independently controllable beamforming. By 
taking advantage of the high cross-polarized and low co-
polarized LP transmission features, the designed polarization 
twisting cells, which provide a high CP transmission with 
handedness flip characteristics, possess symmetrical structure, 
reduced design complexity, and more stable CP transmission 
magnitudes. Moreover, by jointly employing shared-aperture 
cell alignment, hybrid DP and BP compensation strategy, and 
planar wideband CP feeds, the desirable functionality with a 
reduced total profile and a high efficiency of the TA antenna is 
realized. The paper is organized as follows. In Section II, the 
configuration of the integrated TA antenna, the mathematical 
derivation of the transmission matrix of the transmissive dual-
CP cells, as well as the scheme and performances of the dual-
band dual-CP TA cells are illustrated. K- and Ka-band RHCP 
and LHCP planar arrays, acting as the feeds, are reported in 
Section III. The experimental results of the TA antenna, 
integrated with the planar feeds, are presented in Section III. 
Finally, the conclusion is drawn in Section IV. 

II. TA CONFIGURATION AND DESIGN OF DUAL-BAND DUAL-
CP SHARED-APERTURE TA CELLS 

Fig. 1 depicts the diagram of the integrated dual-band dual-
CP TA antenna, which comprises a feed array and a quasi-
circular planar TA. The feeds are composed of K-/Ka-band 
RHCP/LHCP four-element planar arrays, which are placed 
underneath the TA at a focal distance of F. The generated K-
/Ka-band RHCP beams are directed at (θR, φR)K/Ka when the K-
/Ka-band LHCP waves emitted from feed is illuminated on the 
TA, whereas the TA can radiate K-/Ka-band LHCP waves 
pointing at (θL, φL)K/Ka by exciting the K-/Ka-band RHCP feeds, 
respectively. The directions of the four generated beams can be 
manipulated independently. In addition, the top-right inset of 
Fig. 1 illustrates the directions of the four beams of the proof-
of-concept TA design demonstarted in this work. 

Fig. 1. Configuration of the integrated dual-band dual-CP TA antenna. The 
beam directions and feed array positions are presented in the top-right inset, 
where the subscripts R/L denotes the abbreviation of the RHCP/LHCP waves. 

A. Transmission Coefficient Matrix Derivation

For a true dual-CP cell, the transmission phases, for example,
the ϕ(tRL) and ϕ(tLR), should be able to be controlled 
independently. One of the approaches to achieve dual-CP 
beamforming is designing a series of cells possessing the 
following three characteristics. First, the co-polarized LP 
transmission magnitudes (Txx and Tyy) should be close to zero. 
Second, the cross-polarized LP transmission magnitudes (Txy 
and Tyx) need to be near unity. Third, the cross-polarized LP 
transmission phases (ϕ(txy) and ϕ(tyx)) can provide a full 360° 
coverage and are identical to each other. This indicates that 
highly-transmissive polarization twisting cells with variable 
transmission phases are desirable. As such, the linear 
transmission matrix of these cells can be written as  

�
��� ���
��� ���

� = � 0 ����

���� 0
�,      (1) 

where the subscript n represents the cell number with n = m+1, 
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under the condition that the resolution of the dual-CP cells is m 
× m bit. The CP transmission matrix can then be obtained as 
[32], [33] 

�
��� ���
��� ���

� = � 0 ��(�������
�

�
)

��(�������
�

�
) 0

�.   (2) 

It can be concluded from (2) that the LHCP (RHCP) incident 
waves are all transformed into the RHCP (LHCP) transmissive 
waves after passing through the dual-CP cells. In addition, such 
a cell is capable of separately controlling the cross-polarized CP 
transmission phases by rotating the cells with a different initial 
cross-polarized LP transmission phase, indicating that the CP 
waves with opposite handedness can be manipulated separately. 

Although both the dual-CP cells designed in this work and 
those reported in [22] possess a single functional layer, it should 
be underlined that they operate based on different mechanism. 
First, the TA cells with high cross-polarized and low co-

polarized LP transmission can inherently enable high CP 
transmission with handedness flip. Secondly, symmetrical 
structure would be achieved due to the elimination of the λg/2 
length difference between the phase shifting lines in the cells, 
resulting in reduced design complexity and smaller cell 
footprint. Thirdly, the designed cells would possess more 
consistent and stable transmission magnitudes for CP waves 
with opposite handedness than dual-CP TA cells using phase 
shifting lines with an 180° phase difference, which would 
facilitate a balanced behavior for the transmitted LHCP and 
RHCP beams [see Eq. (2)]. In theory, the operating bandwidth 
of the designed cells could be made to be very broad since they 
do not rely on dispersive phase shifting lines with an 180° 
difference. Therefore, the operational bandwidth of the 
designed dual-CP cells is primarily dependent on the 
impedance matching bandwidth of the utilized receiving and 
transmitting radiators.  

Fig. 2. (a) Configurations of the TA elements. (b) The laminated structure of the TA elements, where h1 = 0.305, h2 = 0.203, h3 = 0.203, h4 = 0.305, h5 = 
0.203, h6 = 0.203, h7 = 0.203, and h8 = 0.305. The relative permittivity and loss tangent are 3.55 and 0.0027 for Rogers 4003, and 3.52 and 0.004 for Rogers 
4450F, respectively. (c) Top views of the metallic layers (the M8 and M9 layers are not shown here, due to they can be achieved by rotating the M6 and M5 
layers with an angle of 180°), where LP = 5.4, R1L = 1.6, L1L = 1.15, W1L = 0.2, R2L = 1.6, L2L = 0.65, W2L = 0.2, R3L = 1.6, R4L = 1.25, W3L = 0.2, WFL = 0.4, LFL 

= 2.2, RS = 0.56, WS = 0.15, R1H = 0.85, L1H = 0.3, W1H = 0.15, R2H = 0.85, R3H = 0.5, W2H = 0.15, WFH = 0.35, and LFH = 1.5, all in millimeters. 
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B. 2 × 2 Bit Dual-CP Phase Compensating TA Cell Designs

TA cells can be realized based on AFA structures [6–9, 16–
18, 21–22], multi-layered PSSs [10–15, 19], and metamaterials 
[34, 35]. In this design, the AFA structure is adopted for 
designing the TA cells due to its inherent low panel thickness. 
Fig. 2(a) shows the configurations of the designed elements at 
the two operational bands, both having eight Rogers 4003 
substrates that are bonded together using seven Rogers 4450F 
prepregs with a thickness of 0.1 mm. The total thickness of the 
TA panel is 2.77 mm, i.e., about 0.18λK, where λK is the free-
space wavelength at 19.5 GHz [see Fig. 2(b)]. The receiving 
and transmitting radiators of the K-band and Ka-band elements 
are composed of dual-LP L-probe fed stacked patches and 
single patch, respectively, as shown in Fig. 2(a). For size 
miniaturization, the L-probes (M5 and M9 layers) are bent into 
opposite directions, while four rectangular slots are etched on 
the all the patches. In addition, the K-band lower patch and Ka-
band patch are bent inward using metallic vias for further 
miniaturization [36]. By back-to-back placing the receiving and 
transmitting radiators and electrically connecting them through 
two striplines of the same lengths (see M7 layer), K- and Ka-
band polarization twisting TA elements are formed [see Fig. 2(a) 
and (c)].  

For the purpose of compensating the phases of the spherical 
waves emitted from feed, two kinds of phase delay techniques 
can be utilized, i.e., DP and BP [33]. When DP compensation 
is adopted, a series of cells with variable sizes or variable delay 
line lengths covering a full phase period of 360° need to be 
designed. In this way, if the RHCP or LHCP waves emitted 
from feed illuminate on the TA aperture, the transmitted CP 
waves keep the same polarization as the incident waves for cells 
without any phase difference between their two optical axes. In 
contrast, the transmitted CP wave will have a handedness 
opposite to that of the incident CP wave if the TA cells behave 
as transmissive half-wave plates. However, both the transmitted 
LHCP and RHCP waves will point to the same direction since 
only DP compensation is used [13], [33]. Different from the DP 
method, the BP compensation approach provides a phase 
modulation inherently for CP waves by rotating the TA cells 
behaving as transmissive half-wave plates [33], [37]. The 
transmitted RHCP/LHCP waves undergo opposite phase 
gradients when passing through the TA aperture, i.e., the beam 
directions are symmetrical about the aperture normal for the 
orthogonal CP waves. Specifically, when the incident RHCP 
(LHCP) wave is illuminated on the TA composed by BP cells, 
the transmitted wave is transformed into an LHCP (RHCP) 
beam [38], [39]. As such, it is impossible to manipulate the 
orthogonal CP waves independently by only adopting the DP or 
BP method. However, when DP and BP are simultaneously 
applied to the TA cells, the dual-CP waves can be controlled 
separately [22]. Therefore, four K-band elements and four Ka-
band elements are designed with a phase gradient of 45°, which 
can cover a phase range of 180°. In addition, by rotating the 
cells by an angle of 90°, a full phase period can be obtained at 
both the K- and Ka-bands [27]. Finally, by introducing element 
rotation induced BP delays, dual-band dual-CP phase 
compensation can be achieved. 

As deduced above, in order to independently control the CP 
waves with opposite handedness, a hybrid DP and BP 
compensation method needs to be exploited for the TA cells. 
The designed polarization twisting TA cells should characterize 
high cross-polarized and low co-polarized LP transmission 
magnitudes, as well as the same transmission phases for the 
cross-polarized LP waves according to Eq. (1). Therefore, the 
designed dual-LP L-probe fed patch radiators are adopted and 
placed back-to-back on both the receiving and transmitting 
sides, which are connected through two striplines to form the 
polarization twisting TA elements as shown in Fig. 2(a). In 
addition, a series of metal vias connecting the top and bottom 
ground planes with a diameter of 0.15 mm are added for 
suppressing the parallel-plate waveguide mode [40]. In 
particular, the x-polarized (y-polarized) port of the receiving 
radiator is connected to the y-polarized (x-polarized) port of the 
transmitting radiator through a stripline, offering a high cross-
polarized and a low co-polarized LP transmission. Two 
striplines functioning as phase delay lines possess the same 
length for each TA element, providing the same cross-polarized 
LP transmission phases. This also leads to a reduced design 
complexity as well as a smaller element footprint. Fig. 3(a) and 
(d) show the trace patterns of the phase delay lines with
different lengths for obtaining a gradient cross-polarized LP
transmission phase of 45° at each band, i.e., a 3-bit LP phase
resolution. It should be noted that the designed TA elements can
be viewed as transmissive half-wave plates with optical axes
along the ±45°. By interlacing the K- and Ka-band elements
with an element spacing of 5.4 mm, corresponding to 0.35λK

(0.53λKa), true dual-band dual-CP TA cells can be constructed.
The simulated co-polarized and cross-polarized LP 

transmission magnitudes as well as the cross-polarized LP 
transmission phases are shown in Fig. 3(b) and (e), respectively. 
From 18.4 to 20.5 GHz and 28.7 to 31.6 GHz, the cross-
polarized LP transmission magnitudes are above -2 dB, while 
the co-polarized LP transmission magnitudes are smaller than -
10.7 dB and -16.7 dB for all the cells within the two bands. The 
cross-polarized LP transmission phases show a phase difference 
of about 45° between the four cells at both bands. The LP and 
CP scattering parameters can be transformed to each other [32]. 
In the range of 18.4 – 20.5 GHz and 28.7 – 31.6 GHz, the cross-
polarized CP transmission magnitudes are higher than -2 dB, 
whereas the co-polarized magnitudes are lower than -10.7 dB 
and -16.7 dB as presented in Fig. 3(c) and (f). The cross-
polarized CP transmission bandwidths are corresponding to the 
impedance matched bandwidth of the receiving and 
transmitting radiators, which corroborates the theoretical 
predictions on the relationship between the operational 
bandwidth of the TA cells and the impedance bandwidth of the 
receiving/transmitting radiators. In addition, the dual-CP cells 
designed in this work show more consistent CP transmission 
magnitudes between TRL and TLR (TRR and TLL) due to their 
symmetrical geometrical structures, resulting in a balanced 
behavior for the transmitted LHCP and RHCP waves.  
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Fig. 3. Top views of the phase-delay striplines (M7 layer) of the (a) four K-band 
elements and (d) four Ka-band elements, with LS1L = 2.12, LS2L = 3.43, LS3L = 
4.98, LS4L = 6.14, and LS1H = 2.86, LS2H = 3.74, LS3H = 4.86, LS4H = 5.44, all in 
millimeters. Simulated LP scattering properties of the (b) four K-band cells and 
(e) four Ka-band cells. Simulated CP scattering properties of the (c) four K-
band cells and (f) four Ka-band cells.

Since the 3-bit LP elements are designed at both bands, 
respectively, dual-CP phase compensation can be achieved by 
introducing a proper amount of rotation for each element [22]. 
As a result, the relationships between the element number, 
rotation angles, and 2-bit cross-polarized CP transmission 
phases are provided in Table I. A total of 32 cells, i.e., 16 for K-
band and 16 for Ka-band operation, are simulated using the 

high-frequency structure simulator (HFSS). The interstellar 
plots of the simulated cross-polarized CP transmission 
magnitudes and phases at 19.5 GHz and 29.5 GHz are shown in 
Fig. 4. The cross-polarized transmission magnitudes are in the 
range of -1.5 – -0.7 dB for all the 32 cells [see Fig. 4(a) and (c)]. 
Besides, the cross-polarized CP transmission phases for all the 
cells are provided in Fig. 4(b) and (d), showing a 2 × 2 bit dual-
CP phase compensation with a maximum phase error of 10° and 
6.5° at K- and Ka-bands, respectively. 

TABLE I. 2 × 2 BIT DUAL-BAND DUAL-CP PHASE COMPENSATION 

ϕ(tRL) 
ϕ(tLR) 0° -90° -180° -270° 

0° 
Cell11* 

(Cell3, 45°) 
Cell12 

(Cell4, 22.5°) 
Cell13 

(Cell1, 90°) 
Cell14 

(Cell2, 67.5°) 

-90° 
Cell21 

(Cell4, 67.5°) 
Cell22 

(Cell1, 135°) 
Cell23 

(Cell2, 112.5°) 
Cell24 

(Cell3, 90°) 

-180° 
Cell31 

(Cell1, 0°) 
Cell32 

(Cell2, 157.5°) 
Cell33 

(Cell3, 135°) 
Cell34 

(Cell4, 112.5°) 

-270° 
Cell41 

(Cell2, 22.5°) 
Cell42 

(Cell3, 0°) 
Cell43 

(Cell4, 157.5°) 
Cell44 

(Cell1, 45°) 

* The bold font represents the element number of the proposed 16 elements at 
K-band or Ka-band. The first word in the bracket indicates the number of the 
four K-/Ka-band elements, while the second word in the bracket denotes the 
rotation angles, i.e., ϕrK or ϕrKa [see Fig.2]. 

Fig. 4. Interstellar plots of the simulated (a) cross-polarized CP transmission 
magnitudes and (b) phases for the 16 dual-CP cells at K-band. Interstellar plots 
of the simulated (c) cross-polarized CP transmission magnitudes and (d) phases
for the 16 dual-CP cells at Ka-band. 

C. Interaction Between the K- and Ka-Band Elements

For a shared-aperture TA, the designed K- and Ka-band 2 ×
2 bit dual-CP elements are spatially interleaved. Therefore, it is 
necessary to study the interaction between the adjacent 
elements in different frequency bands by observing the inter-
band influence on the CP scattering parameters. For simplicity, 
considering two specific cases where the K-band CellL34 (and 
CellL44) is located at the center surrounded by Ka-band CellH1 
(and CellH2). As the Ka-band element rotates around its own 
geometrical center from 0° to 157.5° at an interval of 22.5°, the 
CP scattering parameters of K-band elements are shown in Fig. 
5. It can be seen that the discrepancy of the co-polarized and
cross-polarized CP transmission magnitudes are smaller than
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0.14 dB and 0.6 dB, while the change of the cross-polarized CP 
transmission phase is less than 5.5°. In contrast, for the cases 
where the CellH11 (and CellH23) is located at the center 
surrounded by the CellL2 (and CellL4). It can be seen that, as 
the K-band element rotates, the cross-polarized CP transmission 
magnitudes vary between -0.8 and -1.5 dB, while the co-
polarized transmission magnitudes are all below -14.4 dB for 
Ka-band elements [see Fig. 5]. The cross-polarized CP 
transmission phase experiences a small change of less than 8°. 
It can be concluded from the above discussion that the inter-
band interaction between the two bands is negligible, which 
will not deteriorate the property of the shared-aperture TA 
antenna.  

Fig. 5. Simulated CP scattering properties of TA elements (CellL34, CellL44) 
surrounded by rotating element (CellH1, CellH2), and TA elements (CellH11, 
CellH23) surrounded by rotating element (CellL2, CellL4).  

D. Performance of the TA Cells at Oblique Incidence

In general, the performance of the TA cells is different at
normal and oblique angles of incidence. Therefore, it is 
essential to evaluate the cell performance at oblique incidence 
since the edge cells in the TA aperture are inevitably illuminate 
by obliquely impinging waves. Here, two TA cells, which 
contain CellL31 and CellH12, and CellL43 and CellH12, 
respectively, are taken to investigate the K-band oblique 
incidence performance. It can be seen that the TRL and TLR are 
between -1.5 dB and -0.7 dB, and the change of ϕ(tRL) and ϕ(tLR) 
is smaller than 18.1° for both CellL31 and CellL43 when the 
incident angle increase from 0° to 40° [see Fig. 6]. Meanwhile, 
the co-polarized CP transmission magnitudes are lower than -
13 dB and -16 dB for CellL31 and CellL43, respectively, for all 
the incident angles as presented in Fig. 6. Similarly, two TA 
cells composed of CellH14 and CellL43, and CellH24 and 
CellL43 are taken to evaluate the Ka-band oblique incidence 
performance. The fluctuation of the cross-polarized CP 

transmission magnitudes and phases are smaller 0.5 dB and 
29.6° for both CellH14 and CellH24, when the incident angle 
increase from 0° to 40° [see Fig. 6]. In addition, the co-
polarized CP transmission magnitudes under incident angle 
from 0° to 40° are lower than -14.7 dB and -15.4 dB for CellH14 
and CellH24, respectively. Benefiting from the small element 
spacing, the TA cell performance keep stable even when the 
incident angle increases to 40° at both K- and Ka-bands. The 
well-behaved cell performance can ensure a smaller focal-to-
diameter (F/D) values, indicating a lower overall profile of the 
TA antenna. 

Fig. 6. Simulated CP scattering properties for TA cells as a function of incident 
angles of CellL31, CellL43 at 19.5 GHz, and CellH14, CellH24 at 29.5 GHz.  

III. DESIGNS AND EXPERIMENTAL VERIFICATIONS OF THE

DUAL-BAND DUAL-CP TA ANTENNA 

With the designed dual-band 2 × 2 bit dual-CP TA cells, a 
proof-of-concept finite-sized TA antenna is synthesized for 
further verifying the performance of the proposed TA cells. In 
addition, planar CP arrays instead of bulky CP horns are 
designed and utilized as the feeding sources. 

A. Planar CP Feed Array Designs

In order to reduce the overall profile of the final TA antenna,
planar feeds are preferable for better integration and easy 
connection with other front-end RF circuits. Here, 
RHCP/LHCP planar arrays operating at K- and Ka-bands are 
designed and used as the feeds [see Fig. 7]. The feed array is 
composed of three substrates, which include a Rogers 4003 
layer (hf1 = 0.305 mm) at the bottom, a TLY-5 substrate (hf2 = 
0.76 mm) in the middle, and a TLY-5 laminate (hf3 = 0.25 mm) 
on the top. Between the bottom and middle substrates, a 0.1 
mm-thick Rogers 4450F prepreg is used for bonding purpose.
In addition, an air spacer with a thickness of hfa = 1.5 mm is
used between the middle and top substrates for separating the
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stacked patches. The radiating elements are four circular 
stacked patches, aligned in a sequential rotation fashion, each 
with a pair of rectangular shaped notches [see Fig. 7(b) and (c)]. 
The stacked patches are excited by a microstrip feeding circuit 
through I-shaped slots on the ground. Since the substrate 
stackings are the same for the K- and Ka-bands RHCP/LHCP 
arrays, they can be readily incorporated in the same multi-
layered substrate for high integration.  

Fig. 7. (a) Configurations of the planar K- and Ka-band RHCP/LHCP feed 
arrays. The relative permittivity and loss tangent are 2.2 and 0.0009 for TLY-5 
substrate. Top views of the (b) K-band and (c) Ka-band stacked patches and 
microstrip feeding circuits with r1 = 2.6, w1 = 1.3, s1 = 1.25, r2 = 2.5, w2 = 1.4, 
s2 = 1.15, wf1 = 0.41, wf2 = 0.75, l1 = 14.74, l2 = 17.33, l3 = 19.22, l4 = 21.81, 
r3 = 1.4, w3= 0.6, s3 = 0.95, r4 = 1.3, w4 = 0.8, s4 = 0.8, l5 = 9.4, l6 = 11.73, 
l7 = 12.4, and l8 = 14.73, all in millimeters. 

The K- and Ka-band planar RHCP/LHCP arrays are 
simulated, fabricated, and characterized. The measured 
reflection and mutual coupling coefficients are shown in Fig. 8. 
The measured reflection coefficients are all smaller than -14 dB 
in their operational bands, while the mutual couplings between 
different ports are all lower than -22 dB. The radiation property 
of the planar CP arrays is measured with the results reported in 
Figs. 9 and 10. The normalized radiation CP patterns of the K-
band RHCP and LHCP arrays in simulation and measurement 
at 19.5 GHz are shown in Fig. 9(a) and (b). It can be seen that 
the -10 dB beamwidth is around 86° in both planes. The 
simulated and measured normalized radiation patterns for the 
CP beams at 29.5 GHz are also provided [see Fig. 9(c) and (d)]. 
The -10 dB beamwidth is around 85° in both planes for the two 
arrays. The peak gain and AR values as a function of frequency 
of the K- and Ka-band RHCP/LHCP arrays in simulation and 
measurement are shown in Fig. 10. Both the RHCP and LHCP 
arrays operating at K-band exhibit a moderate measured 
averaged peak gain of around 9.7 dBic with AR values below 2 
dB in the frequency range of 18 – 21.9 GHz. For the Ka-band 
arrays, the measured averaged peak gain is around 9.6 dBic 
between 27.2 and 31.1 GHz, while the measured AR values are 
below 3 dB within this band. The discrepancies between the 
simulated and measured results are mainly attributed to the 

variation of the air spacer thickness caused during the assembly 
process. It can be seen from the simulations and measurements 
that the designed K- and Ka-band CP planar arrays can be 
qualified candidates as the feeds of TAs due to their wide 
impedance bandwidth, moderate -10 dB beamwidth, stable 
peak gain, and low AR values.  

Fig. 8. Measured (a) reflection coefficients and (b) mutual couplings of the K- 
and Ka-band planar RHCP/LHCP arrays. 

Fig. 9. Simulated and measured normalized radiation patterns at 19.5 GHz of 
K-band (a) RHCP and (b) LHCP arrays, and at 29.5 GHz of Ka-band (c) RHCP
and (d) LHCP arrays.
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Fig. 10. Simulated and measured AR and peak gain values as a function of 
frequency of (a) K-band RHCP, (b) K-band LHCP, (c) Ka-band RHCP, and (d) 
Ka-band LHCP arrays. 

B. Dual-Band Dual-CP TA Antenna Design

By utilizing the verified K- and Ka-band CP planar arrays as
the feeding sources and properly distributing the dual-band 2 × 
2 bit dual-CP cells on the TA aperture, an integrated dual-band 
dual-CP TA antenna with independently controllable beam 
directions is designed [see Fig. 1]. The TA panel occupies a 
quasi-circular area with a diameter of 216 mm, i.e., 14λK, which 
contains 1268 K-band elements and 1201 Ka-band elements. 
The focal length is 151.2 mm, indicating an F/D ratio of 0.7 at 
both K- and Ka-bands for ensuring the oblique incident angles 
are no more than 36° at the edge of the TA.  

Fig. 11. Distributions of the K-band (a) element number and (b) element 
rotation angle, and Ka-band (c) element number and (d) element rotation angle 
of TA antenna across its radiating aperture. 

The designed dual-band 2 × 2 bit dual-CP cells distributed on 
the TA aperture not only compensate for the optical path 
difference of the quasi-spherical waves radiated by the feeding 
sources, but also impose the required phase gradients for beam 
deflection [42], [43]. The element distribution and rotation 

angles are shown in Fig. 11. Consequently, the four generated 
highly-directive pencil beams are directing at (30°, 90°)/(-30°, 
0°) for the K-band beams and at (20°, 0°)/(-20°, 90°) for the Ka-
band beams [see Fig. 1]. Due to the large electrical size of the 
TA antenna, it would require an impractically huge amount of 
computational memory and time to perform full-wave 
simulations. Therefore, an efficient home-made code is 
employed for estimating the TA properties based on the 
vectorial near-field quantities, scattering parameters of the TA 
cells, and a near-field to far-field transform [38]. 

Fig. 12. Calculated and measured normalized CP radiation patterns of the TA 
antenna by exciting the K-band (a) LHCP and (b) RHCP feed arrays at 19.5 
GHz, and the Ka-band (c) LHCP and (d) RHCP feed arrays at 29.5 GHz, where 
�̂� = �̂���30� + �����30� , �̂� = �̂���30� − �����30� , �̂� = �̂���20� −
�����20�, and �̂� = �̂���20� + �����20�. 

The calculated normalized radiation patterns of the TA 
antenna in the two orthogonal planes cutting through the main 
K- and Ka-band dual-CP beams are provided in Fig. 12. The
four generated beams are all pointing to the targeted directions.
The RHCP/LHCP beams at K-band possess calculated sidelobe
levels (SLLs) and cross-polarization levels of -23.2/-24.9 dB
and -20.5/-27.4 dB, respectively [see Fig. 12(a) and (b)]. Both
of these two beams possess a calculated 2-dB gain and AR < 2
dB bandwidth of 12.3% [see Fig. 13(a) and (b)]. The calculated
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peak gain values are both around 27.5 dBic for two CP beams 
at K-band, indicating an aperture efficiency of 29%. At Ka-band, 
the two CP beams own calculated SLLs and cross-polarization 
levels of -19.7/-36 dB and -20.8/-38.8 dB as reported in Fig. 
12(c) and (d), respectively. The calculated 2-dB gain and AR < 
2 dB bandwidths are 8.5% and 9.1% for the Ka-band CP beams 
[see Fig. 13(c) and (d)]. The calculated peak gain values are 
about 29.9 and 30.3 dBic at Ka-band, implying an aperture 
efficiency of 23.1% and 25.3% for the RHCP and LHCP beams, 
respectively. The detailed loss budgets at the operational bands 
are provided in Table II. The sum of all the losses is about 5.37 
and 6.02 dB, indicating that the estimated aperture efficiencies 
are 29% and 25% at K- and Ka-bands, respectively. In future 
works, TA cells with lower insertion loss, a smaller TA cell size, 
and a finer phase resolution across the TA aperture will be 
investigated for improving the aperture efficiencies of such 
dual-band dual-CP TA antennas. It should be noted that feeding 
sources with a narrower beamwidth could be employed for 
further improving the aperture efficiency at the expense of an 
increased F/D ratio, thereby yielding a higher total profile. 
Other dual-band dual-CP TA antenna examples with beams 
pointing at large angles of about 45° off broadside have also 
been designed, showing that high-quality beams can still be 
obtained (not shown here for succinctness). 

Fig. 13. Calculated and measured peak gain and AR values as a function of 
frequency for the dual-band dual-CP TA antenna excited by the (a) K-band 
LHCP, (b) K-band RHCP, (c) Ka-band LHCP, and (d) Ka-band RHCP planar 
feed arrays, respectively. 

TABLE II. CALCULATED CONSTITUENTS OF APERTURE EFFICIENCY 

Efficiency Type 
K-band Ka-band 

Value (%) Loss (dB) Value (%) Loss (dB) 

Spillover Efficiency  75 1.25 79 1.02 
Illumination Efficiency  95 0.22 87 0.61 

Phase Quantization Efficiency 81 0.95 81 0.95 
Cell Transmission Efficiency 78 1.1 78 1.06 
Oblique incidence Efficiency 65 1.85 58 2.38 

Total Aperture Efficiency 29 5.37 25 6.02 

C. Experimental Results

The TA and the planar feeds are fabricated and integrated to
construct the dual-band dual-CP TA antenna with the top and 

enlarged views of the M1 and M5 layers displayed in Fig. 14(a) 
and (b). The TA antenna is then measured in a far-field chamber 
for verifying the radiation performance [see Fig. 14(c)].  

Fig. 14. Top and enlarged views of the (a) M1 and (b) M5 layers of the 
fabricated TA antenna. (c) Measurement environment of TA antenna in a far-
field anechoic chamber. 

The measured normalized CP radiation patterns of the TA 
antenna are provided in Fig. 12. The measured SLLs and cross-
polarization levels are -20.2/-20.2 dB and -21.3/-22.2 dB for the 
CP beams at K-band, respectively [see Fig. 12(a) and (b)]. The 
measured 2-dB gain and AR bandwidths are 11.7% (18.5 – 20.8 
GHz) and 10.2% (18.7 – 20.7 GHz), for both K-band CP beams, 
as shown in Fig. 13(a) and (b). The K-band beams both own 
measured peak gain and aperture efficiency of about 26.8 dBic 
and 24.6%, respectively. At Ka-band, the measured SLLs and 
cross-polarization levels are -16.9/-26.4 dB and -16.9/-25.8 dB 
for the CP beams, respectively [see Fig. 12(c) and (d)]. The 
measured 2-dB gain and AR < 2 dB bandwidths are 7.6% (29.3 
– 31.6 GHz) and 7.3% (29.2 – 31.4 GHz) as reported in Fig.
13(c) and (d). The Ka-band RHCP and LHCP beams own
measured peak gain values of 28.2 and 28.0 dBic, indicating
that the aperture efficiencies are 15.6% and 14.9%. It can be
seen from Fig. 13 that the measured operational bands shift
slightly to higher frequencies by 1% at K-band and 2.7% at Ka-
band. Considering such a frequency shift, the difference
between the calculated and measured results are within an
acceptable range. However, small discrepancies still exist and
are attributed mainly to the following reasons: 1) the scattering
parameters of the TA cells obtained using periodic unit cell
simulations inevitably possess small deviations with those in a
finate-sized TA due to the spatially interleaved arrangement of
the K- and Ka-band elements, 2) inaccuracies introduced during
the fabrication and assembly process, and 3) the slight curvature
of the TA panel.

Table III presents a comparison between the proposed TA 
antenna and other previously reported dual-band or dual-CP TA 
antennas. It can be seen that the proposed TA antenna possesses 
a smaller TA panel thickness, a smaller F/D ratio, and a broader 
bandwidth. The designed TA antenna exhibits moderate 
aperture efficiencies when comparing with the reported dual-
band or dual-CP TA antennas, all while possessing additional 
functionality and more degrees-of-freedom of beamforming. 
Most importantly, to the best of our knowledge, the 
demonstrated TA antenna is the first one that provides 
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simultaneous dual-band and dual-CP beamforming 
characteristics. 

IV. CONCLUSION

In conclusion, an integrated K- and Ka-band dual-CP TA 
antenna with independently controllable beam directions is 
designed, fabricated and experimented. The transmission 
coefficient matrix derivation of the proposed dual-CP cells is 
carried out initially. It reveals that polarization twisting TA 
cells possessing high cross-polarized and low co-polarized LP 
transmission characteristics can inherently provide highly-
efficient CP transmission with handedness flip, along with 
advantages such as symmetrical structure, design simplification, 
and more consistent CP transmission magnitudes. In addition, 
planar K- and Ka-band RHCP/LHCP arrays are designed and 
functioned as the feeds for achieving low-profile characteristics. 
An integrated dual-band dual-CP TA antenna is designed and 
experimentally verified. The demonstrated dual-band dual-CP 
TA antenna can serve as a useful candidate for satellite 
communications, space applications, and so on. 
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