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ABSTRACT This paper presents a scalable 1024-element transmit dual-circularly-polarized phased array

for Ka-band satellite communication (SATCOM) terminal applications. The transmit array based on the

CMOS beamformer and a multilayer printed circuit board (PCB) can steer up to large scan angles (±60◦)

with a scan loss less than 4.5 dB. With the 8-channel transmit beamformer, the array can realize dual circular

polarization and the axial ratio (AR) of the array is less than 3 dB in the scanning range of ±30◦ in both

left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP) mode. The effective

isotropic radiated power (EIRP) of the array achieves 74 dBm from 29.5 GHz to 30 GHz. The design and

measurement of the 1024-element transmit array have presented a feasible way for mass production of a low

cost active phased array.

INDEX TERMS Ka-band, SATCOM, phased array, flat panel antenna, CMOS, dual-circularly-polarized.

I. INTRODUCTION

With the development of the high throughput satellite

(HTS) systems and low earth orbiting satellite (LEO) sys-

tems [1]–[4], SATCOM operators can provide low price

and global coverage. Therefore, the number of SATCOM

users has significantly increased in recent years. Meanwhile,

SATCOM users increasingly demand satellite terminals

with a low profile, rapid beam steering and high reliabil-

ity. However, the traditional SATCOM terminals applying

mechanically steered antennas are bulky and not reliable for

long-term use. Mass production of beam-steering antenna for

SATCOM terminals of the LEO system is the most urgent

technological advancement.

In recent years, researchers have proposed different

solutions to realize the beam-steering antenna. The transmit

array and reflect array [5]–[7] can achieve beam steering with

very low cost. However, the phase-delay and phase-rotation

cell of the transmit array and reflect array require mechanical

manufacturing with high accuracy. Furthermore, due to the

restriction of the ratio of focal length to diameter (F/D), the
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transmit array and reflect array are difficult to make low

profile. Others have found that a liquid crystal performed

as a tunable dielectric material can be used to substitute the

phase shifters in phased arrays [8], [9]. They have demon-

strated that an electronically scanned antenna based on a

liquid crystal is low profile and can achieve a wide-angle

scan (±60◦). Due to the ease of production of liquid crystals,

this technology is also low cost. However, the insertion loss

of the device based on liquid crystals is high, especially in

millimeter-wave frequencies. The measured gain of a 2 × 2

array introduced by [9] at 17.5GHz is only 5.9 dBi. With the

increase in the aperture of the array, the insertion loss of the

feed network can significantly undermine the performance

of the array. Furthermore, the liquid crystal is sensitive to

temperature, so it is not suitable for platforms operating in

extreme temperature, such as airborne systems.

The active phased array is one of the most feasible

technologies for SATCOM terminal applications. The phased

array can steer the beam at high speed with high reliability.

Moreover, compared with the EIRP of a single element,

the EIRP of an N-element transmit improves by N2 [10].

Therefore, it is efficient for the transmit array to achieve

high EIRP. From current reports [10-23], the silicon-based
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FIGURE 1. Top view (a) and bottom view (b) of the 1024-element transmit
array.

phased arrays have become the most promising and practical

ways to realize large arrays for the SATCOM terminals.

The antenna based on CMOS and PCB tremendously reduce

the cost of active phased arrays [23], [24]. However, most

reports about silicon-based phased arrays focus on Ku-band

SATCOM applications. To the best of the author’s knowl-

edge, there is only one paper, published by the University of

California San Diego (UCSD) [19], about a dual-polarized

256-element Ka-band transmit array for SATCOM applica-

tions; the array can achieve a wide-angle scan in only one

dimension (1D). Therefore, current research on silicon-based

arrays for Ka-band SATCOM is far from a practical solution

for commercial applications. There are some challenges that

need to be taken into consideration, such as:

1. The aperture of the array is not large enough. The

largest array has 256 (16 × 16) elements in current reports.

However, from the regulation of European Telecommunica-

tions Standards Institute (ETSI), the phased array should be

FIGURE 2. The radio architecture of the 1024-element transmit phased
array.

a 4096-element (64 × 64) array or larger [20]. Although the

scalable array can create an array with larger aperture, build-

ing the scalable array with small aperture not only increases

the complexity and difficulty of assembly, but also causes the

problem of flatness of the larger array. Furthermore, the radia-

tion pattern of the SATCOM terminal antenna in any azimuth

plane must comply with the regulations released by inter-

national organizations. However, due to the 2 × N scaling

configuration, the 256-element (16 × 16) subarray can only

realize (2 × 16) × (N × 16) elements array. Therefore, if we

align 2× 16 elements in the× direction and N × 16 elements

in the Y direction, the beamwidth in XZ plane is not always

narrow enough to comply with the regulations.

2. Due to the cost and manufacturability of the beamformer

chips, the Si-based beamformer chips always integrate sev-

eral channels with identical functions in a very compact size.

In such design, the coupling between adjacent channels of

the beamformer is significantly increased. This is a common

problem for the silicon-based phased arrays. However, few

of the current studies focus on the effect caused by the

beamformer.

To the best of our knowledge, the 1024-element Ka-band

transmit phased array is the largest scalable phased array for

Ka-band SATCOM in recent reports, as shown in Fig. 1.

The phased array can achieve a wide-angle (±60◦)scan in

two-dimension (2D). By applying the single-channel circular

polarization architecture, the polarization of the array can

swiftly switch between LHCP and RHCP modes. The axial

ratio (AR) of the array at the boresight from 29.5GHz to

30GHz is lower than 2 dB. With the 8-channel transmit

beamformer, the EIRP of the array can achieve 74 dBm at

the bandwidth of interest. Moreover, the variation of the AR
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FIGURE 3. Architectures of (a) single channel circular polarization and
(b) dual-channel circular polarization.

caused by the mutual coupling between adjacent channels is

discussed in this work as well.

Section II introduces the radio architecture of the

1024-element transmit phased array. This section also

compares the difference between the architecture of single

channel circular polarization applied in this work and the

architecture of dual channel circular polarization introduced

by other reports. Section III presents the architecture of

the 8-channel transmit CMOS beamformer and the perfor-

mance of the chip. The channel-to-channel coupling effect

is also discussed in this section. Section IV briefly presents

the design of the multilayer PCB and the design of the

dual-circularly-polarized antenna element. Section V intro-

duces the calibration and measurement results of the

1024-element transmit array.

II. PHASED ARRAY ARCHITECTURE

A. ARCHITECTURE OF THE 1024-ELEMENT PHASED

ARRAY

As shown in Fig. 2, the transmit phased array consists of

8-channel transmit beamformers, driver amplifiers, FPGA,

FLASH, and the power supply circuit. The FPGA and

FLASH act as an antenna control unit (ACU), which controls

the function of beam-steering. Due to the insertion loss of the

feeding network, we applied 8 pieces of driver amplifiers to

mitigate the loss.

FIGURE 4. Architecture of the 8-channel transmit beamformer.

FIGURE 5. Chip in FC-LGA package: (a) top view and (b) bottom view.

All these devices are mounted on the multilayer PCB by

Surface-mount Technology (SMT), as shown in Fig. 1(b).

The multilayer PCB not only integrates the passive radio

frequency (RF) circuits such as the dual-polarized antenna

element and the feed network, but also integrates the network

for signal and power distribution.

The size of the array is 160 mm × 210 mm. To avoid

grating lobes in the scanning range of±60◦, the space of each

antenna element is set to 5 mm × 5 mm.

B. ARCHITECTURE OF CIRCULAR POLARIZATION

It is well known that High Throughput Satellites (HTS)

and some LEO constellations, such as the Telesat,

adopt the polarization-division multiplexing method to

increase the throughputs. Thus, the function of switchable
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FIGURE 6. Measured S-parameter of the 8-channel beamformer.

FIGURE 7. Measured relative insertion phase of the 8-channnel transmit
beamformer.

TABLE 1. Measured 8-channel transmit beamformer performance.

dual-circular polarization is a mandatory function for satellite

terminals.

In most of recent reports, researchers applied dual channel

circular polarization architectures to realize dual-circularly

polarized antenna, as shown in Fig. 3(b). In this architecture,

every dual-circularly-polarized antenna element is served

by two channels of the beamformer simultaneously. With

such architecture, the array theoretically can realize arbitrary

polarization. However, for practical applications, this archi-

tecture has two defects: First, the number of channels of the

beamformers controlled by the ACU is twice the number of

FIGURE 8. Coupling effect between adjacent channels.

FIGURE 9. The variation in the axial ratio caused by beam steering.

the antenna elements. Thus, the time spent on the phase shift

calculation is increased and the speed of beam-steering is

consequently decreased. For large array or high-speed plat-

form, such as jet aircraft, this problem cannot be neglected.

Second, as we mentioned before, there is mutual coupling

between the channels of the beamformer. In dual channel

circular polarization architecture, when the beam is steering,

the coupling can cause variation of the axial ratio (AR) of

the antenna element. This problem is elaborately discussed

in Section III. Therefore, we applied single-channel circular

polarization architecture, as shown in Fig. 3(a).

In single channel architecture, each channel of the

beamformer can independently excite the antenna to radi-

ate circular polarization electromagnetic wave. For example,

the CH1 of the 8-channel beamformer can drive the antenna

element to generate LHCP waves as shown in Fig. 3(a).

By contrast, the CH1 of the dual channel architecture can only

generate linearly polarized waves in the E-plane.

III. 8-CHANNEL CMOS TRANSMIT BEAMFORMER

The 8-channel CMOS beamformer chip is fabricated by

the TSMC’s 65 nm CMOS process and the architecture of

transmit beamformer is shown in Fig. 4.

As shown in Fig. 4, the 8-channel beamformer consists of

8 independent RF channels, an 8-way Wilkinson feed net-

work and the interface circuit of SPI. The Wilkinson feed
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FIGURE 10. Measured channel to channel isolation between adjacent
and alternating channels.

FIGURE 11. Multilayer PCB stackup.

FIGURE 12. Coax Transition circuit of (a) Tx and (b) Rx.

network evenly distributes the input signal to each RF chan-

nel. Each RF channel consists of a two-stage power amplifier

and a 6-bit phase shifter. The phase shifter in each channel is

based on the architecture of an analog reflection-type passive

vector modulator, which has a compact size and zero power

consumption.

As shown in Fig. 5, the transmit beamformer applies plastic

package.

The measured S-parameter of the 8-channel beamformer

is illustrated in Fig. 6. The operating band of the transmit

beamformer is from 27 GHz to 31 GHz.

FIGURE 13. Simulated S-parameter of the coax transition circuit.

FIGURE 14. Dual-circularly polarized antenna element.

The phase shifting measurement result is shown in Fig. 7.

Other measured results of the packaged beamformer chip

are summarized in Table 1.

In addition to the parameters discussed above, for

the phased array design, it is essential to consider the

channel-to-channel coupling of the beamformer chip.

In the dual channel circular polarization architecture,

the CH1 and CH2 excite two orthogonal linearly-polarized

signals (V1, H1) for the antenna element 1, respectively.
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FIGURE 15. Simulation model of an 8 × 8-element array.

FIGURE 16. Simulation results of reflection loss of the antenna element.

FIGURE 17. Simulated antenna pattern at 29.7GHz.

Ideally, the phase difference of CH1 and CH2 is ±90 degree.

However, as shown in Fig. 8, due to the mutual coupling

between CH2 and CH3, the output signal of CH2 become

SCH2’, the composite vector of the desired signal, SCH2, and

the error signal caused by CH3, E2−3. Moreover, CH3 and

CH4, serving antenna element 2, change their phase when

the array steers the beam off the boresight. Consequently, the

FIGURE 18. Simulated AR of the single element and 8 × 8 array.

FIGURE 19. The 1024-element transmit phased array tested in anechoic
chamber.

composite vector SCH2’ changes and the axial ratio of antenna

element 1 also changes with the scan angle, as shown

in Fig. 8. The method to calculate the axial ratio considering

the effect of errors is introduced in [25].

As shown in Fig. 9, the AR increases as the beam scans

at larger angles. When the isolation between CH2 and

CH3 decreases to 10 dB, the variation in the axial ratio

becomes more obvious. Theoretically, an improved AR can

be achieved by calibration [26]. However, it is impossible to

calibrate the AR of the array for every scan angle considering

the calibration time. Therefore, it is reasonable to choose

single channel circular polarization architecture to avoid the

effect of channel-to-channel coupling on the axial ratio of the

array. In the single channel architecture, the mutual coupling

has no influence on the axial ratio of antenna, which is

determined by antenna type. However, the coupling among

channels can still affect the radiation pattern of the array in
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FIGURE 20. Measured (a) amplitude distribution, (b) phase distribution of transmit array in LHCP and RHCP modes at
29.7 GHz and the (c) phase distribution after calibration.
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FIGURE 21. Measured and simulated radiation pattern of the 1024-element array in (a) LHCP mode in the phi = 0◦

plane (YZ-plane), (b) LHCP mode in the phi = 90◦ plane (XZ-plane), (c) RHCP mode in the phi = 0◦ plane, (d) RHCP
mode in the phi = 90◦ plane.

both the single and dual channel architectures. Thus, it is

essential to keep the channel to channel isolation at a high

level (č¿20 dB). In this design, due to the architecture applied,

no adjacent channel needs to work at the same time and the

channel-to-channel isolation between alternating channels is

high enough to achieve a desirable radiation pattern, as shown

in Fig. 10.

It is obvious that the isolation between adjacent

channels is much lower than that between the alternating

channels.

IV. THE DESIGN OF MULTILAYER PCB AND

DUAL-CIRCULARLY-POLARIZED ANTENNA ELEMENT

The multilayer PCB applies Panasonic Megtron-6 (εr =

3.3, tanδ = 0.005 at 30GHz) as a substrate material and

integrates four circuits: the 1:256 Wilkinson feed network,

the network for power and digital signal distribution, the feed

circuit for the antenna element and the stacked patch antenna.

As shown in Fig. 11, the beamformer chip is mounted on L1,

and its common port connects with the Wilkinson feed net-

work by Via1-2. Then, the antenna ports of the beamformer

transmit the RF signal from the antenna element through the

coaxial vias, which consist of Via1-11 and GVia1-12. Other

signals of the beamformer, such as SPI and the power supply,

are distributed from L4 to L9 through Via1-9.

A. PASSIVE CIRCUIT SIMULATION

The coax transition circuits between the beamformer chip

and the feed circuit of antenna are shown in Fig. 12 and the

match circuits are used to improve the bandwidth of the coax

transition.

The simulation results are illustrated in Fig. 13. The

S11 and S22 of the coax transition circuit from 22 GHz to

34 GHz are less than -20 dB, and the insertion loss is less

than -0.32 dB at the bandwidth of interest.

B. ANTENNA ELEMENT DESIGN AND SIMULATION

As shown in Fig. 14, the dual-circularly-polarized antenna

in this work is an aperture-coupled stacked patch antenna

and implemented by 5 metal layers from L10 to L14. The

feed circuit is built in L11 and excites the driven patch in

L13 through the coupling slot in L12. The parasitic patch in

L14 can increase the bandwidth. Moreover, the thickness of

the substrate between the driven patch and the parasitic patch

is increased to widen the antenna bandwidth.

However, due to the narrow element space (5 mm× 5 mm)

of the array and the limitation of PCB design rules, the single-

fed configuration is a feasible solution, as shown in Fig. 13.

The driven and parasitic patches are trimmed to realize cir-

cular polarization. Two orthogonal coupling slots and the

related open-ended striplines connect with adjacent channels
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of the beamformer. Therefore, the antenna can switch from

LHCP to RHCP mode, when the signal switches from port

1 to port 2.

Furthermore, the transmit array applies the sequential

rotation feeding method to improve the AR of the array.

Moreover, considering the mutual coupling effects between

adjacent antennas, we simulate the single element in the

middle of an 8 × 8 elements array, as shown in Fig. 15.

The simulated reflection loss of the antenna element is

illustrated in Fig. 16.

The simulated reflection loss of the antenna element in

RHCP and LHCP modes are both below −20 dB.

As shown in Fig. 17, due to the mutual coupling effect, the

radiation patterns of the antenna element are not symmetric

in the Phi = 0◦ plane or the Phi = 90◦ plane. The simulated

antenna gain is approximately 4 dBi at 29.7 GHz.

Due to applying the sequential rotation feeding method,

theAR of the array is significantly improved. The comparison

of simulated AR between the single antenna element and the

array is illustrated in Fig. 18.

V. MEASUREMENT OF THE 1024-ELEMENT TRANSMIT

PHASED ARRAY

As shown in Fig. 19, the 1024-element phased array is

calibrated and measured in a far field anechoic chamber by

using a vector network analyzer. The amplitude and phase

distribution of the array in LHCP and RHCP modes at

29.7 GHz are plotted in Fig. 20.

From the amplitude distribution and the calibrated phase

distribution of the 1024-element array in Fig. 20, we found

that a few channels fail to work other than the channels

removed for providing space for driven chips. The welding

defects from the SMT process are the main cause of this

problem. Moreover, the defects also cause the variation of

amplitude distribution of the array. The measured amplitude

variation of the array is approximately 10 dB. After phase

calibration, the phase variations of the array is less than

4◦ except for the failed channels.

The measured and simulated radiation patterns of the

transmit array in LHCP and RHCP modes at 29.7 GHz for

different scan angle (theta) are shown in Fig. 21.

The measurement shows that the array can steer over the

scan angles from −60◦ to 60◦ in both the Phi = 0◦ (YZ) and

Phi = 90◦ (XZ) plane. In LHCP mode, the beamwidth of the

array at boresight in both the Phi = 0◦ (YZ) plane and the

Phi = 90◦ (XZ) plane are 3.2◦. The sidelobe is

lower than -10 dB over all scan angles. In RHCP mode,

the beamwidth at boresight in both the Phi = 0◦ (YZ) and

Phi = 90◦ (XZ) plane are also 3.2◦ with sidelobes <-10 dB

over all scan angles. The measured radiation patterns of the

Tx array agree with the simulation results and the radiation

patterns in LHCP and RHCP mode are identical. The gain of

the array decreases by 4 to 4.5 dB as the beam scans at ±60◦,

as shown in Fig. 21.

As shown in Fig. 22, the measured AR of the array at the

boresight are lower than 2 dB in both LHCP and RHCPmode

FIGURE 22. Measured AR of the 1024-element transmit array at the
boresight in LHCP and RHCP modes.

FIGURE 23. Measured axial ratio of the array with different scan angles
at 29.7 GHz.

at the bandwidth of interest. Due to the single channel circular

polarization, the 10 dB amplitude variation of the array has no

effect on the AR of the array.

As shown in Fig. 23, the AR of the array is increased to

12 dB when the array scans to large angle. The significant

deterioration of the array’s AR can be caused by two reasons.

First, as we know, the single-fed antenna element has narrow

circular polarization (CP) beamwidth. Second, although we

apply the sequential rotation feeding method to improve the

AR of the array, the mutual coupling effect at large scan

angles increases the variations of amplitude and phase. Thus,

the amplitude and phase of each channel are not ideal as

expected.

In addition to the radiation pattern and the AR of the

phased array, the EIRP of transmit array is one of the most

important parameters for SATCOM applications and, decides

the link budget of the return link (RTN) of SATCOM. The

EIRP can be roughly estimated by the link calculation before

measurement. The method of link calculation is thoroughly

introduced in [27]. In the link calculation, the phase and

amplitude distribution of the array is assumed to be uniform.

From the link calculation, the EIRP of the array at the bore-

sight is approximately 75 dBm. However, due to the defects
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TABLE 2. Performance comparison with Prior Articles.

FIGURE 24. Measured EIRP of the 1024-element Tx array.

caused by the SMT process, a few channels of the array with

lower gain failed to output enough power. Therefore, the array

cannot achieve the expected EIRP, which is determined by

the total transmit power. With the influence of the amplitude

variation, the measured EIRP is almost 1 dB lower than the

calculation result, as shown in Fig. 24.

The power consumption of the 1024-element transmit

array at OP1dB (output 1-dB compression point) is 108W.

The measured power consumption includes the power con-

sumption of the RF chips (beamformers and driven chips),

ACU and power supply circuit. Finally, with 10W total

transmit power, the efficiency of the array is approximately

9.3%.

As shown in Table 2, the phased array in this work has the

largest number of channels and achieves the highest EIRP

in comparison with prior arts. Furthermore, the cost of the

CMOS process applied in this work is much less than the

SiGe BiCMOS process applied in the other works. Therefore,

the phased array in our research is much more practical for

mass production and commercial application.

VI. CONCLUSION

This paper presents a scalable 1024-element transmit

dual-circularly-polarized planar phased array. The design

and measured results of the array are thoroughly introduced

in this paper. The array consists of 8-channel beamform-

ers and a multilayer PCB. With the single channel circu-

lar polarization architecture, the array can easily realize

switchable dual circular polarization. According to the mea-

surement results, the array can steer up to ±60◦ off the

boresight without any grating lobes. The EIRP of the array

can achieve almost 74 dBm in both LHCP and RHCP mode

from 29.5 GHz to 30 GHz. Compared with the prior art,

the measurement results demonstrate that the transmit phased

array based on CMOS and PCB technology is a feasible

solution for SATCOM terminals applied in GEO and LEO

system.
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