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Abstract

Phased-array antennas comprise a demanding antenna design methodology for commercial wireless communication systems or

military radar systems. In addition to these two important applications, the phased-array antennas can be used in beamforming

for wireless charging. In this study, a four-way analog beamforming front-end module (FEM) for a hybrid beamforming system

is developed for 2.4 GHz operation. In a hybrid beamforming scheme, an analog beamforming FEM in which the phase and

amplitude of RF signal can be adjusted between the RF chain and phased-array antenna is required. With the beamforming and

beam steering capability of the phased-array antennas, wireless RF power can be transmitted with high directivity to a

designated receiver for wireless charging. The four-way analog beamforming FEM has a 32 dB gain dynamic range and a phase

shifting range greater than 360°. The maximum output RF power of the four-way analog beamforming FEM is 40 dBm (=10 W)

when combined the four individual RF paths are combined.

Index Terms: Analog beamforming, Hybrid beamforming, Wireless charging, Wireless power transfer

I. INTRODUCTION

The advent of array antenna designs in the mid 1950s to

the early 1960s [1–4] facilitated the development of elec-

tronic antenna beam scanning, which is now called a phased-

array antenna. State-of-the-art phased-array radar, called

“active electronically scanned array,” constitutes the eyes of

modern military aircrafts [5]. In 5G mobile communication

systems operating using millimeter-waves, beamforming

technology comprising the use of phased-array antennas is

considered to play a key role in successfully deploying the

5G networks. Beamforming technology can transmit or

receive electromagnetic waves in a particular direction.

This beamforming and beam steering capability of the

phased-array antennas can be applied to wireless charging

systems. By means of a steering beam, an electronically

wireless power transmitter can find a charging target.

Beamforming technologies can be categorized into three

types: analog beamforming, digital beamforming, and hybrid

beamforming [6]. Phase adjustment is performed in the RF

or intermediate-frequency stage in analog beamforming,

whereas it is performed in the baseband stage in the case of

digital beamforming. Analog and digital beamforming are

mixed up in the hybrid beamforming.

In the wireless transmission of a large amount of RF

power, as shown in Fig. 1, hybrid beamforming would be

suitable for implementation in the wireless power transfer

system with beamforming technology. In digital beamform-

ing, the number of digital data converters and RF chains is

identical to those of antenna elements, while in hybrid beam-

forming, the number of digital data converters and RF chains

can be reduced, as shown in Fig. 1. For example, for a 32-

element phased-array antenna, only eight digital data con-

verters and RF chains are required if a four-way analog
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beamforming front-end module (FEM) is inserted between

the RF chains and antenna arrays.

In this study, a four-way analog beamforming FEM is

designed, fabricated, and characterized for a hybrid beam-

forming transmitter. The design aspects for the four-way

analog beamforming FEM are explained in Section II. Its

characteristics are shown in Section III, which is followed by

the conclusion of this study in Section IV.

II. DESIGN OF ANALOG BEAMFORMING FRONT-

END MODULE

In the implementation of the four-way analog beamform-

ing FEM, several design considerations are required. A sche-

matic of the four-way analog beamforming FEM is presented

in Fig. 2. Because this design comprises a four-way analog

beamforming FEM, all the four RF paths have the same

functional blocks, such as the attenuator, phase shifter, RF

switch, power amplifier module (PAM), circulator, and

directional coupler. Thus, the performance of the circuit in

terms of the path gain, output RF power, path gain dynamic

range, and phase adjustment are assumed to be identical.

Certain design constraint limits to realize identical circuit

performances and are explained along with the measured

results in Section III. The design considerations for the

transmitter/receiver (Tx/Rx) signal path and RF power bud-

get, distributing DC power supplies, and layout of the vari-

ous RF and DC components on a multi-layered printed

circuit board (PCB) are presented in the following subsec-

tions.

A. Tx/Rx Signal Path and RF Power Budget

Phased-array antennas require variable phase control for

the RF signal fed to each antenna element to steer the

antenna beam to given angles in space, as shown in Fig. 1.

In addition to phase control, variable amplitude control may

also be required to shape the antenna beam pattern. There-

fore, a digitally controlled step attenuator and phase shifter

are used at the beginning of each Tx signal path, as described

in Fig. 2. Before the step attenuator and phase shifter, a 1:4

power combiner/splitter is used to realize four-way analog

beamforming FEM. To switch between the Tx and Rx signal

path, two single-pole double-throw (SPDT) switches are

required in this design. The SPDT switches are digitally con-

trolled using a microcontroller.

As the purpose of this work is to design an analog beam-

Fig. 1. Schematic of a transmitter in a hybrid beamforming system.

Fig. 2. Schematic of a four-way analog beamforming front-end module.
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forming FEM for the hybrid beamforming, the Tx power

budget analysis is the most important design aspect. The tar-

get total RF power output from the analog beamforming

FEM is minimum a 39 dBm (= 8W). The insertion loss (IL)

of the power combiner, step attenuator, phase shifter, SPDT

switch, circulator, and directional coupler selected to design

the analog beamforming FEM is typically 6.7 dB, 1.9 dB, 6

dB, 0.7 dB, 0.25 dB and 0.1 dB, respectively. Therefore, the

cascade IL from the input of the power combiner to the input

of the PAM is typically 15.3 dB. The PAM selected for this

work has a small signal gain of 31.5 dB. From the output of

the PAM to the output of the directional coupler, the cascade

loss is typically 0.35 dB. Thus, the total typical gain of the

Tx signal path would be 15.85 dB. The RF output power of

33 dBm (= 2 W) at the Tx path in each quadrant can be real-

ized when the input power at the input of the power divider

is 17.15 dBm.

B. Design of DC Power Supply Distribution

In the development of the analog beamforming FEM, the

distribution of the DC power supply is an important part of

the design process. First, the input DC power to the analog

beamforming FEM is 12 V from an AC–DC adaptor. The 12

V from the AC–DC adaptor is to be converted to 5 V via a

DC–DC converter in the module. Second, the 5 V from the

DC–DC converter is distributed to 2 5 V voltage regulators

to supply DC powers for a step attenuator, phase shifter, and

PAM. The third voltage regulator supplies a 2.9 V reference

voltage for the PAM. Fig. 3 presents a schematic of the DC

power supply distribution.

C. PCB Layout

The fabricated sample of a PCB with the assembled com-

ponents is presented in Fig. 4. The PCB has eight layers, and

RF components are placed on top of the PCB. The second,

fifth, and seventh layers were used as RF ground planes. The

third, fourth, and sixth layers were used for the DC power

supply, digital ground plane, and digital control signal rout-

ing for power lines, respectively. The Tx output ports that

would be connected to the antenna arrays were placed on the

bottom layer. To control the digital step attenuators and

phase shifters, an off-the-shelf field-programmable gate

array (FPGA) module is connected the analog beamforming

Fig. 4. Photographs of the (a) top and (b) bottom side of the fabricated PCB.Fig. 3. Schematic of the DC power supply distribution.
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FEM by using board-to-board connectors, as shown in Fig. 4

(b). Because there are four RF paths on the PCB, the PCB is

virtually divided into four quadrants and labeled at each cor-

ner of the PCB, as shown in Fig. 4. The major components

for the analog beamforming FEM and their manufacturers

are listed in Table 1.

III. RESULTS

A. Measurement Set-up

The circuit performances of the four-way analog beam-

forming FEM are measured via a vector network analyzer

HP8753E, manufactured by Hewlett-Packard Company with

a DC power supply. The FPGA module for controlling the

digital step attenuators and phase shifters are controlled

using an FPGA control module provided by Xilinx. To pre-

vent the occurrence of any damage to the network analyzer,

a coaxial DC block and 30 dB attenuator are placed at the

input and output ports of the network analyzer, respectively.

A photograph of the measurement setup is presented in Fig.

5.

B. Performance of RF Digital Step Attenuator and 
Phase Shifter

The performances of the digital step attenuator and phase

shifter are presented in Fig. 6 and Fig. 7, respectively. The

digital step attenuator and phase shifter have 7-bit and 8-bit

control resolutions, respectively. In Fig. 6, and Fig. 7, the

“P” and “A” in the tick label on the horizontal axis represent

the phase shifter and attenuator, respectively, whereas the

number next to “P” and “A” indicates that the n-th bit is the

ON state. For example, “P0A0” in Fig. 6 and Fig. 7 indicates

that every bit in the phase shifter and step attenuator is set as

zero. “P0A1” in Fig. 6 indicates that every bit in the phase

shifter is set as zero, but the 7 bits in the step attenuator are

set to as 0000001. “P2A0” in Fig. 7 indicates that the 8 bits

in the phase shifter are set as 00000010, but the 7 bits in the

step attenuator are set as 0000000.

Fig. 6. Performance of the step attenuators in each quadrant for the entire

Tx path.

Fig. 7. Performance of the phase shifters in each quadrant for the entire Tx

path.

Table 1. Major components and their manufacturers

Component Manufacturer Part number

Power amplifier Qorvo RFPA5201E

SPDT RF switch Skyworks Solutions, Inc SKY13370-374LF

Step attenuator 
Peregrine Semiconductor

PE43711

Phase shifter PE44820

Directional coupler Anaren X3C26P1-30S

Power combiner Mini-Circuits WP4R+

Circulator Skyworks Solutions, Inc SKYFR-000892

DC-DC converter Texas Instruments TPSM84624

Voltage regulator
Infinity-electronic NCP163 series

Analog Devices ADM7172

Fig. 5. Measurement set-up for the analog beamforming FEM.
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As can be seen in Fig. 6, each digital step attenuator in

each quadrant has very a similar performance, as expected.

The maximum attenuation of each step attenuator is within

the range of 31-32 dB, when all the 7 bits are set as 1111111.

On using the digital step attenuator, the Tx path has a gain

dynamic range of -17 to +15 dB.

Fig. 7 shows that each digital phase shifter in each quad-

rant also exhibits a very similar performance, as expected.

The maximum phase shift of the phase shifter is within the

range of 366-367o, when all the 8 bits are set to as 11111111.

Fig. 7 also presents the maximum gain of the Tx path in

each quadrant, when the digital step attenuator and power

amplifier module are off and on, respectively. The maximum

gain of the Tx path is within the range of 14.1 to 15.2 dB

depending on the quadrants. As mentioned in Section II-A,

the typical gain of the Tx path is 15.85 dB in the budget

analysis, which is very close to the measured gain of the Tx

path.

C. Performance of the Power Amplifier Module

In the development of the four-way analog beamforming

FEM, the essential components are the PAM, digital step

attenuator, and phase shifter. The measured S-parameters of

the PAMs in each quadrant are presented in Fig. 8(a). As can

be seen in Fig. 8(a), the gains of the PMAs in the first, sec-

ond, and fourth quadrant is quite similar to each other and it

is within the range of 31.6-31.9 dB at 2.4 GHz. However, the

PAM in the third quadrant exhibits a gain of 29.4 dB, which

is 2 dB lower than those of the PAMs in the first, second,

and fourth quadrant. The gain degradation can be attributed

to the isolated RF ground plane under the PAM in the third

quadrant. The RF ground via holes must be removed such

that the digital control lines from the FPGA module can pass

underneath the PAM. This design constraint is the main rea-

son for the failure to realize the same circuit performance.

The measured S-parameters for the entire Tx path from the

Tx input port to the Tx output port are presented in Fig. 8(b).

At 2.4 GHz, the gain of the entire Tx path is the range of

14.1-15.5 dB. As can be seen in Fig. 8(b), the Tx path gain

in the third quadrant is 1.4 dB less than that in the second

quadrant. The lower Tx path gain comes from the lower gain

of PAM, as expected.

In Section II-A, the Tx power budget analysis shows that a

Tx input power of 17.15 dBm at the power combiner is

required to realize 33 dBm at the Tx output port. Fig. 9 pres-

ents the Tx output power with respect to the input power. As

can be seen in Fig. 9, the Tx output power increases linearly

up to the input power of 16 dBm. Beyond the input power of

16 dBm, the Tx output power begins to become saturated,

Fig. 9. Tx output power and Tx path gain with respect to input power sweep.
Fig. 8. Performance of (a) the power amplifier modules in each quadrant

and (b) S-parameters of the entire Tx path.
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which indicates that the gain starts to decrease, as shown in

Fig. 9. As mentioned in Section II-A, the objective of the

total RF output power from the analog beamforming FEM is

a minimum of 39 dBm (= 8W). The Tx output power of each

quadrant must be a minimum of 33 dBm (= 2W) to realize

the design goal. When applying 20 dBm at the input of the

analog beamforming FEM, on objective of 33 dBm at the Tx

output port can be realized. Owing to the gain deviation

among those four quadrants, the actual Tx output powers in

the first, second, third, and fourth quadrant are 34.7 dBm

(=2.9 W), 34.3 dBm (=2.6 W), 33.2 dBm (=2.1 W), and 34.1

dBm (=2.5 W), respectively. The total power realized from

the analog beamforming FEM is 40 dBm (=10 W). When the

RF output power is 40 dBm, the total current consumption is

measured as approximately 3,500 mA.

IV. CONCLUSIONS

A four-way analog beamforming FEM was developed and

characterized for a hybrid beamforming transmitter. The

four-way analog beamforming FEM has a gain dynamic

range of -17 to +15 dB with a 7-bit control resolution and

maximum phase shifting of more than 360o with an 8-bit

control resolution. The maximum RF output power of the

four-way analog beamforming FEM is 40 dBm (= 10 W) at

2.4 GHz. The four-way analog beamforming FEM can be

used as a design example for developing the hybrid beam-

forming transmitter for a wireless charging system with a

phased-array antenna.
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