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ABSTRACT In the smart antenna system, the transmit and receive (T/R) module is one of the core
components as it accounts for nearly 45% of the overall smart antenna system cost. Due to the high
implementation cost of the T/R module, the literature was mainly centered around the military and satellite
radar applications. However, over the years, the cost of the T/R module has been reduced drastically by
leveraging on the advanced manufacturing technology, volume production pricing and adaptation of the
commercially available off-the-shelf components, as a result, the adoption of the T/R module in commercial
and industrial application become possible. In this work, we have proposed a commercially affordable T/R
module that operates in 4.9–5.9 GHz band for commercial and industrial applications. The T/R module
was designed, calibrated, and characterized for use in the beamforming smart antenna system. The design
process including the circuit, schematic and printed circuit board (PCB) were highlighted. The proposed
recursive calibration process managed to correct the phase error to ± 1◦ and amplitude error to ± 0.2 dB.
In addition, the amplitude distribution of 0.5-1-1-0.5 combination has successfully suppressed the side-lobe
level (SLL) to −28.7 dB for 0◦, −22.71 dB for ± 20◦ and −12.77 dB for ± 40◦ beam steering. This work
is aimed to promote the adoption of the T/R module into the commercial and industrial applications such as
public or government infrastructure.

INDEX TERMS T/Rmodule, smart antenna, amplitude distribution, beamforming, commercial applications.

I. INTRODUCTION
In the smart antenna industry, the hybrid beamforming (HBF)
technique is one of the techniques that attracted many
researchers due to its simplicity, cost-effectiveness and being
able to achieve comparable results as compared to the dig-
ital beamforming. HBF combines both analog and digital
beamforming components that are able to perform beam-
forming digitally and maintain the low cost. The HBF archi-
tecture consists of a low-dimensional digital beamformer
and a radio frequency (RF) beamformer implemented using
the phase shifters, targeted to achieve low deployment cost
and high scalability. The advantages of the HBF system
has been reported in [1] applications in Large scale antenna
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systems (LSAS), [2] wireless power transfer (WPT) and [3]
antenna system with limited space and power.

RF beamforming frontend is one of the most important
components in the HBF system. The RF beamforming fron-
tend has been evolved over the years, and the subsystem
has been modularized and miniaturized using the commer-
cially off-the-shelf (COTS) components into the transmit and
receive (T/R) module that increases the deployment friendli-
ness and the cost benefits by mass-producing the T/R mod-
ules. In [4], the authors pointed out the importance of the T/R
module that can be integrated as the slat and tile architecture
for the Multifunction Phased Array Radar (MPAR), signif-
icant cost reduction of the T/R module was contributed by
the increases in production volume and the advancement in
automated assembly and test equipment. In [5], the authors
highlighted that in the military phased array radar systems,
detailed cost figures of the main segments are indicating that
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the T/R module of the phased array antenna accounts for
nearly 45% of the system cost and justify the cost of the T/R
module is crucial to determine the total system cost. In [6],
the Arrays at Commercial Timescales (ACT) program consti-
tutes a forward-looking approach to the design, construction,
and upkeep of phased arrays accomplished through modular
array component architectures T/R modules that leverage on
commercial semiconductor technologies that evolve at much
faster rates than traditional RF components.

Due to the high implementation cost, the early adoption
of the T/R modules was mainly focused on military appli-
cations. The advancement in the manufacturing technology
and commercially available radio frequency integrated cir-
cuits (RFIC) or chipset had further reduced the cost of the
T/R module and contributes to the higher demand of such
modules, the application of the T/R module has gained its
momentum and broadened its coverage into other frequency
bands. For instance, an L and C-band T/R module for active
phased array radar applications has been reported in [7],
in [8] and [15] where various types of transceiver modules
operate betweenX,W andKa-band have been proposed using
the silicon-germanium (SiGe) technology. In [9], the S-band
T/R module was developed using gallium arsenide (GaAs)
monolithic microwave integrated circuit (MMIC). In [10] the
T/R module was developed into the C-Band using the multi-
chip module (MCM). In X-band, [11], [12] and [13], the T/R
module were developed using gallium nitride (GaN) MMIC,
liquid cooling micro-channels structure integrated into low-
temperature co-fired ceramic (LTCC) substrate and comple-
mentary metal-oxide-semiconductor (CMOS) RF system on
a chip (SoC) with GaAs RF frontend IC respectively. In [14],
the LTCC was used to design the T/R module.

Performance parameters characterizations are the key tasks
that require much attention during the design of the T/R
module. In the beamforming process [19], both the amplitude
and phase of each antenna element are controlled. A com-
bined amplitude and phase control or ‘‘complex weight’’
can be used to adjust the side-lobe level (SLL) and steer
nulls more accurately as compared to the improvement by
phase control alone. Therefore, the precision of the amplitude
and the phase of the RF beamforming frontend is extremely
important to ensure the accuracy of the beam steering. The
RF beamformer frontend shall be properly characterized and
calibrated to offset the phase and amplitude error that were
contributed by i) manufacturing tolerance such as printed cir-
cuit board (PCB) materials and process variations, ii) compo-
nents tolerances, iii) performance variations due to frequency
response and thermal effect, etc.

Amplitude calibration involves calibrating the transmit
output power of the T/Rmodule over the operating frequency,
the value is utilized to set the amplitude distribution from
the T/R module to each antenna port during beamforming
process. Some well-known amplitude distribution techniques
are listed here, (i) Uniform distribution, where the ampli-
tudes at all the antenna ports are set equal, and the best
gain and-half power beamwidth (HPBW) can be achieved

while the SLL suffered, (ii) Optimum distribution with the
amplitudes being highest at the middle ports and gradually
decreasing towards the side of the other ports, this technique
produces the moderate gain, HPBW and SLL performance,
while (iii) Binomial distribution provides the best SLL per-
formance but suffers from lower gain and wider HPBW.
In [16], the authors revealed that the Tschebyscheff distribu-
tion delivers the best SLL compared with the uniform and
binomial amplitude distributions of the linear patch antenna
array. In [17], the authors demonstrated that the grating lobes
appear if the amplitude distribution within a module and a
system of modules are independent of each other. In [18],
the amplitude taper function was applied to improve the SLL
of the phased array antenna system, and approximately 10 dB
improvement on the SLL level was demonstrated.

Phase calibration is required to correct the inherited phase
error of the T/R module due to manufacturing tolerances.
In [20], a phase optimization procedure based on the local
search and the simulated annealing (SA) algorithm has been
proposed to achieve more accurate beamforming of the
phased array. A simple calibration procedure has been pro-
posed in [21] to decrease the phase deviation during phase
shift and gain control, the calibration results show that the
phase error has been drastically mitigated.

In this work, we are focusing on the highly scalable T/R
module that was designed to support commercial band in
4.9–5.9 GHz for linear phased array [22] applications in an
HBF antenna system. The T/Rmodulewas designed using the
commercially available off-the-shelf components usingGaAs
MMIC that is flexible to be integrated into the conventional
phased array to form a smart beamforming antenna system.
A simple iteration-based method is proposed to calibrate the
amplitude and phase error of the T/R Module. The amplitude
distribution of the beamforming system has been simulated
and the results were experimentally validated. A customized
T/R module has been developed instead of the off-the-shelf
RF frontend which has limited control features that are
important to realize the accuracy of the beamforming func-
tion, such as the wide dynamic gain control, high-resolution
phase control, fast RF switching to support up to 4 antennas
with the single chain and gain boost for transmitter and
receiver.

The rest of this paper is organized as follows. Section II
presents the design approach for the T/R module, includ-
ing the hardware architecture, schematic and PCB design,
the prototype of the T/R module that has been fabricated.
In section III, the phase, transmit power and amplitude dis-
tributions are characterized using the simple recursive cali-
bration method. Section IV demonstrates the beamforming
performance of the T/R module in the antenna system; the
accuracy of the beam steering angle and side-lobe improve-
ment has been validated. Section V concludes the paper.

II. T/R MODULE DESIGN
The block diagram of the T/R module is presented in Fig. 1.
The T/R module has both transmitter and receiver functions
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FIGURE 1. Block diagram of the RF chain for n × 4 array.

that can be switched using the single pole two throw (SP2T)
switch. Each T/R module consists of necessary components
such as the power amplifier (PA), low noise amplifier (LNA),
phase shifter, attenuator, RF switched and control peripherals
to support the necessary functions required to steer the radiat-
ing beam of the phased array. The T/R module was designed
to operate from 4.9–5.9 GHz. Each T/R module is designed
to support an n× 4 antenna array with the built-in high-speed
single pole four throw (SP4T) RF switch to switch between
the element in the n × 4 array. Each n × 4 array is capable
of performing 90◦ sector scanning, and only 4 sets of T/R
modules are needed to support 4 units of n× 4 arrays to form
a 360◦ beamforming antenna system. The T/R module was
designed using COTS components and commercial manu-
facturing technology, that increases its scalability and further
cost reduction by volume production, the recursive calibra-
tion was introduced to enhance the T/R module performance
and necessary calibration during the mass production. The
circuits design consideration of the T/R module is explained
below.

Receiver, the main function of the receiver is to amplify
the RF signal received from the antenna and to keep the noise
figure as low as possible to achieve the good receiver sensi-
tivity, hence the LNA has to be placed as close as possible
to the antenna. The receiver power budget is calculated as
follow, the attenuation of the phase shifter is 5 dB, SP2Ts are
2.6 dB, SP4T is 1.7dB, PCB and connector loses is 3 dB, with
the input power of −90 dBm and the LNA gain of 14.5 dB,
the calculated receiver output is −87 dBm, which is suffi-
cient to compensate for the attenuation due to components.
The attenuation factor of the individual COTS components
is carefully selected to meet the power budget requirement.
The phase shifter is placed at a common path where it can
be shared between the transmitter and receiver via an SP2T
switch, the 6-bits digital phase shifter with 5.625◦ resolution
can be adjusted digitally via bit0 - bit5 to control the phase of
the received signal during the beamforming operation.

The beam steering direction, θ can be varied by setting the
phase shift,1∅ of the two successive elements [23] as shown
in Fig. 2 and it can be represented by equation (1) to (3).

FIGURE 2. Phase shifter in a beamforming linear array.

A shaded right-angle triangle can be drawn between the
radiator plane and the beam direction that gives,

x = d · sinθ (1)

The distance x can be expressed with respect to the
wavelength,

λ

x
=

360◦

1∅
(2)

where x is the shorter side of the triangle that lies on the
beam, d is the separation of the elements, θ is the direction
of the beam steering, the array boresight is defined as 0◦, λ is
the wavelength and 1∅ is the phase difference between two
successive elements. Substitute equation (1) into (2) gives,

1∅ =
360◦ · d · sinθ

λ
(3)

A 5.5 GHz linear array with 27.25 mm elements separa-
tion, and the phase shift, 1∅ of 45◦ between the successive
elements will produce a beam steering direction of 14.5◦.
The beam steering resolution is determined by the resolu-
tion of the phase shifter, a 6-bit phase shifter with 5.625◦

lowest bit resolution will give approximately 2◦ beam steer-
ing resolution.

Transmitter, the transmitter function is to boost the RF
signal before it is transmitted to the air via the antenna,
the PA is included to boost the RF signal and compensate
the insertion loss exhibited by the phase shifter, RF switches
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and insertion loss due to PCB traces, where the internally
matched 3-stages commercially available PA was used to
minimise the antenna mismatch and possibly degrade the
transmitter performance during the beamforming operation.
An RF attenuator was included before the PA to attenuate the
RF power before entering the PA, it provides a 30 dB dynamic
transmit power range. Similar to the receiver, the phase of
the transmitted signal can be adjusted by controlling a digital
phase shifter located at the common path. The amplitude
and phase are necessary to vary in order to set the weight
of the RF signal that is required during the beamforming
process. The transmitter power budget is calculated as fol-
low, the attenuation of the phase shifter is 5 dB, SP2Ts are
2.6 dB, SP4T is 1.7dB, PCB and connector loses is 3 dB,
with the target input power of 5 dBm, PA gain of 30 dB
and attenuator range of 0 - 30 dB, the targeted output power
calculated around −7.3 to 22.7 dBm with approximately
30 dB dynamic range. Similarly, the attenuation factor of the
individual COTS components is carefully selected tomeet the
power budget requirement.

RF Switches, two types of RF switches are used in the T/R
module design, i) SP2T, to switch between the transmitter
and receiver path and provides 51 dB isolation between the
transmit and receive ports to minimise the self-excitation due
to the signal feedback during transmit and receive operations.
The HMC8038LP4CETR is widely used in Wireless Lan
applications to switch between the transmitter and receiver
path, and it has a switching timing of 150 ns which is suffi-
cient to support the half-duplex transceiver that has more than
150 ns wait time between the transmit and receive operations,
for instance, 802.11 wireless LAN with the short interframe
space (SIFS) duration of 10 µs, the SIFS is the time from the
end of the last symbol of the previous frame to the beginning
of the first symbol of the preamble of the subsequent frame.
In 802.11 WLAN, one SIFS duration elapses, the transmis-
sion can immediately start, ii) SP4T, is a high-speed RF
switch to switch between each element in the phased array for
the beam scanning operation [24] to channel the RF signals
to the high-speed processor or FPGA for decoding. The SP4T
has a switching time of around 19 ns, the estimated symbol
processing time for the FPGA and processor can be computed
by taking the symbol duration divided by 4 minuses away the
switching time, for instance, the symbol duration for 802.11n
WLAN is 6.8µs, this will allow the processor to has 1.681µs
to process the symbol received from each antenna element,
thus the direction of arrival can be determined. In addition,
to avoid the port mismatch that causes the signal reflected
from the antenna ports, PA and LNA, the ports at the RF
switches are made non-reflective with 50-ohm termination
design when the port is not active.

Power Supply, The T/Rmodule is powered by themultiple
power supplies +5V, +3.3V, −3.3V and −5V, any stable
commercially available power source can be used to power up
the T/Rmodule.Whenmultiple T/Rmodules are cascaded for
bigger beamforming system, a common power supply can be
used to power up all the T/R modules in the cascaded system.

Electrical Interface and Control, now the design and the
specifications of the T/R module are specified, next step is
to define the various control methodology and steps required
to evaluate the T/R module and automatic adjustment on
various RF parameters when the T/R modules are placed into
the beamforming antenna systems. The power and control of
the T/R module are connected to the external power supply
and the interface controller via the 6-way and 14-way cable
assembly from Molex, PicoBlade series. The interface con-
troller board was designed such that it allows manual control
via dip switches for digital control and resistive trimmer for
analog control signal, for instance as shown in Fig. 1, bit0 to
bit5 transistor-transistor logic (TTL) for phase adjustment,
analog voltage signal Pctrl to control the transmit power of
the RF chain and the analog signal Pdet that can be used to
monitor the transmit power generated by the PA. The T/R
modulewas designedwith 4mounting holes to allow stack-up
arrangement using brass stand-off. The picture of the 4 T/R
modules in a stack-up arrangement is shown in Fig. 3.

FIGURE 3. T/R modules mounted on the interface controller board.

The T/R module is designed using the commercially avail-
able components mounted on a commercially low-cost PCB.
The key components used in the T/R module and their key
specifications are listed in TABLE 1 below.

A. SCHEMATIC AND PCB DESIGN
The Schematic capture and PCB layout are designed using
Power Logic and Power PCB fromMentor Graphic [25]. The
T/R module is a 4-layers PCB board, each layer of copper is
0.7mil thickness and separated by the dielectric substrates.
The top layer substrate is R04003 materials with 8 mils
thickness for optimum RF performance, and the middle and
bottom layers substrate are the lower cost FR-4 material. The
total PCB thickness is 62 mils. The price of the PCB material
fluctuates based on the market demand and supply, the gen-
eral guideline of the cost factor ratio between the FR4 and
RO4003 is 1:5, therefore it’s justifiable to use RO4003 only
for the critical layer and replace the rest of the layers with the
low-cost FR4 material.

The RF traces and the signal line are routed at the top
layer, the second layer provides a solid ground plane for good
RF performance, third and fourth layers provide additional
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TABLE 1. Key components specifications.

FIGURE 4. The PCB cross-sectional view of the T/R module.

ground and power supply routing. All the components are
mounted at the top layer to ease the assembly process and
troubleshooting. The stacked-up construction of the PCB is
shown in Fig. 4.

The transmission line is constructed using the copla-
nar waveguide (CPWG) model, where the characteristic
impedance of the 14 mils traces with 5 mils ground plane
spacing is 50-ohm. Substrate RO4003with dielectric constant
εr = 3.55 and 8 mils thickness is sandwiched between the
impedance-controlled traces and the ground plane, and the
thickness of the 2 layers of FR4 substrate will be adjusted to
meet the total board thickness of 62 mils.

The PCB layout was designed with the following consid-
eration, i) impedance control, all the RF traces are laid on the
top layer for better CPWG impedance control with a solid
copper plane on the second layer separated by RO4003 sub-
strate, and the impedance controlled traces are highlighted in
orange as shown in Fig. 5, ii) Electro Magnetic Compatibility
(EMC) consideration, the control signals, power plane and
additional ground plane are laid on layer 3, layer 4 consists of

FIGURE 5. Impedance controlled traces (orange traces).

a solid ground plane that acts as a shield for optimum EMC
performance, iii) thermal consideration, the heat-generating
components such as PA will have its metal body soldered
directly to the big copper plane on the top later of the PCB,
and the bottom layer of the PCB will have an exposed cop-
per to install the heatsink when needed, iv) cost considera-
tion, the RO4003 substrate material cost is relatively higher
compared to FR-4 material, therefore except the substrate
between layer 1 and layer 2 is utilizing RO4003, FR-4 sub-
strate will be used for all other layers where the impedance
control is not required. The PCB layout layers stack-up is
shown in Fig. 6.

FIGURE 6. PCB layers stack-up of the T/R module.

The T/R module is assembled with components using Sur-
face Mount Technology (SMT), the solder paste is deposited
onto the PCB solder pads using the stencil mask, components
are placed onto the PCB using SMTmachine for tape and reel
part or manually for loose components, after which the board
is passing through a reflow oven to solidify the solder thus
holding the components in solid solder joint. The top view of
the beamformer boards after assembly is shown in Fig. 7.

B. THE PROTOTYPE OF THE T/R MODULE
The prototype of the T/R module is presented in Fig. 7. The
P1–P4 and TX/RX ports can be easily connected to exter-
nal RF equipment via the Sub-Miniature version A (SMA)
connectors, the power supply and control of the T/R module
are connected to the external power supply and the interface
controller or test fixture to allow external control during the
performance evaluations.

A Test fixture has been developed to aid the evaluation of
the T/R module, and the prototype of the test fixture is shown
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FIGURE 7. The prototype of the T/R module.

FIGURE 8. The prototype of the test fixture.

in Fig. 8. The building block of the test fixture consists of the
dip switches to digitally control the RF components of the
T/R module such as SP2T, SP4T, phase shifter and turning
on and off the PA and LNA, an analog control by the resistive
trimmer to tune the analog voltage that is required to adjust
the attenuation of the attenuator, analog voltage monitoring to
monitor the voltage level of the power detector output which
is used to determine the actual transmitted power. In addition,
the common power supplies provide the power sources and
distribute them to the multiple T/R modules when they are
cascaded. Provision has been provided by pulling out all the
signals to a header, that can be connected to a microcontroller
of FPGA for automated control during testing and beamform-
ing operation.

III. RF PARAMETER CHARACTERIZATION
The RF parameters such as transmit power or amplitude and
phase errors are characterized using the recursive calibration
approach, and the calibrated parameters are stored in the
memory and will be used for self-compensation during the
beamforming process. The SLL of the beam can be optimized
by varying the amplitude of each antenna ports which is repre-
sented by amplitude distribution. The calibration setup of the
T/R module is shown in Fig. 9, the phase shifter is controlled
by the 6 bits TTL signal, the output power is controlled by

FIGURE 9. Calibration setup.

adjusting the RF attenuator via the analog control signal Pctrl
through an external power source, and the output power level
is detected and converted to an analog voltage, Pdet that
will be used to monitor the output power level during the
calibration. A SpectrumAnalyzer (SA) and a Vector Network
Analyzer (VNA) are used to measure the transmit power and
phase shift of the T/R module. The equipment is connected to
the individual port namely P1 to P4 to perform the calibration
on the respective port.

FIGURE 10. Iteration flow for power and phase calibration.

The transmit power response will be first characterized
using the spectrum analyzer as shown in Fig. 9a, followed by
the phase offset calibration using VNA as shown in Fig. 9b.
The iteration flow involved in the calibration of the trans-
mit power and phase is illustrated in Fig. 10. During the
power detector Pdet calibration, the Pctrl voltage is adjusted
between 0 V and 3 V, and the output power of the T/R module
and Pdet voltage is constantly measured, thus the relationship
between Pctrl, Pdet and the output power can be plotted, refer
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FIGURE 11. Output power and Pdet.

to Fig. 11. Once the Pdet characterization is done, the phase
calibration can be carried out by controlling the Pctrl and
monitoring the Pdet for constant power calibration, the phase
error is observed by the VNA and iterated by controlling
bit0 to bit5 of the phase shifter. The calibration process con-
tinues for other variables such as the frequency, and power,
and repeats for Port 2, 3 and 4.

A. CHARACTERIZING THE RF OUTPUT POWER
The power control of the RF chain is achieved by controlling
the attenuator. The attenuation performance of the RF chain
is shown in Fig. 12, the control voltage, Pctrl is ranged from
0.7 to 2.0 V, where 0.7 V gives 0 dB attenuation and the
maximum attenuation of 30 dB occurs at 2.0 V.

FIGURE 12. Power attenuation performance.

In most of the cases, the output power of the RF chain
varies according to the frequency and thermal response. The
RF calibration will help to define the appropriate Pctrl to
produce a flat transmit power response over the intended
operating condition. The frequency response chart for the
transmit power is shown in Fig. 13, with Pctrl being at
0.8 V, the transmit output power tolerance as shown in the
blue line is around +/2 dB over the frequency range from
5180 to 5880 MHz. The variation is probably due to the
components and PCB manufacturing tolerances. The red line
represents the transmit power after power calibration, the
tolerance is improved to +/− 0.2 dB. The Pctrl voltage set

FIGURE 13. Output power calibration.

FIGURE 14. Phase calibration.

FIGURE 15. Gain distribution model on the 4 × 4 array.

to calibrate the transmit power is represented by the green
line.

The gain flatness can be compensated automatically by
initial calibration or calibration on-the-fly where the Pdet
can be monitored regularly and the output power can be
adjusted using the Pctrl, and the automated adjustment pro-
cedure will make sure each of the RF chains to transmit at its
desired power. The maximummeasured Pout of the transmit-
ter path with 5 dBm input power is around 22 dBm compared
to simulated Pout of 22.7 dBm.
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FIGURE 16. 4 T/R modules stacked-up to characterise the gain
distribution.

FIGURE 17. Simulated results of the SLL performance with different
amplitude distribution factor.

B. CHARACTERIZING THE PHASE ERROR
The frequency response, manufacturing tolerance, and com-
ponents tolerance are the major contributors to the phase
tolerance in the RF chain. The phase tolerance must be prop-
erly identified and compensated to provide an accurate beam
steering performance of the beamforming system. The phase
error was measured relative to the input phase to the T/R
module, the similar phase calibration can be performed for
receiver phase error correction. The phase error of the RF
chain is measured using the VNA as described in Fig. 9b
over the frequency band from 5180 to 5880 MHz, the phase
calibration result is shown in Fig. 14. The uncalibrated phase
error is shown in the blue line with 13◦ phase error, and
the phase offset required to compensate the phase error is
described by the orange line, φc. The red line represents
the phase error after calibration with the phase error being
improved to +/−1◦.

C. CHARACTERIZING THE AMPLITUDE DISTRIBUTION
The gain distribution model is presented in Fig. 15. The
antenna array [22] consists of 4 vertical elements combined
into a single port using the corporate fed method, in this
case, 4 units of T/R modules as shown in Fig. 16. are used

FIGURE 18. Measured beamforming result with 4 × 4 array.

FIGURE 19. Measured results of the SLL performance with different
amplitude distribution factor.

to evaluate the amplitude distribution of the antenna system.
The notation for the amplitude distribution is presented as
a1–a2–a3–a4 where a1 is the amplitude ratio for port 1, a2 is
the amplitude ratio for port 2 and so on, the amplitude ratio
ranged between 0 and 1 where 1 is the full power and 0.5 is
half power.

The amplitude distributions of the T/R module integrated
with the 4× 4 array is simulated using Computer Simulation
Technology (CST) tool [26], the simulation results at 5.5 GHz
operating frequency are presented in Fig. 17. As we can
observe from the results, the antenna radiation pattern is
compromised between the gain, HPBW and SLL, and the
optimal results are observed when the amplitude distribu-
tion factor is 0.5-1-1-0.5 (optimum distribution) where the
gain is 17.4 dBi, HPBW is 29.2◦ and SLL is −28.7 dB
compared to the uniform amplitude distribution of 1-1-1-1
that produces the gain of 17.9 dBi, HPBW of 24.5◦ and
SLL of −13.6 dB, thus, the optimum amplitude distribution
delivers good SLL improvement of 15.1 dB for interference
performance and reasonable gain and HPBW as compared
to uniform distributions. The SLL improvement can further
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FIGURE 20. 360◦ beamforming system consists of 4 units of T/R modules and antenna arrays.

enhance the interference rejection in the smart antenna sys-
tem. Further simulation has been carried out to evaluate the
SLL improvement with amplitude distribution 0.5-1-1-0.5
for the entire steering angle supported by the array, SLL
of −22.71 dBm and −12.55 dBm which is 11.1 dB and
5.27 dB improvement respectively were observed for ± 20◦

and±40◦ steering angle. However, the amplitude distribution
was not able to suppress the grating lobe level at the end-fire
around ± 40◦.

IV. MEASURED RESULTS AND DISCUSSION
The beamforming performance of the antenna array is mea-
sured by asserting the RF signal into each port of the antenna
array with different phase shift added by the phase offset c
calibrated earlier. The phase difference to each port is set by
controlling the bit0 to bit5 of the 6-bits phase shifter. The
phase difference for each port to enable 0◦, + 40◦ and − 40◦

beam steering are presented in TABLE 2. below, where φc1,
φc2, φc3, and φc4 denote the calibrated offset value for each
port.

TABLE 2. Phase compensation for beamforming chains.

The beamforming results evaluated with the compensated
phase and chain power are presented in Fig. 18, where the
beam steering angle agreed well with the simulated results.
The compensated phase φc has successfully offset the phase
difference between the RF chains. It was observed that the
achievable beam-steering resolution angle is around 2◦ by
using the 6-bits phase shifter at each RF chain.

The SLL performance results at 5.5 GHz for 0◦ beam
with amplitude distribution of 1-1-1-1 and 0.5-1-1-0.5 are

experimentally validated using the T/R modules and the
4×4 linear arrays and presented in Fig. 19. The optimum side-
lobe and gain are achieved when the amplitude distribution
is at 0.5-1-1-0.5 where the results are agreed well with the
simulation results presented earlier.

For smart antenna system that requires 360◦ coverage, 4 of
the T/R modules will be cascaded and the RF ports will
be connected to the 4 antenna arrays respectively as shown
in Fig. 20. for example, the port A1.C1 of the T/R module
is connected to array A1 port C1, port A2.C1 is connected
to array A2 port C1 and so on. Similar beam steering perfor-
mance is expected for the rest of the other 3 sectors that makes
360◦ coverage of the smart antenna.

TABLE 3. T/R module comparison.

TABLE 3. tabulated the performance comparison with the
state-of-the-art T/R modules, the proposed T/R module has
the comparable or better performance compared to the state-
of-the-art modules, the proposed recursive calibration process
has managed to correct the phase error to± 1◦ and amplitude
error to ± 0.2 dB. In addition, the amplitude distribution
of 0.5-1-1-0.5 combination has successfully suppressed the
SLL to -28.7 dB for 0◦ beam, −22.71 dB for ± 20◦ beam
and −12.77 dB for ± 40◦. The recursive calibration method
has improved the SLL and phase error of the antenna system
without the need to alter the geometry of the antenna design
which is time consuming and costly.
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The proposed T/R module is also contributed to the overall
cost reduction due to the utilization of COTS components and
volume production. The material cost for the T/R module is
around U$193.7 for sample build and the cost drop signifi-
cantly to U$85.3 for mass production volume of 2,500 pcs.
Another cost benefit for mass volume production is the man-
ufacturing setup cost, which constitutes to U$200 for sample
production and drops to U$1 for volume production. The
cost is around 5 to 10 times lower than other commercial
T/R module. Due to the low-cost structure by utilizing the
COTS components, there is limited room for re-configuring
the T/R module into other specification such as different
operating frequency. However, with the modular concept,
simple design approach and adaptation of COTS components
make it easy to reproduce such T/Rmodule in other operating
specification.

V. CONCLUSION AND FUTURE WORKS
In this work, a beamforming T/R module for linear
phased array application in the commercial frequency band
4.9–5.9 GHz ISM band has been developed and demon-
strated. The design consideration of the T/R module includ-
ing circuits design, schematic, PCB, and interface controller
boards has been discussed in detail. The performance of the
T/R module has been calibrated and characterized using a
simple recursive calibration approach, and the beamforming
performance has been experimentally evaluated using the
4 × 4 phased array. Leverage on the commercially available
RF components and low-cost high volume manufacturing
technology, the adoption of the T/R module is expected to
accelerate the smart antenna deployment in the commercial
infrastructure such as the 4.9–5.9 GHz ISM band which
is widely used as free access such as the wireless hotspot
in commercial building and public areas. For future works,
based on the design concepts of the T/R module that adopts
the commercially off-the-shelf RF components and standard
manufacturing technology, the T/R module can be easily
developed into other un-licensed bands such as 2.4 GHz,
24 GHz and 60 GHz which are commercially available for
public use. In addition, the T/R module can be further minia-
turized for better cost performance.
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