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ABSTRACT An integrated configuration of the reflection-type phase shifter (RTPS) and attenuator with
simultaneous phase and amplitude control is presented for a phased-array front-end beamforming. The
phase shift function of the RTPS adopts a quadrature coupler with high/low pass lumped elements and
the corresponding m-type C—L—C loads. An RF tuner is subsequently incorporated into the 90° coupler
to provide an energy reduction path and applied at the intermediate inductor of the coupler, thereby enabling
a tunable transmission power. The merged coupler/RF-tuner realizes a matched and symmetrical structure
with less impact on the load impedance variation, which can be regarded as part of the RTPS that performs
RF signal degradation and maintains phase shift tuning. Furthermore, the 7 -type attenuator is incorporated
into the RTPS to obtain an adequate power control range for the side-lobe suppression of the beamforming
network. The simulated and measured results demonstrate the feasibility and suitability of the network for
the proposed merged configuration applied to the phased-array system.

INDEX TERMS Beamforming, phase-array antenna, phase shifter, power control, reflection type,

sub-6 GHz.

I. INTRODUCTION

The tendency toward high data rate and high system capac-
ity for the fifth generation (5G) of wireless communication
has been developed for massive multiple-input and multiple-
output (MIMO) applications [1], [2], [3]. The phase-array
beamforming technique plays an important role to concen-
trate the main beam, which enhances the effective isotropic
radiated power (EIRP) and alleviates the propagation loss
of the transceiver in particular at RF frequency. Moreover,
the phase-array antenna with capabilities of high direc-
tivity and steering beams improves the system signal-to-
noise ratio (SNR) and spatial diversity. Fig. 1 illustrates an
architecture of the phased-array transmitter. Phase-shift and
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amplitude- tuning circuits are key components to achieve
beamforming and calibrate the antenna radiation characteris-
tics, such as beam-offset angle and side-lobe suppression by
using genetic algorithm (GA) and least squares error (LSE)
techniques [4]. Considering the system plan of a transmitter,
the gain control mechanism is commonly realized in the RF
band because the carrier leakage and out-band interferers
are difficult to synchronously scale down with the transmit-
ted signal as gain variation in the baseband [5], [6]. The
RF variable gain amplifier (VGA) is a good candidate to
reduce the output power. However, the uncertainties of par-
asitic effect and propagation loss in the RF transmission path
cause power control inaccuracy. Furthermore, a high-power
power amplifier (PA) and an absence of well-defined antenna
impedance raise power control uncertainty, particularly at the
fine-tuning requirement of a phase-array system, which might
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FIGURE 1. Architecture of the phased-array transmitter for RF
beamforming.

affect the beamforming efficiency. Moreover, active RF VGA
consumes extra DC power and increases circuit complexity.
In contrast with an active gain-tuning device, the passive
attenuator is an alternative way of focusing on power control
with high accuracy and easy implementation. Meanwhile, the
lossy RF path can be compensated by the driving amplifier
or PA in the transmitter. Considering the phase-array applica-
tion, the beamforming technique of concentrating on the main
beam energy substantially mitigates the propagation loss by
the increased EIRP.

From the viewpoint of phase shift, the several reported
types of RF-path phase shifter include loaded-line [7],
reflection-type [8], switched-type [9], and vector-modulator
[10] topologies. The RTPS allows a continuous phase vari-
ation with the characteristics of high linearity, bi-directional
operation, and zero power consumption compared with the
other types of phase shifters [8], [11], [12], [13]. The primary
aims for the RTPS design are to increase the phase tuning
range and reduce the insertion loss. The conventional RTPS
adopts a quadrature 3 dB coupler with reflective loads at
through and coupled ports. Varactors with a voltage bias
control are used to vary load reactance, which in turn con-
tributes a phase shift at the output terminal. The deviation of
insertion losses across the phase tuning range is a concern of
the RTPS design. Although a shunt resistor has been reported
to reduce transmission loss variation as the varied phase
shift, a large insertion loss still occurs at a desired RF fre-
quency [14], [15]. Meanwhile, phase shift is another factor for
achieving a tuning phase range of 360°, which is determined
by the reflective loads. A varactor-based series/parallel LC
resonated load with a single control voltage is proposed to
change the load impedance with a phase shift of less than
180° for the case of the maximum to minimum capacitance
ratio of less than three [16]. Multiple varactors applied on
an asymmetrical C-L-C m-network are further utilized to
achieve full a 360° relative phase shift range [17]. However,
several control voltages are essential and increase the load
design complexity. In a phase-array application, a compli-
cated analog/digital control system is also required to each
RTPS. In addition, a transformer-based coupling topology
is presented and incorporated into the coupler or reflective
loads to obtain a compact design or extend phase shift range,
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respectively [17], [18], [19]. In [15], [20], the extension of the
operating bandwidth with an improved load structure is also
proposed in the RTPS design. Nevertheless, most state-of-
the-art approaches concentrated on increasing the phase shift
range, reducing the transmission loss or bandwidth extension
provided by the RTPS design.

In this paper, a new topology is first proposed to integrate
the RTPS and the RF tuner with a fine-tunning attenuation for
simultaneously performing phase/amplitude control. Instead
of separating phase shift and power control circuits, the
proposed approach provides a way to merge a coupler/RF-
tuner with the reflective loads for the RTPS operation. The
design challenge of this hybrid configuration is to realize
an RF signal reduction path with less impact on the overall
phase deviation and input return loss, which is determined
by the reflective load impedance. Accordingly, the concept
and feasibility of performing phase and amplitude tuning on
the same RTPS circuit are analyzed and investigated in this
study. Subsequently, to further investigate the concept of the
beamforming behavior in a phased-array antenna system, a
1 x 8 antenna array integrated with the RTPS is employed to
analyze the antenna characteristics of gain pattern and radi-
ated distribution. Therefore, a w-type attenuator for coarse-
tuning is also incorporated into the RTPS design to increase
the transmitted power dynamic range, which can be also
replaced by a variable gain amplifier for coarse tuning.

Section II describes the basic RTPS circuit and the
proposed hybrid configuration with power/phase con-
trol. Section IIT depicts the RF tuner integrated with a
lumped-element quadrature coupler and m-type attenuator
for transmission power with a linear-in-dB control. The
merged coupler/RF-tuner is designed to observe the impact
of power-tuning on the overall insertion loss and phase shift.
Section IV reports the experimental results for the RTPS
with a power control mechanism. The beamforming perfor-
mance of a 1 x 8 phased-array antenna with the proposed
RTPS is also presented. Finally, Section V concludes this
work.

Il. RTPS PRINCIPLE OF THE OPERATION AND THE
PROPOSED RTPS CONFIGURATION

The conventional RTPS configuration is shown in Fig. 2(a),
which comprises a branch-line 3-dB coupler and two tunable
reflective loads. The quadrature coupler commonly imple-
mented in the distributed transmission line provides equal
splitting power with 0° and 90° phase shifts at the through
and coupled ports, respectively. The reflected signal is then
combined at the output port with a phase shift of @, insertion
loss of S»;, and phase shift range of Ag, which are derived
as follows:

O = /S| =-90+ LT, (1)
1S21148 = —201og [T'L|, )
Ap = [TLlmax — £TLlmin » 3)
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FIGURE 2. (a) Operational principle of conventional RTPS with a 3-dB
coupler and (b) merged topology of the coupler/RF-tuner.

where I';, is the reflection coefficient at the reflective loads.
The total phase shift range is determined by tunning the
loaded termination impedance, which can be realized by the
varactor to alter effective I'z. Thus, low insertion loss and
maximized phase shift range are the design parameters for
the basic RTPS operation.

Herein, our objective is to investigate the feasibility
of the merged RTPS and attenuator with the ability to
simultaneously adjust the phase shift and signal amplitude.
Fig. 2(b) presents the proposed RTPS topology with a merged
coupler/RF-tuner, which allows transmission power control
with a fine-tuning of 1-dB step. The RF-tuner is incorporated
into the intrinsic hybrid coupler, implemented in an integrated
lumped element, to perform power attenuation without affect-
ing the RTPS operation. Accordingly, a tunable amplitude
of the RF signal is achieved by the 2-bit binary attenuation
control with a power-tuning range from 0 dB to 3 dB, in addi-
tion to the original phase shift between the input and output
ports, contributed from varying the reflection coefficient of
the reflective loads. Suppose that the varactor load is modeled
as a varied capacitor Cp and a series parasitic resistor Rp, the
equivalent load impedance Z; = Rp + jXc, where X¢ =
l/a)CD’ and the corresponding reflection coefficient 'y is
given by:

2

2 2 1 27,

RD_ZC' +(a)CD> _]wCD

Iy = 5 “
(Ro+Zo)* + (5 )

wCp

where Z, is the characteristic impedance. Considering the
RTPS operation including merged coupler/RF-tuner and
reflective load, the total phase shift ®, and insertion loss (/L)
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can be further derived as follows:

27,

C

“p | (5)
2
RD—ZO2+(—)

wCp

®,; = —90° + tan~!

IL = |S2114p + ArTPs
2
2 2 1 .27,
Rp =25+ (m) —Jacs
2
&+ 22+ (Ycy) +2RoZ
+ (1 + O() Atuners (6)

—201log

where Arrps is the equivalent attenuated magnitude of the
RTPS, contributed from the RF tuner; Ay, is an ideal 1-dB
control attenuation; and « and w are an interaction factor of
the load impedance and operating frequency of the circuit,
respectively. According to (5) and (6), the performance of
RTPS is determined by the varactor series parasitic Rp, which
inevitably depends on the device process and limits the phase
variation particularly. The variable Cp can be achieved by
tuning the control voltage across a varactor. This study aims
to lower the interaction factor of « to accurately control the
power attenuation. Thus, the RF-tuner influences the load
impedance and contributes to total attenuation value, which
will be investigated and analyzed to provide an insight into the
design of RTPS with a power control mechanism. From the
viewpoint of beamforming application, the m-type network
is employed to realize a power-tuning range of 8 dB in a
4 dB step by digital control bits with two attenuation states for
coarse tuning. Consequently, the entire hybrid configuration
provides a power control range of 11 dB with a resolution
of 1 dB.

Il. CIRCUIT DESIGN

A. INVESTIGATION OF THE HYBRID LUMPED-ELEMENT
COUPLER AND RF TUNER

Considering the 3-dB coupler design, the conventional single-
box branch-line coupler requires a quarter wavelength of
the transmission line on each side, which occupies a fairly
large chip area for the sub-6GHz application. Accordingly,
the required 3-dB coupler for RTPS is adopted and realized
by using lumped elements, which greatly benefits the system
integration and compact circuit at a desired frequency of
3.5 GHz. Fig. 3 presents two types of quadrature coupler in
the lumped element means. The conventional coupler with
two inductors exhibits a narrow bandwidth, which in turn
easily suffers from process variation, as shown in Fig. 3(a).
The first-type coupler also has difficulty integrating with
the attenuator due to the RF signal loss mainly along the
RF transmission path. Consequently, the three-inductor based
coupler with high/low pass topology is adopted in this work to
integrate with the attenuator to overcome this issue, as shown
in Fig. 3(b). The corresponding nominal values of the induc-
tors and capacitors based on the operating frequency, f, can
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FIGURE 3. (a) Conventional lumped-element quadrature coupler and
(b) quadrature hybrid with high/low pass lumped elements.

Merged lumped-clement
coupler and RF Tuner Load

1

7
|

7
| \Qm} Through
RF_in o—- T
\J_ l|
I
|
|
|
|
|

e RF tuner with

;e intrinsic inductor|

| [R7ANS!

! S 6 LT
! \IRY L
T] v [T o
| VA

RF_outo———1feeg /m g s 28 I

1
1
Coupled! ; | 3
N Quipub)_ o ____ AL 7 R e et

Compensated Capacitance forms a symmetrical
topology of the coupler and a part of the reflective load

(a) (b)

FIGURE 4. (a) Hybrid configuration of the RTPS and RF-tuner using
3-inductor lumped coupler. (b) Schematic of RF tuner.

be calculated as follows [21]:

1
C = —pF, 7
Zo~2nfp @)
Z
L = —nH, ®)
2nf

The RF-path signal can be imposed at two terminals of the
intermediate inductor as a symmetrical and a well-matched
structure between the input/output transmission paths to per-
form RF signal source degradation. Fig. 4(a) depicts a hybrid
configuration of the RTPS and RF-tuner based on the three-
inductor lumped coupler. The RF tuner integrated with the
intrinsic inductor of the coupler is utilized to adjust the signal
amplitude, as shown in Fig. 4(b). The RF currents (i, and
i;) flow into the source tuner at the common-mode nodes
of the coupler by controlling the supply voltages of Vpg and
Vg for tuning signal amplitude, thereby enabling RF energy
reduction and simultaneously maintaining the RTPS opera-
tion. The DC block capacitors (Cyp) are used to prevent the
DC signal from transistor. Suppose that the MOS-varactor is
used as the reflective loads, the merged topology is simulated
to analyze the design of the RF tuner. Fig. 5 illustrates the
input reflection and transmission coefficients of this proposed
topology with respect to the control voltage (Vo) at a desired
frequency of 3.5 GHz, while Vg is set to zero to concentrate
on one RF-tuner effect. In addition, a fixed W/L ratio of
1.5 ©m/0.18 pum changes with transistor fingers to observe
the influence of the RF tuner on RTPS performance. It is
noted that the transmission power of S>1 can be indeed atten-
uated as the increased Vpg. A larger transistor size causes a
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FIGURE 5. Simulated input reflection and transmission coefficients with
respect to the control voltage of the RF tuner.

higher degradation due to the increasing i,. The S;; lower
than —10 dB is also achieved at all supply voltage states.
However, the deviation of Sy is gradually growing for large
physical transistor sizes in particular at high-voltage states,
indicating that the increasing i, flows into the tuner and
contributes to the equivalent input impedance. Notably, the
proposed tuner influences the original impedance character-
istic of the matching network for the RTPS design, which is
relieved by a small transistor size. Additionally, the relative
phase deviation of the RTPS in terms of Vpg is shown in
Fig. 6. The phase shift contribution of the source tuner is also
determined by the transistor size. The phase deviation only
within 1° can be obtained on a limited transistor fingers of
lower than 2. In an ideal RTPS operation with power control
mechanism, the S;; and phase shift are not supposed to be
affected by the RF tuner as the varied Sy, which might result
in an increased interaction factor «. Consequently, the merged
lumped-element coupler/RF-tuner with a fine-tuning of 1 dB
resolution is adopted in this work and realized by using digital
on/off (0 and 1.8 V) switch control to meet the requirement
of linear-in-dB power variation as the system plan. Mean-
while, two RF source tuners are implemented in 2-bit binary-
weighted transistor sizes to reduce unwanted deviation of
return loss and relative phase variation for achieving a power
dynamic range from 0 dB to 3 dB with a 1 dB step. It is worth
noting that Cpq,. is the load parasitic capacitance of the -
type attenuator in front of the RTPS, which is absorbed in
the quadrature coupler design. In addition, the compensated
capacitors Ceemp. are added to right side of the coupler to form
a symmetrical structure of the coupler at resonant frequency.
The Ceomp. can be also regarded as the part of reflective
loads, which adopts the 7 -type C—L—C structure. Therefore, a
fixed shunt compensated Ceopp., series inductor, and parallel
variable capacitor form a m-type resonator to vary reflective
loads.

B. PROPOSED RTPS DESIGN WITH POWER/PHASE
CONTROL MECHANISM

Considering the transmission power control mechanism for
the phased-array system, a programmable gain amplifier or
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FIGURE 6. Simulated relative phase deviation with respect to the control
voltage of the RF tuner.

attenuator is commonly used for power level adjustment.
A reciprocal topology of the -type attenuator with MOSFET
switches is adopted in this work for controlling the trans-
mitting power with characteristics of high linearity, power
efficiency, and low complexity. Fig. 7(a) shows a m-type
attenuator with a coarse-tuning resolution of 4 dB. The
voltage-controlled switches (Vg1 and Vgip) are designed as
a complementary operation and applied on transistors M
and Mj,, Myy, respectively. The equivalent circuit model for
the transmission state is depicted in Fig. 7(b) without signal
attenuation because My, 1, are off. The input impedance, Z;;,
has turned into Z;, = Ry,1 || Ry, where R, represents a turn-
on resistor of M1, which can be further expressed as follows:

1
1nCox ¥ (VGs — Vi)'

Ron1 = (9)
where u, and C,, are the process parameters, Vgs is gate
voltage with “high” state and Vg is the fixed threshold
voltage of around 0.6 V. It is revealed that R, is in terms
of the physical size (W/L) of the transistor. Consequently,
a larger transistor size is supposed to be determined to reduce
the transmission resistance and then minimize insertion loss.
However, a large switch size raises a concern of parasitic
capacitance. Herein, the undesired output parasitic capaci-
tances are incorporated and neutralized in the subsequent
lumped-element coupler at resonant frequency. By contrast,
Fig. 7(c) illustrates the equivalent circuit at the attenuation
state. Suppose that the input/output impedance are perfectly

Equivalent 7 network

5 sHs
(b) (c)

FIGURE 7. (a) n-type attenuator, and the corresponding equivalent circuit
model with (b) signal transmission and (c) signal degradation.
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matched, the series/shunt resistors (Rs and Rp) can be further
expressed as:

Rs = 50 =S5 (10)
1+ 8

RP =50 —+ 2! _Ron2» (11)
1 -8

where S»1 is the transmission coefficient of the -type atten-
uator. The Rg and Rp are thus determined by a given attenu-
ation value. Fig. 8 shows the topology of the proposed RTPS
with power control mechanism, which comprises m-type
attenuation stages, a merged coupler/RF-tuner, and reflective
loads. The 7 -type attenuators can adjust the power transmis-
sion level with a dynamic range of 8 dB in a 4-dB step. The
effective capacitive loadings due to a large transistor size are
regarded as part of the hybrid 3-dB coupler design, which is
implemented in a three-inductor lumped element for facilitat-
ing further integration with the fine-tuning attenuation. The
merged couple/RF-tuner not only provides digital-assisted
attenuation with 2-bit binary array control but also performs
a phase shift at through/coupled ports for the RTPS opera-
tion. Accordingly, the configuration of a loaded C-L—C res-
onator is adopted as the reflection loads. The transistor-based
MOS-varactors are utilized as a substitute for the one-sided
capacitive loads. Although a complex topology with an asym-
metrical C-L-C w-network can be used to extend the phase
shift range, the number of varactors and independently con-
trolled voltages are increased. Consequently, the RTPS design
is primary concerned with the attenuation behavior of the
merged coupler/RF-tuner. A varactor with a single supply
voltage of Ve is only applied on the terminated side of
the MOS varactor for phase shifting. A constant compensated
capacitor is added to the left side of the loaded resonator.

IV. MEASUREMENT RESULTS

The reflection-type phase shifter integrated tunable trans-
mission power mechanism was implemented in the TSMC
0.18 um CMOS technology. The die photograph for
the test chip is displayed in Fig. 9. The chip occupies
1.18 mm x 1.06 mm of the die area, including the I/O pads.
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FIGURE 9. Die photograph of the reflection-type phase shifter.

The chip was measured by directly on-wafer probing the pads
utilizing the two-port network analyzer. The control voltage,
Viune, Of the reflective loads and the 6-bit digital switching
of the attenuator/RF-tuner were applied via the DC probe
pins to adjust the phase shift and transmission amplitude,
respectively.

A. MEASURED RTPS PERFORMANCE

Fig. 10 illustrates the full band response of the input reflection
and transmission coefficients (S;; and S;;) at the maximum
power gain state where Ve varies from 0 to 1.8 V. It is
noted that all the S can be lower than —10 dB from 3.2 GHz
to 3.8 GHz as the reflective loads change. The transmission
coefficients versus frequency at 3.5 GHz deviate lower than
around 5 dB from the maximum to the minimum values of
—8.87 dB and —13.7 dB. The insertion loss comprises the
attenuator stage, merged coupler and RF tuner, and reflective
loads. The dominant loss contribution is determined by on-
chip inductors with parasitic resistors which further degrades
the quality factor of inductors. However, a lossy RF path
can be compensated by other active devices. In addition, the
S21 deviations of each voltage states might result from the
low loaded quality factor of the reflective C—L—C resonator.
For practical exploitation, the deviation of the transmission
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FIGURE 10. Measured input reflection and transmission coefficients
versus Ve at the maximum power gain state.
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coefficient can be alleviated by a wide power tunning range
and the subsequent GA calibration for the phase-array appli-
cation. Fig. 11 depicts that the measured relative phase shift
ranges at 3.4, 3.5, and 3.6 GHz were 133°, 132.7°, and
126.4°, respectively. It is observed that the phase shift range
at 3.6 GHz is a bit lower than those of other frequencies.
The RTPS bandwidth of around 200 MHz can be used for
the beamforming application. From the viewpoint of trans-
mission power adjustment, the measured S1; and S»; over
the operating frequency band with respect to the attenuated
control bits at Vyype = 0 V are shown in Fig. 12. The
transmission power loss is varied by switching the 6-bit
MOSFET on/off switch, where the former 4-bit digital con-
trol (Vg1/Vgis and Vga/VgoB) aims to achieve a power loss
range of 8 dB with coarse-tuning steps of 4 dB and the latter
is responsible for a 3 dB control range with a fine-tuning res-
olution of 1 dB by 2-bit binary switching. Thus, the proposed
topology of this circuit provides more than 11 dB power
control dynamic range with 1 dB resolution. The digital
codes of <0,0,1,1,0,0>, <0,1,1,0,0,0>, and <1,1,0,0,0,0>
for coarse-tuning attenuation represent the 0, —4, and —8 dB
transmission losses, respectively. The corresponding mea-
sured phase shift ranges in each coarse-tuning attenuation
state are 132.7°, 127.7°, and 129.7° with a phase range
deviation of only 5° at the desired frequency of 3.5 GHz.
In addition, the reflection coefficients exhibit approximately
the same performance of lower than —10 dB as each tuning
state. Notably, the small transistor size of the 2-bit attenuation
array with only 1 dB step for the merged lumped-element
coupler/RF-tuner limits the deterioration of Sy; and total
phase shift as attenuation state varies, which is consistent with
the simulation results. Fig. 13 shows the measured maximum
relative attenuation error of lower than & 0.1 dB with 1 dB
resolution at RF frequency of 3.5 GHz. The overall dynamic
switching achieves linear-in-dB behavior.

Table 1 lists the summarized performance of reported
reflection-type phase shifter chip. The state-of-the-art works
in [8], [17], [18], [19], [20], [21], [22], and [23] are
implemented in millimeter wave frequencies, which occupy
small chip areas due to shorter wavelengths. The work in [16]
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TABLE 1. Summarized results of reported reflection-type phase shifter.

Ref Technolo Frequency Insertion Return loss ~ Phase shift ~Magnitude control ~ Chia area No. of
) £y (GHz) loss (dB) (dB) range (deg) range (dB) (mm?) varactors
[8] 65 nm CMOS 29 9.5 18 360 0 0.23 4
[16] 180 nm CMOS 2.45 6.8 >10 120 0 0.72 2
130nm
[17] BIiCMOS 62 9.6 10.4 367 0 0.16 4
[18] 28 nm CMOS 44-52 6.2 > 10 90 0 0.08 (0
[19] 65 nm CMOS 28 15.5 9.8 180° 3 0.17 2
[22] 130 nm CMOS 22.5 10.5 > 10 136 0 0.28 4
[23] 180 nm CMOS 1.9 7.3 23 360 0 2.5 4
[24] 65 nm CMOS 60 7.8 10 130 0 0.041 3
This work 180 nm CMOS 3.5 8.87° 13.5 132.7 11 1.25 2
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Eli::sURE 12. Measured S; and Sy; as a function of the attenuated control integrated with the merged RTPS/attenuator module.
- - - - - - - 1.0 number of varactors. It is noting that the magnitude control
sr -, ~—q Jos mechanism is also realized in [19] with a tuning range of 3 dB.
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/! Joa ¢ control of 11 dB with a fine-tuning resolution of 1 dB.
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® 46 f Ve Ve 12 ANTENNA WITH RTPS
15 /,/: E H A 1 x 8 phased-array antenna with the merged RTPS/ atten-
- - - ] . . .
Ve 06 K] uator for phase and power controls is adopted to investi-
=] 4-0.8 . . e
20F gate the performance of the beamforming characteristics.
1 1 1 ' 1 1 1 _1.0 . . . .
42 0 8 6 4 2 0 Accordingly, a conventional square microstrip patch antenna

Attenuation State Sequence

FIGURE 13. Measured attenuation states and relative attenuation error
with 1-dB resolution.

also adopts a lump-element coupler with two inductors and
only occupies 0.72 mm? to realize the reflection-type phase
shifter. However, the proposed RF tuner cannot be integrated
with the coupler to form a merged topology for simultaneous
phase/amplitude control. In addition, although this work only
exhibits the phase shift range of around 133°, fewer varactors
are used in comparison to other reported ones which has
potential to extend the phase range at the expense of higher
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integrated with this merged circuit is fabricated by a stan-
dard FR-4 printed circuit board with a board thickness of
1.6 mm. The RTPS with input/output bonding wires con-
nects to the input port and the subsequent antenna unit. The
integrated board adopts an SMA connector for measurement.
Fig. 14 depicts the consistent simulated and measured reflec-
tion coefficients of the testing board. The full band frequency
response of Sy is lower than —10 dB at a maximum power
state. In addition, the integrated prototype is regarded as a
sub-array unit for planning a 1 x 8 high-gain phased-array
antenna in parallel with proper antenna design parameters and
fixed distance of around half wavelength at 3.5 GHz between
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FIGURE 15. Radiation pattern of 1 x 8 high-gain phased-array antenna
with (a) equal feeding energy and (b) feeding ratio of 1:2:5:8:8:5:2:1.

each unit. However, considering the difficulties in controlling
a substantial number of digital/analog voltage control pins for
the beamforming application, the precision of the DC power
supply instruments, and the lack of an anechoic chamber in
the measurement environment, the simulated radiation behav-
ior is utilized to evaluate the performance of the phased-array
antenna pattern. Fig. 15(a) illustrates the radiation pattern
of a 1 x 8 phased-array antenna with equal feeding energy,
which exhibits the maximum antenna gain of 12.05 dBi with
half power beam widths of 13° along the H-plane. The first
side-lobe of radiation gain is suppressed greater than 13 dB.
However, considering the first side-lobe beam still larger
than —1 dBi, the proposed merged RTPS/attenuator mod-
ule provides a phase/amplitude beamforming circuit to fur-
ther suppress sidelobes. Therefore, the distributions of equal
phase and feeding energy ratio of 1:2:5:8:8:5:2:1 at each input
port are applied to further eliminate the unwanted sidelobes.
It is observed that the first side-lobe lower than —20 dBi is
achieved, as depicted in Fig. 15(b). The maximum side-lobe
energy has moved to the 2" sidelobe beam at 6 = +36°,
which obtains a suppression value of 25.5 dB compared with
the main beam. The beamforming technique with unequal
feeding energy ratio based on the merged RTPS/attenuator
exhibits approximately 12.2 dB improvement from the same
injecting power. The second side-lobe with a wider radiation
angle also reduces the influence of the main beam. These
comparisons demonstrate that the proposed RTPS with power
control mechanism greatly improves the radiation efficiency
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FIGURE 16. Beam deviation pattern of 1 x 8 phased-array antenna with
(a) positive and (b) negative beam deviations.

for the phased-array antenna. Additionally, a fixed phase
shift between adjacent sub-array units for 1-D beam scan
is performed to achieve beam deviation and then investi-
gate beamforming characteristic of the phased-array antenna.
Fig. 16 depicts the radiation pattern with beam offset angles
(6) from —20° to 20° in 10° step. The corresponding gains
of each deviated main beam are 11.45, 11.91, 12.05, 12.05,
11.91, 11.45 dBi, respectively.

V. CONCLUSION

This paper proposes a way of achieving phase/amplitude
tuning on the same RTPS chip by integrating the quadrature
coupler and RF tuner. The RF tuner provides an RF reduc-
tion path that is compatible with the high/low pass lumped-
element coupler and maintains the performance of the RTPS
operation. Meanwhile, the coarse- and fine- tunings of the
attenuation are incorporated to form a linear-in-dB power
control for a phased-array beamforming. The simulated and
experimental results demonstrate the viability of this merged
couple/RF-tuner concept by examining the properties of the
S-parameters and phased-array radiation patterns.
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