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Abstract — This paper presents a vector summing Active
Phase Shifter (APS) for 5G and 6G wireless systems. The
circuit is fabricated using 45 nm CMOS SOI technology and
exploits 10 bit control to set the desired amplitude and phase.
The design uses a high-precision tunable polyphase filter (PPF)
whose center frequency can be tuned from 23 GHz to 40 GHz.
By utilizing a tunable PPF and independent gain tuning of the
quadrature signals along with a simple calibration, a square phase
constellation is achieved over the full operating band, resulting
in an easy phase control with a mean resolution of 0.5 degree
and 7 dB of amplitude control to facilitate amplitude tapering.
The measured RMS phase and amplitude errors are as small as
0.6 degree and 0.08 dB, respectively. Active area occupied is 0.19
sq. mm, allowing a high degree of integration in a phased array
system.

Keywords — phase shifter, vector summing, vector modulator,
millimeter wave integrated circuits, 5G, 6G, CMOS SOI,
polyphase filter.

I. INTRODUCTION

The next generation of wireless systems, namely 5G and
6G, are transitioning to mmWave frequencies and require
large analog beamforming systems to support the required
link budget and system capacity. In order to achieve high
spatial beam density, amplitude tapering schemes such as
Dolph-Chebyshev, Taylor, and Bayliss are needed in a
beamforming system [1]. Thus, a phase shifter with an
inbuilt amplitude control is a good candidate for beamforming
systems as it enables a large degree of integration and can
implement a significant portion of the large dynamic range
required for amplitude tapering.

There are two main ways to make phase shifters. First,
by employing variable physical delay either using switchable
filters [2] or changing transmission line characteristics [3].
Second, by variable summing of orthogonal vectors, namely
vector-sum phase shifters (VSPS) [4]–[8]. Here, VSPS is used
as it allows for higher phase resolution, inbuilt amplitude
control and smaller die area.

In [6], a passive transformer based design is used for
generating and summing the orthogonal vectors. Different
weights for the vectors are implemented using two binary
weighted switch arrays, with each having a seven bit binary
control, resulting in a large but skewed constellation of phase
points. This approach, even though provides good phase
accuracy at one particular frequency, has a big calibration
overhead and needs a complex search algorithm for operating
over a large frequency band. Reference [7] uses a two stage

polyphase filter (PPF), which has a large insertion loss. A
tunable RC-CR network is used in [8] to generate orthogonal
vectors, however external analog voltage is used for changing
the vectors weights.

In this work, an Active Phase Shifter (APS) is designed
employing a single stage tunable PPF for generation of
orthogonal vectors, with individual gain tuning of the vectors
before summing them in a binary fashion. Through this
approach, a near perfect square phase constellation is achieved,
eliminating the need for any complex calibration or look-up
table based phase mapping as required in [6]. As the
manufactured IC targets a transmitter, the design decisions of
utilizing a relatively large output buffer and not including a
low noise amplifier are justified.

II. ACTIVE PHASE SHIFTER DESIGN

Block diagram of the APS is shown in Fig. 1. Differential
RF signal is fed from a GSGSG probe and drives the tunable
PPF that splits the signal into an I and a Q branch. From each
branch, the signal then goes to a differential amplifier (DAMP)
with tunable gain, followed by a quadrant switch and a variable
gain amplifier (VGA).

The quadrant switch consists of cross-connected PMOS
devices and is used to select the polarity of the signal that
is going to the VGAs, thus selecting the quadrant of the
phase constellation. The output current from both VGAs gets
combined at the primary side of the current combiner, which
is a transformer with a one turn primary coil and a two turn
secondary coil. In the transformer, of the available eight metal
layers, the primary coil uses the thickest two copper metals
layers, named OB and OA, in the sixth and seventh layer of
the metal stack. The secondary coil uses the fifth layer, named
UA, of the metal stack. The coupling factor between the coils
is around 0.3. The secondary coil of the transformer drives the
output buffer which is connected to the output GSGSG pads.

Each VGA has four bits of control arranged in a binary
weighted fashion, and each quadrant switch has one bit of
control, thus in total there are ten control bits (4× 2 + 1× 2)
for digitally regulating the amplitude and phase shift.

A. Tunable Polyphase filter

Accuracy of a VSPS depends on the accuracy of the
quadrature generation. In this design, a PPF in a constant
amplitude topology is used. A PPF is inherently narrow-band,
providing perfect quadrature in a narrowband around its center
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Fig. 1. Block diagram of the APS and schematics of various sub-blocks.

frequency. To make it operate over a wideband, tuning is
required, which is achieved here by changing the overall
resistance of the filter. In [9], a tunable PPF with continuous
resistance tuning is used for generating narrowband quadrature
LO signals. However, here the focus is on wideband modulated
RF signals due to which attention is paid to the linearity of
the filter. Further, due to the compressing nature of the LO
buffers, higher amplitude imbalance can be tolerated, whereas
for wideband modulated signals, both amplitude and phase
mismatch play a more significant role.

In the tunable PPF, a fixed large resistor along with three
binary weighted transistors that are operating in triode region,
are used to provide variable resistance. The tuning bits can
move the center frequency of the tunable PPF from 23 GHz to
40 GHz. The instantaneous bandwidth i.e., the bandwidth at a
fixed digital configuration for which the amplitude and phase
mismatch between the orthogonal basis vectors is less than
0.5 dB and 5◦ respectively, for the designed APS is in excess
of 1.5 GHz and can be deduced from Fig. 5 and Fig. 6. Besides
the used method, frequency tunability in the PPF could have
been also achieved by using either switchable capacitor bank,
varactors, or switchable resistor bank. However, dimensioning
for those options given the required frequency range, would
have resulted in a significant larger parasitic load compared to
the selected solution of fixed large resistor with multiple MOS
operating in triode region.

The schematic of the tunable PPF can be seen from Fig. 1.
To reduce the mismatch related variation, R1 is implemented
by arranging four parallel resistors in a symmetric layout.
Furthermore, M5−7 are made up of multiple unit sized
transistors, with M7 having the largest effective width and
M5 the smallest. Capacitors C1−4 are implemented using
vertical natural capacitors (VNCAPs). Simulations showed that
intra-chip mismatch effects do not cause noticeable changes
in the PPF center frequency. Instead, the process variations
caused 20–30 % variation in the center frequency compared to
nominal, which can be partially compensated by the available
tuning bits.

The NMOS transistors M5−7, used for the resistance tuning
have considerable amount of second order non-linearity when
driven with large signals, which mixes further to IM3. This is
fundamentally rising from the fact that the input signal directly
modulates the VGS and hence Ron. One way to minimize this
effect is by allowing the gate voltage to float with the source
voltage. This is achieved here by adding gate resistors R2−4,
which showed a significant improvement in the output IM3
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Fig. 2. Schematics and sketch of the layout arrangement of the VGA.

level in two-tone simulations.

B. Differential Amplifier

The differential signal after the PPF contains some
common-mode because of inherent asymmetry in the PPF
layout. Since the VGAs are a pseudo-differential structure,
a strong common-mode signal will cause a reduction in
the dynamic range and phase and amplitude errors in the
output. Further, a tunability in gain is required to balance any
mismatch between the I and Q branches. Perfectly matched I
and Q branches assist in making a squared phase constellation,
which significantly simplifies the process of controlling the
phase shifter.

The schematic of the DAMP can be seen from Fig. 1.
To provide tunability in the gain of the DAMP, M3−4 along
with a variable bias source are used as a load. A tail inductor
L1, instead of a long channel NMOS, is used to improve the
common-mode rejection ratio of the DAMP.

C. Variable Gain Amplifier

Schematic of the VGA can be seen from Fig. 2a. VGA
consists of 16 × 2 pseudo-differential pairs with binary
weighted on/off controls. Transistors M1−4 are part of the
main tree and transistors M5−8 are part of the dummy tree.
Transistors M3−4 and M7−8 are the controlling transistors for
the main and the dummy trees, respectively. A complementary
digital signal drives them i.e., when M3−4 are turned on
M7−8 are turned off and vice-versa. This keeps the output
impedance of the VGA constant, irrespective of the control
word. Input transistors in both dummy and main trees are
biased at the same potential, however RF signal is applied
to input transistors of only the main tree.

In Fig. 2b, the layout of the VGA is sketched. Here,
1X represents the combination of a main and a dummy
pseudo-differential pair, which acts as a unit cell in the layout
of the VGA. Fifteen unit cells are required for implementing
a four bit binary weighted control. The sixteenth unit cell is
used for making a symmetrical layout and is electrically off.
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D. Output Buffer

Schematic of the Output Buffer (OBUFF) can be seen
from Fig. 1. OBUFF is a common source differential amplifier
with an inductive load, Lload and a tail coil, L2. Lload is a two
turn coil and utilizes OB, OA, and UA. L2 is also a two turn
coil and is synthesized using the topmost Aluminum layer.

III. MEASUREMENT RESULTS

The APS integrated circuit is fabricated using
45 nm CMOS SOI technology and its micrograph is
shown in Fig. 3. The dimensions including the input and
output pads are 0.86 mm × 0.45 mm. Blocks in red, green,
yellow and blue rectangles in the figure correspond to the
tail inductor of the DAMP, current combining transformer,
load inductor of the OBUFF, and tail inductor of the OBUFF,
respectively. Core of the APS consumes a maximum DC
power of 30 mW from a 1 V supply.

RF measurements are performed using Keysight PNA-X
N5247A vector network analyzer along with Cascade
Microtech Infinity series 67 GHz GSGSG probes. Calibration
plane is set to the probe tips using an impedance standard
substrate. Digital control is performed using on-chip registers.
ESD protection is used for all the pads. A trivial calibration
procedure is followed in which, first, the center frequency of
the PPF is tuned to the desired point. Then the amplitude of the
I and Q branches is matched using their respective DAMP gain
control. The measured and simulated differential S21 curves
are shown in Fig. 4 and they show a good match.

Measured normalized phase constellation showing all 1024
points at three different frequencies is shown in Fig. 5. The
plots indicate that the designed electrical tuning in PPF and
DAMPs is sufficient to generate a close to ideal square phase
cloud. The red area represents a magnitude which is 7 dB

Table 1. Summary of the important performance parameters and comparison
with related works

This work [2] [6] [7] [8]

Technology 45 nm 28 nm 65 nm 130 nm 90 nm
CMOS CMOS CMOS SiGe CMOS

Architecture VSPS STPS VSPS VSPS VSPS
Quadrature
Generator

Tunable
PPF - Passive Two Tunable

stage PPF RC-CR nw.
Frequency 26–34 29–37 21–30 22–30 24–30

(GHz) / 35–41
Resolution (◦) 0.5 22.5 0.8 0.65 cont.a

RMS Phase 0.6–1.1 1.2–8.8 0.28–0.88 0.2 2–4
error (◦) / 3.7–5.1

RMS Amp. 0.08–0.24 1.1 0.4–0.5 0.2 0.1–0.6
error (dB) / 0.1–0.35

IP1db (dBm) > 5.5 ≈ 5 - 2 > −2.8
/> −3.7

Pdiss (mW)b 30 - -c 23 17.6
Area (mm2)d 0.19 0.08 0.27e 0.48 0.34

a Measurements done using an external DAC. b Core power
c Core consists of only switches d Excluding the pads.
e Estimated.

lower than in the maximum gain circle. It has to be noted
that the locus of constant amplitude will be a circle in
such plots. Further, even though the phase resolution of the
maximum amplitude points, i.e., the corner points of the
phase constellation, is limited. It is still possible to use the
corners to tune the strongest center tap of an amplitude tapered
beamformer and rotate the rest of the taps accordingly. All
the performance parameters are calculated on the black points
in Fig. 5 i.e., out of 1024 points, around 700 points are used.
The average phase resolution over the black points is 0.5◦.

Below the phase constellations plots in Fig. 5, amplitude
mismatch between I and Q vectors along with the phase
difference from the ideal 90◦ between them i.e., 90 −
arctan(|AQ|/|AI|) is plotted. Here, AQ and AI are the
measured complex vectors created by turning off all controlling
transistors in the VGAs of I and Q branch, respectively.

Measured RMS phase and amplitude errors as a function of
frequency are shown in Fig. 6. As can be seen, the maximum
RMS phase error over the operating band is under 1.1◦.
Further, the RMS amplitude error is as small as 0.08 dB with
the maximum being under 0.24 dB. Each curve in Fig. 6
corresponds to a calibrated configuration of the APS for
different operating frequencies. Fig. 5 along with Fig. 6, also
describe the achievable instantaneous bandwidth of the APS.
Due to the limited maximum available differential power in the
setup, it was not possible to push the APS to full compression,
thus leading to some uncertainty in the reported IP1db in
the Table 1. Summary of the performance parameters and a
comparison with other recent works is shown in Table 1. It can
be seen from Table 1 that this work achieves highest resolution
(an external DAC is required in [8]) with the lowest RMS
amplitude error.

IV. CONCLUSION

This paper presents a vector summing based active phase
shifter that can be accurately tuned to different center
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frequencies over the range of 26 GHz to 34 GHz. Using a
simple calibration procedure involving a tunable PPF for
frequency control and amplitude tuning via the DAMPs, the
APS can generate a near ideal square phase constellation,
resulting in an easily controllable phase shifter with 7 dB of
amplitude control range and an average phase resolution of
0.5◦. The measured RMS phase and amplitude error over the
whole band was as small as 0.6◦ and 0.08 dB, respectively.
The results were achieved in a small area of 0.19mm2. This
paper demonstrates the potential of this design to be a viable
candidate for massive phased array systems utilized in area
efficient 5G and future 6G applications.
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