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Abstract— This brief presents a millimeter-wave passive
reflection-type phase shifter (RTPS) capable of producing a 360°
phase shift range with low insertion loss (IL) in 28-30 GHz range.
The circuit consists of a 90° Lange coupler and two multi-
resonance loads where a switched inductor and CMOS varactors
are employed. As opposed to previously reported RTPS requiring
multiple control voltages, the proposed reflective load requires
only one control voltage for the varactors which results in
simplicity and reduced dc power consumption of the control
blocks. Fabricated in 65 nm CMOC process, this RTPS achieves a
measured average insertion loss of 9.5 dB at 29 GHz while
consuming zero dc power. The RTPS occupies only 388 x615 pm?
of chip area.

Index Terms— Millimeter-wave phased-array, reflection type
phase shifter, switching inductor, varactor, CMOS technology.

I. INTRODUCTION

ILLIMETER-WAVE (mm-wave) phased array systems

are widely used for fifth-generation (5G) cellular
communication above 28 GHz to overcome the existing high
radiation path loss and improve the signal to noise (SNR) ratio
by enabling electrical beam steering [1]. Phase shifters (PSs)
are the key part of a phased array system and can be categorized
as active and passive types. These PSs should cover a 360°
phase shift in order to be employed in phased arrays with large
scan angles while exhibiting low insertion loss (IL) and low
gain/loss variation. For scalability, the reduction in dc power
consumption and implementation in small chip areas is
necessary [2].

Vector-modulator based active PSs provide gain and high
phase resolution but suffer from nonlinearity, high noise figure
(NF) and consume dc power [3]-[7]. Conversely, passive PSs
are very linear, and can be subdivided into three main
configurations: 1) Switched type phase shifter (STPS), 2)
Loaded-line phase shifter (LLPS) and 3) Reflection type phase
shifter (RTPS). In the STPS, by switching between the high-
pass/low-pass signal paths or switching between the
transmission lines with different electrical length, discrete
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Fig. 1. Operation principle of RTPS with 3-dB coupler.

phase shifts with large steps (e.g. 180°, 90°, and 45°) can be
achieved [8]-[10]. Using an increased number of stages with
reduced size of each step (e.g. 22.5° or 11.25°) is leading to
higher IL and excessive chip area due to the switching loss at
mm-wave frequencies and bulky passive elements,
respectively. In LLPS utilizing lumped-component based
transmission line with zero dc power the achieved phase shift
range is usually lower than 45° because of the limited tuning
range of MOS varactors at mm-wave frequencies. Cascading
multiple stages degrades the IL substantially [2], [11].

RTPS’s, in addition to zero dc power consumption and
superior linearity, demonstrate continuous phase shift range
with moderate chip sizes [12]-[18]. Total phase shift range of
an RTPS is determined by the reflective loads which are usually
realized by LC components. However, a 360° phase shift range
along with low IL cannot be achieved by employing
conventional C-L-C n-loads with single control voltage [16].
Yet, several C-L-C n-loads proposed recently help to obtain a
full 360° phase shift range. But they are utilizing two control
voltages that add to the complexity and overall power
consumption of the phase shifter [1] and [12].

In this brief, a new load structure is proposed to reach a 360°
phase shift range along with low IL at 29 GHz and utilizing only
one control voltage for tuning the loads. The proposed structure
eliminates extra control circuitry, often realized with on-chip
digital to analog converters (DACSs), and its associated power
consumption.

The brief is organized as follow: the proposed load structure
and its principle of operation to achieve a 360° phase shift range
are explained in section Il. Section Il presents the circuit
design. Section IV reports the experimental results. A
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Fig. 2. Multi-resonance loads for 360° RTPS, (a) C-L-C =-load with
asymmetric capacitors, (b) transformer-based multi-resonance load, (c) C-L-C
n-load with 180° phase shift (2 RTPSs are cascaded to achieve 360° phase
shift), (d) proposed multi-resonance load based on transformer switching.
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Fig. 3. Load impedance tuning range for (a) a conventional C-L-C n-network,
(b) for the proposed load with lossless components at 28 GHz.

conclusion is provided in section 1V.

Il. RTPS FOR MM-WAVE APPLICATIONS

A. Principle of operation

Fig. 1 shows the schematic diagram of a conventional RTPS
[12] including an ideal 90° coupler and two tunable loads. The
quadrature coupler divides the input signal into a through and
coupled parts with 0° and 90° phase shifts, and the reflected
signals from the loads will be combined in phase at the output
(isolated port) resulting in the desired signal where the output
phase shift 6, total phase shift range A9, and IL can be obtained
as

Zy
0 =-90—2tan™! (Z_) =213, ¢))

0

A =2 [tan‘1 <—ZL‘max> —tan™! (Z—L'min>]
Zo Zo

=<4 Il,max — £ FL,min' (2)
and
IL = —20log]F;, 3)

where Z;, Z, and I} are the load, characteristic impedance and
reflection coefficient normalized to the Z,, respectively. Hence,
the total phase shift range of an RTPS is determined by the
achievable phase range of reflection coefficient produced by
tuning the load. The tunable load can be realized by a variable
capacitive load (C) or series/parallel inductive-variable
capacitive (L-C) tanks. They can produce a phase shift range
less than 60° and 120°, respectively, assuming that the
maximum to minimum capacitance ratio Cpnax/Cmin Of varactors
is limited by 3 [12].

A C-L-C n-network shown in Fig 2(a) where both capacitors
are controlled by a single voltage can produce up to 330° phase

shift with proper component sizing assuming varactors’ if’ﬂ of
3 [1]. The RTPS proposed in [16] achieves a 360° phase shift
by cascading two phase shifters each producing 180° phase shift
using a symmetrical C-L-C n-network. To achieve a full 360°
phase shift using a single RTPS, the authors in [1] and [12]
proposed to use asymmetrical C-L-C =m-networks where, in
addition, each varactor is controlled independently by its own
control voltage as shown in Fig. 2 (b) and (c). These load
structures, however, require two separate control voltages,
produced by two DACs, adding to the complexity and power
consumption of the overall phase shifter. In the next section, we
propose a load structure that requires a single control voltage
only to achieve the full 360° phase shift range.

B. Proposed load for RTPS

A proposed alternative multi-resonance load structure with
varactors controlled by a single voltage is shown in Fig. 2 (d).
Here two inductance values are obtained by switching on/off
the transformer load. This tunable inductor gives an additional
degree of freedom to extend the RTPS phase shift from ~330°
to 360° using a single control voltage for the varactors.

In the conventional C-L-C n-network, shown in Fig. 3(a), a
series combination of C,and L; results in a short circuit (S.C.)
at the input for the value of C; that resonates with L, at the
frequency of operation. After this, increasing C, produces a
variable inductance (Lsic) from the series combination of C,and
L1 which approaches to open circuit (O.C.) on the Smith chart
when Lgc resonates with parallel C;. Further increasing C;
pushes the impedance to the point which is the parallel
combination of C; and Li, and C; = Comax gives a small
capacitive impedance. On the other hand starting again form
S.C. point, but decreasing capacitance values for C, and Cj,
moves the impedance from S.C to Cy minand Cy,min, respectively,
resulting in a phase shift which can be around up to 330° with
practical values (one can employ one control voltage for both
varactors C1=kC,) [1]. One way to bridge the gap between the
impedances at Cmax and Cy,min and achieve a full 360° phase
shift range is to control C; and C; independently using two
control voltages as proposed in [1] and [12]. Here, we propose
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Fig. 5. Schematic of proposed RTPS.

to change the inductance value of the symmetrical C-L-C =n-
networks such that increasing L pushes impedance from point
Cz,max to point Cymin to achieve a full 360° phase shift range.
This method requires a single control voltage only.

To verify the effectiveness of the proposed approach, a C-L-
C n-resonator with lossless components and a fixed inductor
was designed for 324° phase shift range (Fig. 3 (b)).
requires L., = 400 pH and C, and C, changing from 81-270 fF
and 45-150 fF, respectively. With changing the inductor value
from 400 pH to 550 pH, and keeping the same capacitors, the
lower part of the Smith chart is covered for a full 360° phase
shift range. For the mentioned inductance, only a small
variation of C; and C, (207-270 fF and 115-150 fF) produces
the required phase shift range.

To produce two inductance values, we proposed to use a
transformer loaded with a switch to change its input inductance
from one value to another. Using Fig. 4, one finds that the input
impedance of the loaded transformer can be calculated as

Ziy = joLy + K Ll 4)
in —](1) 1 ZSW+].(UL21

where the transformer is assumed to be ideal and L;, L, are the
primary and secondary coil inductors, Csw, Rsw are switch
capacitor and resistor, k is the coupling factor of the coils, and
Zsw 1s given by

_ Rsw
Zsw = 1+jwCeyRsw ' O
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Fig. 6. (a) 3D EM view of the 90° Lange coupler (b) simulated amplitude
response, and (c) phase response using HFSS 3D EM simulator.

The equivalent inductance (Leq) and series resistance (R.,)
of the loaded transformer shown in Fig. 4, can be derived as

Rsw?(1-w?Cswla)[1-w?Cswla(1-k?)]+w?L;
Rsw?(1-w2Cswly)?+w?L,?

Log =Ly 0 (6)

and
Rew?(1 — 02 CgyyLy)? + w?L,”

@

Ryq =

Using (6) and (7), the quality factor (Q) can be calculated as

L,
Qeq = qu
st (1 = w?CopLy)[1 = Ly Coyw®(1 — kz)]+L2C5WwZ(1—k2)
RsyLyk? ®
swloR*w
Assuming an ideal switch, when the switch is turned on
(Rsw~0), Loq becomes

w

Leq = Ll(l - kz) ’ 9

and when the switch is turned off (Rgy, ~),

k2Lyw?Coy

1-Lyw?Cgy

Leqg=1L; (1+ ) (10)
According to (9) and (10), L., Vvaries by turning the load

switch on and off to produce two inductor values adding an
extra degree of freedom to a C-L-C m-resonator structure.
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Fig. 9. Measured input and output return losses.

Hence, a C-L-C n-resonator with a transformer loaded by a
switch may be used to provide two values of inductance
required for a full 360° RTPS design.

I1l. CIRcuIT DESIGN

Fig. 5 shows the schematic of the proposed mm-wave
RTPS implemented in 65nm CMOS technology. The main
circuit is consisting of a 90° coupler with a characteristic
impedance of 35 Q and two identical reflective loads including
a transformer and two varactors (C; and C,). Then the input and
isolated ports of the coupler are matched to the 50 Q by a
utilizing a Grounded Coplanar Waveguide (GCPW) line and a
Metal-Insulator-Metal (MIM) capacitor (Cyq¢ching) in parallel
with input/output pads (Cpqq)- Fig. 6 (a) shows the employed
conventional 90° Lange coupler where the microstrip lines and
ground plane are implemented by the process’s top thick metal
layer (3.4 um) and bottom metal layer (0.18 um), respectively.

60— . 0000000

28 28.5 29 29.5 30
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Fig. 10. Measured phase shift versus frequency.
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29.5 30
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Fig. 11. Measured insertion loss versus frequency.

Fig. 6 (b) depicts the EM simulation results where the return
loss and IL of better than -14 dB and -4.2 dB, respectively, are
achieved at 28 GHz. Furthermore, the phase difference between
the coupled and through ports is 89°+1.7° in 26 to 30 GHz range
(Fig. 6 (c)).

The transformer was simulated in HFSS 3D EM simulator.
Fig. 7 illustrates the simulations results for different switch
sizes. The size of 50 um is corresponding to Q of 8-10 for L,.
As the ON resistance of the transistor is inversely proportional
to their size, the quality factor of loaded transformer with larger
switches are higher. However, the increased parasitic capacitor
of the larger switches will limit the resonance frequency of the
inductor. Accumulation-mode CMOS varactors (C; and C,)
are sized for C, a0y /Cimin = 4 and Q~10 with the length and
finger width of 0.35 um and 1.5 um, respectively. Size of
switches were optimized to 40 um, V¢, Was fixed to 0.7 V
and V. Was varying from 0 to 1.2 V.

IV. EXPERIMENTAL RESULTS

Fig. 8 shows the chip microphotograph of the implemented
mm-wave RTPS in 65nm CMOS technology with an active area
of 388 x615 um?. The circuit is measured on wafer utilizing
Agilent E8361C PNA and Cascade 40 GHz ground-signal-
ground (GSG) Z-probes. Fig. 9 shows that the return reflection
coefficients (S11 and Sy2) remain below -18 dB for the entire
operating frequency range. Fig. 10 demonstrates the measured
phase shift range for the entire frequency band where Vs, is
kept constant at 0.7 V and V.. varies from 0 to 1.2 V.
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TABLE |
PERFORMANCE SUMMARY AND COMPARISON AGAINST PRIOR ZERO-DC-POWER RTPS.
Reference [1] TMTT [12] TCAS-I [16] RFIC [18] IMS 2016 This work
2017 2018 2008
Process 65nm CMOS 130nm 180nm CMOS 130nm 65nm CMOS
BiCMOS BiCMOS
Frequency (GHz) 28 60 24 60 29
Phase shift range (°) 360° 360° 360°* 200° 360°
Control method Dual voltages Dual voltages | Single voltage | Single voltage | Single voltage
Input/output return loss (dB) 6.7 104 12 15 18
Average Insertion Loss (dB) 7.75 9.9 11.3 8.2 9.5
Chip Area (mm?) 0.16 0.16 0.33 0.28 0.23

*Two 180° stages are cascaded.

Experimental IL versus frequency is plotted in Fig. 11
corresponding to maximum and minimum values of 7.2 dB and
11.8 dB, respectively.

The RTPS experimental results are compared with the recent
state-of-art mm-wave RTPS’s Table | where it shows that our
proposed work is the only single-stage phase shifter that
achieves a 360 phase range using a single control voltage. The
other parameters of the phase shifter reported in Table | are
either better than or on par with that of previously reported
works.

V. CONCLUSION

A mm-wave RTPS with full-span phase shift range of 360°
is presented. The loaded-transformer is used as a switchable
inductor in a C-L-C n-load of RTPS to extend the phase shift.
Only one control voltage is used for both loads resulting in less
complexity and power consumption of the control circuits. The
measurement results demonstrate a 360° phase shift range with
the average IL and return loss of 9.5 and -18 dB over 28-30 GHz
band, respectively. The chip is implemented in 65nm CMOS
technology with RTPS active area of 388 x615 um?2.
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