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Abstract - This paper proposes a frequency reconfigurable 
dual-band passive 360° reflection-type phase shifter (RTPS) for 
fifth-generation (5G) applications. The proposed phase shifter 
provides a full 360° phase shift range in multiple 5G new radio 
(NR) communication bands—n261 (27.5–28.35 GHz) and n260 
(37–40 GHz)—using a transformer-based switchable inductor. 
The proposed transformer-based switchable inductor allows 
the operating frequency bands to be changed for achieving 
maximum phase shift range. Consequently, the proposed RPTS 
achieves a full 360° phase shift range with average insertion 
losses of 7.65 ± 2.08 and 7.03 ± 0.15 dB at 28 and 39 GHz, 
respectively. To the best of our knowledge, the proposed RTPS 
is the first dual-band RTPS to achieve a 360° phase shift in 5G 
NR FR2 applications. 
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I. INTRODUCTION 

The release of fifth-generation (5G) new radio (NR) 
communication systems has garnered significant attention 
owing to their ability to support high-speed data 
communication. In millimeter-wave (mm-wave) 5G NR 
wireless communication systems, multiple frequency range 
2 (FR2) frequency bands, such as n260 and n261, are 
allocated to different countries, as defined by the 3rd 
Generation Partnership Project (3GPP). Because different 
5G NR frequency bands are allocated to each country and 
region, mm-wave phased-array systems supporting dual-
band or broadband are in high demand. To support multiple 
bands, many researchers have intensified their efforts on 
power amplifiers [1], low noise amplifiers [2], mixers [3], 
[4] and phase shifters [5] using band-switchable inductors 
for optimum resonance at multiple bands. In phased array 
systems, a phase shifter is a key building block for 

controlling the phase of each antenna element with a 360° 
phase shift to perform beamforming. Moreover, for accurate 
beamforming, the phase shifter in a phased-array system 
requires low insertion loss, low DC power consumption, a 
full 360° phase shift range over broad bandwidth, high phase 
resolution, and high linearity. 

An active vector-sum phase shifter (VSPS) can achieve 
phase shifting with high resolution. However, it suffers from 
a high noise figure, nonlinearity, and consumes DC power 
[6]. Conversely, a passive switch-type phase shifter (STPS) 
is composed of cascaded cells for phase shifting and operates 
with discrete digital control by switching. An STPS can 
provide phase shifting with high linearity and zero DC power 
consumption. However, a drawback of STPS is the trade-off 
between phase resolution and insertion loss. This typically 
results in limited phase resolution. By contrast, a passive 
reflection-type phase shifter (RTPS) can provide a full 360° 
phase shift with superior linearity, high phase resolution, and 
zero DC power consumption. Therefore, RTPSs are 
attractive for high-performance phased-array systems to 
satisfy the stringent requirements. Among many RTPS 
topologies, an RTPS terminated with π-type reflective loads 
is popular [7]–[9]. However, previous works in [7]–[9] show 
a narrowband operation owing to the fixed inductance of the 
reflective loads. To support multiple bands with a 360° phase 
shift range, a frequency reconfigurable STPS using a 
switchable inductor for dual-band operation was presented 
[5]. It achieved a low average insertion loss and high return 
loss; however, it featured a limited phase resolution.  

In this work, a frequency reconfigurable dual-band RTPS 
is proposed to support full 360° phase shift range in the n260 
and n261 bands with a transformer-based switchable 
inductor. To the best of our knowledge, the proposed RTPS 
is the first dual-band RTPS among reported designs to 
achieve a 360° phase shift range across multiple 5G NR FR2 
frequency bands. 

The remainder of this paper is organized as follows: The 
principle of the RTPS and the proposed frequency 
reconfigurable dual-band 360° RTPS are explained in 
Section II. Section III presents the post-layout simulation 
results of the proposed RTPS. Finally, Section IV 
summarizes the conclusions of this paper. 
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Fig. 1. Operation principle of RTPS. 
 

 
(a) 

 

 
(b) 

 
Fig. 2. A 360° RTPS terminated with π-type loads, (a) conventional RTPS, 
(b) proposed frequency reconfigurable dual-band RTPS. 
 

II. DESIGN OF THE PROPOSED FREQUENCY RECONFIGURABLE 

DUAL-BAND MMWAVE RTPS 

A. Operation principle of proposed RTPS  

Fig. 1 shows the conventional RTPS, which consists of a 3-
dB quadrature coupler and two identical reflective loads. The 
input signal is equally divided with a 90° phase difference 
by a 3-dB quadrature coupler, and the signals are reflected 
by loads and combined in-phase at the output port. Assuming 
that the 3-dB quadrature coupler and reflective loads are 
lossless (𝑅𝑅𝐿𝐿 ≈ 0), the phase shift can be derived as:  

 

𝜃𝜃 = −90 − 2𝑡𝑡𝑡𝑡𝑡𝑡−1 �
𝑋𝑋𝐿𝐿
𝑍𝑍𝑂𝑂
� (1) 

 

∆𝜃𝜃 = 2𝑡𝑡𝑡𝑡𝑡𝑡−1 �
𝑋𝑋𝐿𝐿,𝑚𝑚𝑚𝑚𝑚𝑚

𝑍𝑍𝑂𝑂
� − 2𝑡𝑡𝑡𝑡𝑡𝑡−1 �

𝑋𝑋𝐿𝐿,𝑚𝑚𝑚𝑚𝑚𝑚

𝑍𝑍𝑂𝑂
� (2) 

 
 
Fig. 3. The load impedance tuning range of π-type networks for (a) single 
voltage control, (b) four voltage control and (c) proposed structure. 
 
where the phase shift 𝜃𝜃, the phase shift range ∆𝜃𝜃. 𝑋𝑋𝐿𝐿 and 
𝑍𝑍𝑂𝑂  are the reflective load reactance and characteristic  
impedance of the coupler, respectively. The characteristic 
impedance of the coupler is commonly set to 50 Ω. From 
equation (2), the phase shift range of the RTPS is primarily 
determined by the tuning range of the reflective load 
impedance. In integrated implementations, the variable 
capacitance used to adjust impedance tuning can be realized 
by changing the voltage of a MOS varactor. The tunable 
reflective load is achieved by a capacitive load or 
series/parallel L–C tanks for phase shifting. If the reactance 
𝑋𝑋𝐿𝐿 can be tuned from −∞ to ∞, it can achieve a full 360° 
phase shift range. Because the capacitance-tuning range 
Cmax/Cmin of MOS varactors is limited in CMOS technology, 
these load structures cannot achieve 360° phase shift range 
[10].  
 To achieve a large phase shift range, high-order reflective 
loads are employed in RTPS. Fig. 2(a) shows the 
conventional RTPS terminated with high-order π-type 
reflective loads for a large phase shift range. The phase shift 
𝜃𝜃 for the π-type RTPS can be expressed as: 
 

𝜃𝜃 = −90 − 2𝑡𝑡𝑡𝑡𝑡𝑡−1 �
1 −𝜔𝜔2𝐿𝐿𝐶𝐶2

𝜔𝜔𝑍𝑍𝑂𝑂(𝐶𝐶1 + 𝐶𝐶2) �𝜔𝜔2𝐿𝐿 𝐶𝐶1𝐶𝐶2
𝐶𝐶1 + 𝐶𝐶2

− 1�
� (3) 

\ 

The RTPS terminated with π-type loads can achieve up to 
~330° phase shift range with proper tuning range Cmax/Cmin 
of 3 by single voltage control (𝑉𝑉𝐶𝐶1 = 𝑉𝑉𝐶𝐶2 = 𝑉𝑉𝐶𝐶3 = 𝑉𝑉𝐶𝐶4) [9].  
To achieve a full 360° phase shift range using π-type loads, 
two stages of RTPS were cascaded with symmetrical 
reflective loads [7] and a reflective load using a transformer 
structure was introduced [8]. In [9], asymmetrical π-type 
loads controlled by four voltages (𝑉𝑉𝐶𝐶1 ≠ 𝑉𝑉𝐶𝐶2 ≠ 𝑉𝑉𝐶𝐶3 ≠ 𝑉𝑉𝐶𝐶4) 
was proposed to extend the phase shift range from 330° to 
360°. However, reflective loads adopting a fixed inductance 
exhibit narrowband operation, as indicated by equation (3). 
To support multiple bands, we propose a frequency 
reconfigurable dual-band RTPS with a transformer-based 
switchable inductor, as illustrated in Fig. 2(b). The proposed 
frequency reconfigurable dual-band RTPS can achieve a 
maximum phase shift range of 330° in the n260 and n261  
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(a) 
 

 
(b) 

 
Fig. 4. (a) Schematic and layout of transformer-based switchable inductor 
and (b) simulation results. 
 

 
Fig. 5. Simulated equivalent quality factor of transformer-based switchable 
inductor for different sizes of the NMOS switch. 
 
bands with a switchable inductor using single voltage 
control. Furthermore, the phase shift range of the proposed 
RTPS can be extended to 360° by adopting four voltage-
controlled asymmetrical loads. In addition, the proposed 
transformer-based switchable inductor can be applied to the 
structures reported in [7], [8] to achieve a 360° phase shift 
range in multiple bands. 
 
B. Proposed structure of RTPS  

Fig. 3(a) shows the maximum phase shift range of ~330° 
with conventional π-type networks by a single voltage 
control when the inductance is optimized at 28 GHz. The 
phase shift range can be extended using four voltage controls 
as shown in Fig. 3(b) [9]. The proposed RTPS can achieve a 
330° phase shift range with single voltage using a switchable 
inductor at 28 and 39 GHz. In addition, the phase shift range  

 

 
 

(a) 

 
(b) 

 
(c) 

 
Fig. 6. (a) Layout of 3-dB quadrature coupler, (b) simulated amplitudes of 
the through, coupled, isolation ports and the return loss at the input ports 
and, (c) simulated phase difference between input and output ports. 
 

of the proposed RTPS can be extended from 330 to 360° at 
28 and 39 GHz by adopting asymmetrical loads controlled 
by four voltages as shown in Fig. 3(c). Using equation (3), 
the required inductances are 410 and 340 pH at 28 and 39 
GHz, respectively. To achieve a maximum phase shift range 
at multiple bands, we introduced a reflective load with a 
transformer-based switchable inductor. 
 The proposed frequency reconfigurable dual-band RTPS 
was designed using 65 nm CMOS technology. The back- 
end-of-line (BEOL) process of the 65-nm CMOS technology 
provides 3.4 μm ultra-thick metal (M9) and 0.7 μm thick 
metal (M8). As shown in Fig. 4(a), the equivalent inductance 
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Leq with the switch ON/OFF states can be calculated as: 
 

𝐿𝐿𝑒𝑒𝑒𝑒,𝑂𝑂𝑂𝑂 ≈ 𝐿𝐿1(1 − 𝑘𝑘2) (4) 
 

𝐿𝐿𝑒𝑒𝑒𝑒,𝑂𝑂𝑂𝑂𝑂𝑂 ≈ 𝐿𝐿1. (5) 
 

where k and L1 are the coupling coefficient and primary 
inductance of the transformer. From equations (4) and (5), 
Leq varies depending on the switch ON/OFF states and the 
calculated k of the transformer was 0.41 for a Leq,ON/Leq,OFF 
of 340 pH / 410 pH. To achieve calculated k of 0.41, the 
overlap between the primary and secondary windings is 
optimized. The metal width of the designed transformer is 6 
μm, and the overall transformer size is 100 μm × 81 μm. Fig. 
4(b) shows the simulated equivalent inductance and quality 
factor (Q) of the transformer-based switchable inductor for 
switching ON/OFF states. An NMOS switch of the 
transformer-based switchable inductor can be modeled as a 
resistor or a capacitor according to the ON or OFF states. 
When the NMOS switch is in the ON state, it is represented 
by an ON-resistance, and when in the OFF state, it is 
modeled by an OFF-capacitance [11]. Thus, when the 
transformer-based switchable inductor is in the ON state of 
the NMOS switch, the equivalent Q will be degraded due to 
the presence of the ON-resistance in the secondary winding. 
As shown in Fig. 4(b), the maximum value of the equivalent 
Q in the ON state of the NMOS switch is lower than that in 
the OFF state of NMOS switch. When the transformer-based 
switchable inductor is in the OFF state of the NMOS switch, 
the maximum point of the equivalent Q will be shifted to 
lower frequencies due to the presence of the OFF-
capacitance in the secondary winding. Therefore, careful 
optimization of the switch size is required. Fig. 5 illustrates 
the simulated equivalent Q of the transformer-based 
switchable inductor for different sizes of the NMOS switch. 
As the size of the NMOS switch increases, the OFF-
capacitance increases in the OFF state of the NMOS switch, 
resulting in a decrease in the frequency at which the 
maximum point of equivalent Q occurs. On the other hand, 
in the ON state of the NMOS switch, the ON-resistance 
decreases with increasing the size of the NMOS switch, 
leading to an improvement in the equivalent Q. Considering 
these relations, the width of the NMOS switch was chosen 
for W/L = 36 μm / 0.06 μm. Because the overall circuit 
performance is typically worse as the operating frequency 
increases, the size of the NMOS switch, which gives a higher 
equivalent Q at 39 GHz than that at 28 GHz is selected in 
this design. An electromagnetic (EM) simulation of the 
transformer structure was performed, and the EM simulated 
results are included to characterize the equivalent inductance 
and quality factor. The simulated equivalent inductances 
were 410 pH (Q = 11.8) and 337 pH (Q = 12.4) at 28 GHz 
(𝑉𝑉𝑠𝑠𝑠𝑠  = 0 V) and 39 GHz (𝑉𝑉𝑠𝑠𝑠𝑠  = 1 V), respectively. This 
shows that both inductances are close to the required 
inductances calculated using equation (3) to provide the 
maximum phase shift range at both frequencies. 

A 3-dB quadrature coupler was designed with vertically 
coupled lines using the M9 and M8 layers, as shown in Fig. 
6(a). Because an additional impedance matching can reduce 
bandwidth performance, the characteristic impedance of the 
coupler is set to 50 Ω. As shown in Fig. 6(b), the amplitude 

 
 

Fig. 7. Layout photograph of the proposed frequency reconfigurable dual-
band RTPS. 
 

 
Fig. 8. 3D view of the EM simulated structure. 

(a) 

 
(b) 

 
Fig. 9. Simulated phase shift of 16 states versus frequency when 𝑉𝑉𝑠𝑠𝑠𝑠 was 
(a) 0 V and (b) 1 V. 

 
responses of the through and coupled ports are -3.7 and -3.6  
dB at 34 GHz, respectively. The coupler introduces 0.7 dB, 
considering a 3-dB loss from 1:2 power splitting. In addition, 
the amplitude imbalance of the through and coupled ports is 
only 1.7 and 1.2 dB at 28 and 39 GHz, respectively. The 
insertion loss of a reflection-type phase shifter can be 
increased due to amplitude imbalance of a 3-dB quadrature 
coupler. In this design, we have mitigated amplitude 
imbalance at the high frequency band, although this requires 
some compromise in performance at the lower frequency band. 
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(a) 

 
(b) 

 
Fig. 10. Simulated insertion loss of 16 states versus frequency when 𝑉𝑉𝑠𝑠𝑠𝑠 
was (a) 0 V and (b) 1 V. 
 
Fig. 6(c) shows the phase responses of the through and 
coupled ports. The phase difference between the through and 
coupled ports maintains approximately 90°, with a phase 
error of <0.53° across 20–40 GHz. Therefore, the 3-dB 
quadrature coupler exhibits relatively broadband amplitude 
and phase responses with a low insertion loss. 
Accumulation-mode MOS varactors, 𝐶𝐶1  and 𝐶𝐶2  are 
designed using the length of 0.27 μm and a finger width of 
1.4 μm (𝐶𝐶1: 42 fingers x 1.4 μm and 𝐶𝐶2: 24 fingers x 1.4 μm). 
The capacitance tuning ranges of 𝐶𝐶1 and 𝐶𝐶2 are designed 
to ~3.4 (C1,max/C1,min = 280 fF / 80 fF and C2,max/C2,min = 158 
fF / 46 fF) and Q~10.  

III. POST-LAYOUT SIMULATION RESULTS 

The proposed frequency reconfigurable dual-band RTPS 
was designed using 65-nm CMOS technology. The layout of 
the designed RTPS is illustrated in Fig. 7. The total core area 
is approximately 0.18 mm2 with a 3-dB quadrature coupler 
and reflective loads. All parasitic capacitors and resistors in 
the varactors and NMOS switch were extracted and reflected 
in the total circuit simulation. A post-layout simulation was 
performed using the ADS Momentum simulator. To include 
interactions among all routings, pads, and the ground plate, 
all these elements were included in the EM simulation setup. 
Fig. 8 shows the 3D view of the EM simulated structure. It 
is crucial to note that an ideal ground is only considered at 
the ground pad area where it aligns with the probe tips, and 
the ground connections within the chip itself are not ideal to 
consider ground network effect [12]. Fig. 9 depicts the 
simulated phase shift of 16 states when 𝑉𝑉𝑠𝑠𝑠𝑠 is 0 and 1 V. 
All varactor voltage settings were selected to achieve a full  

 
Fig. 11. Simulated insertion losses for different operating frequencies. 

 
(a) 

 
(b) 

 
Fig. 12. Simulated return loss of 16 states versus frequency when 𝑉𝑉𝑠𝑠𝑠𝑠 was 
(a) 0 V and (b) 1 V. 
 
360° phase shift range with uniform insertion loss at 28 and 
39 GHz. Fig. 9 shows that the phases were nearly distributed 
throughout the entire 360° at both 27.5–28.35 and 37–40 
GHz. As shown in Fig. 10, the insertion losses were 7.65 ± 
2.08 and 7.03 ± 0.15 dB for the selected voltage settings at 
28 and 39 GHz, respectively. Fig. 11 shows the simulated 
insertion losses for different operating frequencies in the 
n260 and n261 bands. All varactor voltage settings were 
reselected for each operating frequency. It shows that the 
proposed RTPS can achieve a 360° phase shift range at each 
operating frequency with low loss variation. Fig. 12 shows 
that the simulated input and output match for all the voltage 
settings at 27.5–28.35 and 37–40 GHz. A worst-case return 
loss of 6.2 dB at 27.5 GHz occurs with asymmetrical voltage 
control. Table I summarizes the performance of the proposed 
phase shifter and compares its results with those of mm-
wave phase shifters reported in previous works. The results 
demonstrate that this work achieves zero DC power 
consumption, low insertion loss, and a full 360° phase shift 
range with high phase resolution in the two operating bands. 
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TABLE I. Comparison with Prior-art mm-wave Phase Shifters. 

Reference Process Type/bits Frequency 
[GHz] 

Gain 
[dB] 

Return Loss 
[dB] 

Core Area 
[mm2] 

[13] RFIC2018 65nm CMOS RTPS/360° 29 -8.3±0.2 23 0.076 

[9] TMTT2017 65nm CMOS RTPS/360° 28 -7.75±0.3 6.7 0.16 

[14] TCAS-I2023 130nm SiGe 
BiCMOS VSPS/6bits 18–30 1.75±2.75 @22GHz 5** 0.28 

[15] MWCL2020 65nm CMOS STPS/5bits 27–42 -12±1.4 @37GHz 7 0.33 

[16] MWCL2020 28nm CMOS STPS/4bits 29–37 -12.8±2.5 @33GHz 10 0.08 

[5] TCAS-II2021 65nm CMOS STPS/5bits 
26.5–29.5 -7.9±1 @28GHz 13.2 

0.26 
37–40 -9.3±1 @39GHz 10.4 

*This Work 65nm CMOS RTPS/360° 

27.5–28.35 
-8.08±2.59 @27.5GHz 
-7.65±2.08 @28GHz 

-7.58±1.92 @28.35GHz 
6.2 

0.18 

37–40 

-7.03±0.16 @37GHz 
-7.1±0.2 @38GHz 

-7.03±0.15 @39GHz 
-7.76±0.81 @40GHz 

11.6 

*Simulated results 
**Graphically estimated. 

IV. CONCLUSION 

This paper proposes a frequency reconfigurable dual-band 
RTPS with a transformer-based switchable inductor. The 
structure was developed in a compact 0.18 mm2 core area using 
65 nm CMOS technology. The proposed phase shifter achieves 
a full 360° phase shift range with low insertion losses at 28 and 
39 GHz, which are part of the 5G NR FR2 frequency bands. 
This design has low insertion losses of 7.65 ± 2.08 and 7.03 ± 
0.15 dB at 28 and 39 GHz, respectively. The return losses 
remain below -6.2 dB for all voltage settings at 27.5–28.35 and 
37–40 GHz. Compared with previously reported fully 
integrated RTPSs in silicon, these results show that the 
proposed structure achieves the first-ever full 360° phase shift 
range at multiple bands among reported RTPS with 360° phase 
shifting. 
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