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Abstract—This study proposes a switchless reconfigurable
triple-push/push-push dual-band voltage-controlled oscillator
(VCO) topology to design a W-band metal-oxide—semiconductor
(CMOS) for 6G communications. The proposed clover-shaped
inductor consists of three branch inductors, where each node
had a symmetrical layout, connecting to each another and to the
output pad. This topology was demonstrated in a W-band VCO
using three cross-coupled cores with an ON/OFF-state control to
achieve triple-push and push—push operations. An oscillating core
based on a robust cross-coupled structure avoids the oscillation
startup issue, while achieving a 120° phase offset through a
vector-sum-based method. The measured center frequencies of
the bands were 91.04 and 102.33 GHz, with the tuning ranges
of 10.4% and 14.1%, respectively. The proposed VCO with an
independent core ON/OFF-state control enables a low parasitic
switchless frequency band shift, resulting in a superior tuning
range compared with those of conventional dual-/single-band
VCOs. The effectiveness of this approach was demonstrated
through fabrication in a 28-nm CMOS process, with a best FOMr
value of —178.6 dBc/Hz for the full band.

Index Terms— Current distribution, dual band, push-push
technique, reconfigurable oscillation, triple-push technique,
voltage-controlled oscillator (VCO).

I. INTRODUCTION
G MOBILE communication, which will be commercial-
ized within the next decade, requires higher data rates
and lower latency than 5G [1]. To satisfy these require-
ments, sub-terahertz (sub-THz) bands with the frequencies of
90-300 GHz are being actively studied as candidates for
the carrier frequency. The W-band has been widely studied
as a passive/active imaging application over the past few

Manuscript received 16 September 2022; revised 11 December 2022 and
27 January 2023; accepted 13 February 2023. This work was supported
in part by the Institute of Information and Communications Technology
Planning and Evaluation (IITP) through the Korea Government (MSIT) under
Grant 2021-0-00763, in part by Innovative Fusion Technologies (Intelligent
Antenna Material/Structure/Network for THz 6G) (50%), and in part by
Samsung Electronics (Development of Dualband/Wide-band High Efficiency
Power Amplifier Monolithic Microwave Integrated Circuit (MMIC) for 5G
Applications) (50%). This paper is an expanded version from the 2022 IEEE
RFIC Symposium, Denver, CO, USA, June 19—21, 2022. (Corresponding
author: Jungsuek Oh.)

The authors are with the Department of Electrical and Computer Engi-
neering (ECE), Institute of New Media and Communications (INMC), Seoul
National University, Seoul 151-742, Republic of Korea (e-mail: jungsuek @
snu.ac.kr).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TMTT.2023.3253545.

Digital Object Identifier 10.1109/TMTT.2023.3253545

00
fo
(a)
Tank1
3 (46,
i G s e
AL < G a— Lﬁm\ﬂj — or | 3o
A = I I N I * ] R B [
7 B
Core LC tank
control
©) (d)

Fig. 1. Simplified schematic of implementing conventional (a) push—push,
(b) triple-push, and (c) dual-band VCOs, and (d) proposed switch-less
reconfigurable-push dual-band VCO.

decades [2], [3]. In addition, it has broadband and low-
interference characteristics, making it suitable for sub-THz
communication [4]. In both mobile communication and radar
systems, an integrated voltage-controlled oscillator (VCO) is
one of the most critical RF blocks. Broadband sub-THz VCO
designs have various issues that must be addressed, such
as low Q-factor values of resonant tanks, limited transistor
capability to generate negative transconductance (G,,), and
narrow frequency tuning ranges (FTRs).

VCOs using push—push or triple-push oscillation tech-
niques have been extensively studied at the millimeter wave
range and above to solve fundamental oscillation startup
issues owing to the low Q-factor of the resonance tank
and small negative impedance generated by the active core,
as shown in Fig. 1(a) and (b). Previous studies regarding
push—push VCOs attempted to overcome the mentioned prob-
lems using transmission-line-based standing wave, varactor-
less, and G,,-boosting techniques [5], [6], [7]. A transmission
line-based oscillation topology has the advantage of a low
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phase noise based on a high Q-factor tank compared with
an LC configuration. However, because many G, cells are
required, high dc power consumption and narrow FTR are
inevitable problems. A varactor-less oscillation structure can
achieve the most elevated tank Q-factor; however, this is
impractical, because the oscillation frequency fluctuating due
to the parasitic capacitance of the transistor constituting the
oscillation core is highly sensitive to bias voltage changes.
The varactor-less technique also has a narrow FTR, because
the rate of change of the parasitic capacitance with the tuning
voltage is below 10%. The G,,-boosting technique can achieve
a high output power while solving the VCO startup issue.
However, the FTR becomes narrow, because the large-sized
transistors are added to the oscillation node for sufficient G,,.
Studies regarding triple push have been conducted by com-
bining six inductive elements based on ring oscillator cores
[81, [9], [10]. Six inductive elements based on three cores can
achieve a high fundamental and second-harmonic suppression.
However, six inductors require a large area, in addition to
causing asymmetries in the layout, thus increasing the power
of the unwanted harmonics or degrading the Q-factor of the
oscillation tank at the target frequency.

Switching between multiple resonant tanks that resonate at
different target frequencies is the most popular technique for
implementing the dual band, as shown in Fig. 1(c). Owing
to the performance degradation caused by the ON-resistance
of the switch, recent studies regarding dual-band oscillators
have modified the resonant tank, adjusting the current coupling
and connecting the switch to the ground shield to minimize
the effect of the switch resistance [11], [12], [13]. However,
because the RF current flows through the switch-on resistor
in all cases, the Q-factor is inevitably degraded by the switch
resistor, which results in a lower performance than that of the
single-band oscillator.

As shown in Fig. 1(d), a three-core configuration based
on a cross-coupled topology combined with a clover-shaped
inductor is proposed to achieve dual-band resonance in the
W-band and to achieve reconfigurable push—push and triple-
push oscillations. A clover-shaped inductor is laid out for
combining with three cores and simultaneously has three sym-
metrical branch inductors. Each core is turned off and activated
to generate a push—push or triple-push signal from the same
output node, enabling a switchless dual-band operation.

Fig. 1(d) shows a simplified block diagram of the VCO
proposed in this study. Among the resonant tank and active
core of VCO, a triple cross-coupled core configuration and
a clover-shaped inductor are proposed for dual-band recon-
figurable oscillation. The oscillation startup issue is avoided
through push—push or triple-push techniques rather than a
fundamental resonance, and simultaneously, a practical FTR
is obtained by the proposed inductor with the varactors. This
study is an extended version of our previous study [14], which
was the first demonstration of a CMOS VCO designed using
the proposed clover-shaped inductor. Section II presents the
principle of operation of the clover-shaped inductor and the
design methodology through circuit analysis, and Section III
describes the design of active cores for using optimized
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Fig. 3. Triple-push/push—push mode current path of clover-shaped inductor.
inductors. Finally, the fabrication and measurement results of
the optimized VCO are covered in Section IV.

II. DESIGN OF A CLOVER-SHAPED INDUCTOR
A. Operation of Reconfigurable Push

The overall structure of the proposed clover-shaped inductor
is illustrated in Fig. 2. Three single-loop inductor branches
with two metal layers (top and ultra-thick metal) are arranged
in a clover shape. As shown in Fig. 3, one end of each
branch is connected using a top metal, which is the output
of the oscillator. The nodes that are not connected to the
other branches were configured as IND1, IND2, and IND3.
When a signal excites all the inductor branch nodes, the
current follows a triple-push current path. If only IND1 and
IND2 are excited while IND3 remains in series with the off
parasitic capacitor, the series LC impedance can cause an
unexpected leakage in the push—push current path. Fig. 4(a)
demonstrates the potential of each frequency harmonic with
respect to the excitation and with a phase difference of 120°
to each branch inductor node for the triple-push operation.
Only the third-harmonic signal is emitted from the output
node, whereas both the fundamental and second-harmonic
frequencies are canceled. Considering the configuration with
the oscillation core, a parasitic capacitance of the varactor
and transistor is present despite the lack of signal excitation
at the IND3 node. Thus, there appears to be an equivalent
series inductor—capacitor loading at the output node, which
can degrade the output power in the second-harmonic band.
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Fig. 4. Signals generated at the output node according to the excitation and
phase of each node for (a) triple-push and (b) push—push operations.

Fig. 4(b) demonstrates a differential signal being excited to
only two nodes, and a second-harmonic signal is extracted
from the output. By utilizing the 0°/180°/open or 0°/120°/240°
phase of the proposed clover inductor, the reconfigurable-push
operation can be achieved at the same output node.

B. Analysis of Unused Branch Inductor Effect

The proposed clover-shaped inductor performs the triple-
push operation in accordance with well-known principles [15].
However, in the push—push mode, there is an additional branch
inductor that is not used in the current path; therefore, a design
method that considers this must be utilized. Fig. 5(a) demon-
strates a detailed push—push equivalent circuit for checking
the effect of the unused branch. An oscillating core located
between nodes IND1 and IND2 produces a differential signal
that is delivered to the output node between the two branch
inductors. The IND3 branch and varactor in series are denoted
as Lpranch and Ceeny, respectively. The simulated transmission
coefficient between the center and output node with a parallel
loaded Z..n¢ according to the voltage tuning of the varactor is
shown in Fig. 5(b). A —35-dB notch response is demonstrated
at a fundamental oscillation frequency of 45 GHz, confirming
that it assists in suppressing the fundamentals of the push—push
operations. At the target second-harmonic frequency of the
90-GHz band, it generates a loss of 5.6 &= 0.85 dB due to
leakages. In addition, the loaded Z_, affects the branch induc-
tor characteristics at the fundamental frequency. As shown
in Fig. 5(c), the calculated differential characteristics of the
branch inductor are affected by Ccen. The characteristics of
the differential mode were calculated using the conversion
formula from the two ports to the differential one port [16] by
connecting the ports to the IND1 and IND2 nodes

imag(Zy — Zi» — Zoy + Z»)

Lgitr = s (D
imag(Zy — Zio — Zo1 + Zn)

Quifr = . ()
real(Zy| — Z12 — Zo1 + Z2))

C

cent

L
bi h
Zceﬁ rancl

+V1une=_2V +Vlune=_1 \
-354 Ve =0V ==V =1V
—— \/

tune

=2V

40 50 60 70 80 90 100 110 120 130 140
Frequency (GHz)

(b)
T T T T 30
1959 ¢ =5fF 128
190 4~ Ceen=10fF| 26
—— Coen=15fF
1854 Coon=20fF] - 24
T 180+ Con=25fF =122 .
o I Ceen=30fF| ] £
= 175 . 20 el
170 418
165 _ - J16
160 + 114
155+ 112
150 T T T T T T T 10

20 25 30 35 40 45 50 55 60
Frequency (GHz)

()

Fig. 5. (a) Equivalent circuit of the proposed clover-shaped inductor under a
push—push operation. Simulated (b) transmission frequency response of Zcen
and (c) differential-mode inductance/Q-factor of a branch inductor.
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Fig. 6. Schematic of the proposed clover-shaped inductor under triple-push
operation with nonuniform couplings.

Although the characteristic change can be neglected in the
low-frequency band (<42.5 GHz), the Q-factor of the inductor
is too low for the oscillation tank. In the high-frequency band
(>47.5 GHz), the Q-factor is reduced by 39% at 60 GHz
owing to the Ccen changes from O to 30 fF. Therefore, 45 GHz
is selected as the VCO target fundamental frequency due to
the difference in the Q-factor, with the maximum being only
one, and the C, degradation effect remains within 5%.

C. Analysis of the Effect of Nonuniform Coupling
Between Branches

As shown in Fig. 6, when a signal is excited to all
the branches of the proposed inductor, nonuniform coupling
between the branches must be considered. Because the mutual
coupling experienced between the center branch and branches
located at both ends is different, the design must be ensure
that the resonant frequency at each node exhibits the same
value. For simplicity, the coupling between the V; and V, node
inductors is ignored from the equivalent circuit analysis due

Authorized licensed use limited to: Seoul National University. Downloaded on March 22,2023 at 07:49:29 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

to the branch location having a coupling coefficient of 0.01 or
less [17]. As shown in Fig. 2, when considering a symmetrical
layout, the assumptions V| = V; and i; = i, can be applied.
Therefore, the voltage at each node can be expressed as
follows:

Vi = Vo = i1 Zi(ose1) + i3e/ kL3
V3 = i3Z3(wosc2) + 2 i1 cos(8)kLy. 3)

Here, Z denotes the impedance, including the parallel
capacitance and resistance corresponding to the resonance
at each node, @ denotes the resonance frequency of each
node, 6 denotes the phase difference between the nodes
(60 = 2m/3 for triple push), k denotes the coupling coefficient
between the two branches, and L, is the self-inductance of
each branch. The impedance of the resonant tank is expressed
as follows:

R

(@) = ——5——
1+ j & (w - wy)

“)
where Q denotes the Q-factor of the tank, and w, denotes the
resonant frequency of the LC directly loaded into the tank. The

resonant frequency of each node can be derived by combining
(3) and (4)

wor v/3nkLy;
Woscl ~ Wo1 — ET
1

Wosc2 = W = —F————
~/ L3 Crank

where n denotes the current ratio of i3/i;. The center branch
suffers from multiple couplings through the mutual inductance
of the two branches, but only the real part of the impedance
is affected owing to the cancellation of the imaginary parts of
the signals with 4120° and —120° offset phases. Therefore,
w, exhibits a resonance frequency that is independent of
coupling. For a practical triple-push operation, each node must
have the same achievable resonant frequency (wosci = Wosc2)-
The conditions for the required coupling coefficient based on
these conditions are as follows:

20R
k< 2R
V3nLy,

Because the molecular term in (6) represents only the
reactance of the tank, it can be optimized independent of
the inductor design without compromising the phase noise
performance. Typically, n converges to one in steady state, and
L, indicates a pH inductance ranging from tens to hundreds;
thus, it is possible to design a clover-shaped inductor with k
suitable for avoiding nonuniform coupling effects.

®)

(6)

III. SWITCH-LESS DUAL-BAND VCO IMPLEMENTATION
A. Robustness of the Oscillation Core

The Colpitts, ring, and cross-coupled topologies are used
as an oscillation core to implement several W-band or higher
VCOs. The robustness of each oscillation core topology is
simulated with a negative G,, (Ycore) to select an appropriate
topology that avoids the oscillation startup problem. Fig. 7
demonstrates the Y-parameters’ real part for the oscillation
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Fig. 7. Y-parameters’ real part and tank-G,, ratio of each oscillating core
topology and oscillation core.

tank and G,, for each oscillation core topology composed of
NMOS transistors based on the bulk CMOS process. For the
same dc power dissipation, only the cross-coupled structure
resulted in an absolute tank-G,, ratio (=real(Ycore)/r€al(Yiank))
of greater than 1.5. The cross-coupled design has the advan-
tage of consuming one less voltage headroom compared with
the Colpitts and ring structure. At the resonance frequency, the
cross-coupled core gain of the loop must satisfy the following
condition:

Al =1 = guRpl > 1 (7

where R, denotes the equivalent parasitic resistances at the
resonance frequency (w = 1/ (Lequq)l/z) for stable oscil-
lation [18]. Assuming that an appropriate phase offset is
provided, the cross-coupled and ring topologies demonstrate
the most relaxed conditions through (7) for each oscillating
core gain. Ring-based cores can achieve a greater loop gain;
however, the requirements of an additional 120° phase offset
loading and difficulties in creating a differential signal make
them less attractive. Therefore, a core with a cross-coupled
structure at a frequency above the millimeter wave, where it
is difficult to achieve an enhanced g,,, should be used.

B. Proposed VCO Design

Fig. 8 presents a schematic illustration of the proposed
W-band switchless reconfigurable dual-band VCO. Each
core was based on a cross-coupled structure composed of
24-pum My pairs to generate a negative transconductance with
capacitive feedback to independently apply the gate voltage
for on/off control. V44 was applied to the output node of a
clover-shaped inductor through a bias-T circuit, in which a
tripled or doubled signal is formed. The LC tank consisted
of a clover-shaped inductor, and three varactors connected to
a dc block were loaded on each inductor port. The diameter
and metal width of each branch of the optimized clover-shaped
inductor were 60 and 6 um, respectively. If a pair of varactors
is connected between each port as a typical cross-coupled
VCO, a virtual ground is not guaranteed in the middle of the
pair for the triple-push operation. The length and width sizes
of the used varactors were 0.5 and 10 um, respectively. Thus,
a current path was formed through the varactors from one
port to another, creating an additional unintended resistance
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Fig. 9. Operation phase diagram of the proposed VCO topology at the
fundamental frequency for (a) triple-push and (b) push—push modes.

component. The reconfigurable dual-band oscillation of the
VCO was controlled by the gate voltage applied to each
core. The triple-push operation was configured when 0.6 V
was applied to the gates of all cores. For the push—push
operation, Vg, was 0.6 V, and no voltage was applied to the
remaining cores to ensure that the cores remained off. Because
no switch was connected to the VCO oscillation node, the
possibility of parasitic capacitance is minimized. Therefore,
the proposed dual-band VCO is capable of a frequency-tuning
range performance comparable to that of the single-band
topology.

The oscillation principle of the proposed VCO at the fun-
damental resonant frequency is shown in Fig. 9. P1, P2,
and P3 indicate the nodes connected to the tank with two
connected drains. For the triple-push mode, the signal of P1 is
a result of the adding P2 and P3 through each core. The dotted
line indicates the phase of the signals of the other two nodes,
and the solid line is the 180° inverted phase for the vector
sum. The phases of each signal from P2 and P3 undergo
a 180° phase shift through the core. By repeating the afore-
mentioned procedure, the vector sum of P2 having a phase
of 120° and P3 having a phase of 240° forms a P1 signal
of 0°. The P2 and P3 signals were also formed through the
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Fig. 10. Oscillation startup voltage waveform of the proposed VCO at each
node for (a) triple-push and (b) push—push modes.

o

200 250

same principle as P1. The closed-loop gain becomes unity
at the resonant frequency, because the negative conductance
compensates for the parallel resistance of the tank according
to Barkhausen’s criteria. Therefore, each core exhibits a 180°
phase shift and vector-summed amplitude gain of unity as
a typical differential oscillator on each cross-coupled core,
thus resolving the limitation of a 180° difference between the
differential nodes of the cross-coupled core by introducing a
tri-core with drain sharing between the two cores. As shown in
Fig. 9(b), in the push—push mode, the proposed VCO operates
in the same manner as the conventional push—push VCOs
based on fundamental differential signals.

The oscillation startup voltage waveform for each node was
plotted according to each operation to verify the analysis
of the VCO phase diagram via simulations. As shown in
Fig. 10(a), the phase of node P2 follows node P3 at 5 ps and
node P1 at 16 ps. First, the vector sum converges through
the feedback, which is followed by the voltage magnitude
level falling into the steady state. Fig. 10(b) demonstrates the
voltage waveform up to the steady state during the push—push
operation. Unlike the triple-push operation, if the loop gain is
reduced by the vector sum of a 120° phase difference, a push—
push operation that generates a 180° phase difference based
on a cross-coupled core can reach the steady state faster, such
as from 100 to 44 ps. Because a virtual ground is formed
at the fundamental frequency at the center output node, the
frequency of the voltage formed at the P3 node only has the
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Ratio (n) of voltages between P1 and P2 nodes that converge with

second harmonic. As depicted in Section II-B, a voltage swing
of 0.11 V,, is achieved by utilizing the design methodology
to minimize the power leakage at the second harmonic by
unused branches. Furthermore, the current ratio n, which was
included in the conditions of the coupling coefficients (k)
that are analyzed in Section II-C, was verified by simulation.
Considering the symmetry of each core and branch inductor
constituting the VCO, the current ratio can be converted to the
ratio of the voltage swing as follows:

i3 3Zuk V3
it UZak Vi

(®)

where Zy, denotes the tank impedance at the resonant
frequency. As shown in Fig. 11, n fluctuates before 100 ps
and converges to 1 over time, confirming that the convergence
condition assumed in the previous analysis was valid.

Because the proposed dual-band VCO operates based on
reconfigurable push, the design should be optimized to obtain
the maximum harmonic power at the output node. Fig. 12(a)
illustrates the voltage waveforms generated at each node; the
output node of the oscillation core during the triple-push
operation. The voltage at node P1 exhibiting a rail-to-rail
voltage swing presents an asymmetrical waveform; therefore,
it can be expressed as an equation containing harmonics as
follows:

Veqnl = ag + a; sin(wpt + 01) + a sin(RQwyt + 6;)
+ a3 sin(Bwpt +63)  (9)

where subscript a denotes the amplitude of each harmonic
including dc, wy denotes the resonant frequency, and 6 denotes
the phase offset value of each harmonic. The equation suffi-
ciently agrees with the simulated waveform when the ratio
of the third harmonic of the design target to the fundamental
signal, as/ay, is 0.14, and ay/a; is 0.54. Similarly, P2 and
P3 are the P1 signal added by a 120° phase offset. In the case
of the output node voltage, Veen, a1, and a, of the resonance
tank node signals are canceled, and only the a3 component
exists; thus, it can be expressed as a single sine wave as
follows:

Veanz = ag + aj sin(3wot + 65) (10)
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with aj equal to 0.24. Fig. 12(b) shows that the fundamental
and second-harmonic powers can be suppressed by 21 and
17.6 dB, respectively.

Fig. 13 summarizes the design flows for implementing the
VCO presented in this study. To design the VCO, the target
frequency band (fpusn and fisipte), minimum Q-factor (Qmin),
and FTR are set. First, the diameter of each branch (Dyanch)
that makes up the clover-shaped inductor and the width of the
metal winding (Wyranch) should be initialized. To prevent the
leakage to the off cores in the push—push operation, it should
be verified that the resonance with the capacitance range of
the process affordable varactor and Lygnen Occurs at fpush,
while the Q-factor of the branch (Qpyrancn) is higher than Qpy;p.
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Fig. 14. Chip micrograph of the proposed dual-band VCO.

Spectrum analyzer

C]

H o .

SRR

0 88° m0
g
28

D000
0000
oooo

oo
°c ee esec === 0 Lo

DC

power supply Passive

harmonic mixer

W-band
RF probe

Fig. 15. Measurement setup for the W-band VCO performance validation.

The oscillation core is used to provide a negative G,,; there-
fore, the simulation should be based on the post-layout results
of the clover-shaped inductor. The target oscillation frequen-
cies should be tested by adjusting the transistor size and bias,
while ensuring that the varactor provides a sufficient FTR. The
reconfigurable push operation is verified by fabricating a VCO
designed based on the final obtained parameters.

IV. MEASUREMENT RESULTS

As a proof of concept, the proposed VCO was fabricated
with a Samsung 28-nm CMOS process with an active core
size of 0.19 x 0.18 mm. A micrograph of the fabricated chip
is shown in Fig. 14. The power supply used in the chip
was from a PGP dc probe with a bias tee network in the
VCO. Both second- and third-harmonic signals were measured
at the output port using the same test setups, as shown in
Fig. 15. The losses of the cables and waveguide connectors
were calibrated using a Keysight W8486 power sensor. The
oscillation frequency and phase noise were measured using a
Keysight E4448 spectrum analyzer with a Keysight 11970W
W-band harmonic mixer.

Fig. 16(a) and (b) demonstrates the FTR and output power
as measured through a varactor control process with a 1.4-V
supply voltage, consuming 21.21 and 62.23 mW for the
push—push and triple-push operations, respectively. The triple-
/push—push operation for band shifting is determined by the
core ON/OFF state. With a change in the control voltage, the
measured tuning ranges for push—push and triple-push oper-
ations are 86.29-95.79 and 95.1-109.55 GHz, respectively.
The tuning voltage for all the varactors was set to the same
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Fig. 16. Measured/simulated (a) FTR, (b) output power of the dual-band

VCO, and (c) phase noise measurement result.
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Fig. 17. Simulated and measured phase noise, and FoM for the varactor
control voltage range.

value and changed simultaneously. The frequency overlap
between two bands was designed while considering the fre-
quency shift due to the error caused by the process and temper-
ature. The proposed dual-band VCO achieves a band overlap
of 690 MHz by employing a control voltage in the range
of 0-2 V. Fig. 16(c) illustrates the phase noise measured at
105.3 GHz when operating in the triple-push mode. The phase
noise outcomes at 1- and 10-MHz offsets are correspondingly
—83.17 and —109.17 dBc/Hz, respectively. In addition, the
simulated and measured phase noise and FoM with respect
to the varactor tuning voltage are plotted in Fig. 17. The
measured average FoM is —168 and —171.1 dBc/Hz for
triple-push and push—push mode operation, respectively. The
lowest FoM for each motion is —171.4 and —173.5 dBc/Hz,
respectively.

The performance of the proposed VCO is compared with
prior state-of-the-art single-band and dual-band VCOs whose
data are presented in Tables I and II, respectively. The FoM
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TABLE 1
PERFORMANCE COMPARISON WITH THE STATE-OF-THE-ART SUB-THZ SINGLE-BAND VCOS
N Freq. FTR PN@IMHz | PN@10MHz | Ppc FoM FoM Area
References Tech. Topology
(GHz) (%) (dBc/Hz) (dBc/Hz) mW (dBc/Hz) (dBc/Hz) (mm?)
[19] 013-um | o damental | 96.5 | 8.3 -102 1245 90 | -190.3 ~ -178* | -188.7 ~ -176.5* | 0.048
TMTT’ 14 CMOS
(20] 90-nm Tripling 82.65 15.61 -87.9 NA 62.4 -168.3 ~ -156.2 -172.2 ~ -160.1 1.3
MWCL'15 CMOS
[5] 65-nm
Push-push 163 14 913 NA 33 -179.7 ~ -172.5* -182.6 ~ -175* 0.046
TMTT’15 | CMOS
[21] 65-nm
Push-push 102.7 11.4 -88 NA 36 -176.7 ~ -172.7 -1779 ~ -173.9 0.068
TMTT 15 CMOS
71 o0mm | b hpush | 1145 | 44 93 NA 36 17847 17154 0.033
RFIT’16 CMOS
(10] 90-nm Triple-push 210 5.1 -88 -111.5 28.6 -183.4 ~ -163* -174 ~ -157.4* 0.17
TMTT 18 CMOS
(22] 65-nm Fundamental 89.3 8.3 -91.8 NA 8.5 -181.5%* -179.8** 0.25
RFIC’19 CMOS
[6] 90-nm
Push-push 90.1 2.24 -83.52 -109.22 25.43 -174.3 ~ -164* -161.3 ~ -151* 0.31
RFIT21 CMOS
This 28-nm Push-push 91 10.4 -87.56 -115.9 21.21 -173.5 ~ -161 -1739 ~ -161.4 0.035
Work CMOS Triple-push 102.3 14.1 -83.17 -109.17 62.21 -171.4 ~ -163.3 -174.4 ~ -166.3 ’
“: The value estimated from the result graph. *: Only the best case is provided.
TABLE II
PERFORMANCE COMPARISON WITH THE STATE-OF-THE-ART SUB-THZ DUAL-BAND VCOS
Freq. FTR PN@IMHz | PN@IOMHz | Ppc FoM FoM~p Area
References Tech. Topology
(GHz) (%) (dBc/Hz) (dBc/Hz) mW (dBc/Hz) | (dBc/Hz) | (mm?)
2 - Fund. tal 76. 1.04
[23] 65-nm tncamenta 68 0 -90.8 1133 30 1766 | 1621 | 0.032
ISIC’ 14 CMOS dual-band 79.25 1.89
[24] 28-nm Fundamental 73.75 6.37 -93.5 -117.7 35.6 -179.4 -175.6 0.031
RFIC’15 CMOS QvVCO 88.15 5.79 -86.2 -110 ' -173.4 -168.6 '
[25] 65-nm Inductive 75.9 7.38 -85.3 -109.4 12 -176.2 -173.6 0.013
TMTT 16 CMOS dividing 89.4 5.15 -81.5 -108.3 11 -176.9 -171.1 '
[13] 90-nm Standing-wave 21.5 8.4 -103.2 NA 7.2 -180.1 -179.7 0.088
IMS’19 CMOS dual-band 74.5 1.3 91.2 NA 16.8 -176.4 -158.9 '
Thi 28- itch-1 21.21
' 8-nm Switch-less 97.92 | 2375 |  -83.17 -109.17 1711 1786 | 0.035
Work CMOS | reconfigurable-push 62.21
and FoMy are evaluated as follows: clover-shaped inductor, which has a symmetrical layout to
enable the implementation of the push—push or triple-push
FoM = L(Af) —201log(fosc/ASf) . . .
reconfiguration. The VCO design consists of three cores
+ 101og(Pyc/1 mW) (I1) " providing negative transconductances, combined with the pro-
FoM7; = FoM — 201og(10 - FTR). (12) posed clover-shaped inductor, which forms a structure with

When considering the die area consumption, the implemen-
tation of the proposed topology demonstrated a comparable or
better FoMy performance compared with the sub-THz single-
band VCOs. Upon comparison with the dual-band character-
istics, the proposed VCO achieved an overlap between the
two oscillation bands, leading to a wide FTR. Considering
the comparison with VCOs from previous dual-band studies,
the proposed VCO achieved a superb FoMy performance with
a wide FTR through the overlap between the two bands.

V. CONCLUSION

A reconfigurable push VCO with a switchless dual-band
operation in the W-band was designed based on the proposed

three ports for core connection and a multiplied frequency out-
put port. A structure with three directly connected oscillation
cores based on a cross-coupled structure makes it possible to
achieve a phase difference of 120° and 180° by the vector sum.
The proposed topology enables reconfigurable oscillation-band
control without loading switches in the RF path. The measured
dual-band VCO achieved an FoMy value of —178.6 dBc/Hz
occupying an area of 0.035 mm?.
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