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Abstract— This work presents a novel switch-less
reconfigurable triple-/push-push dual-band VCO topology
and design methods for a W-band metal-oxide-semiconductor
(CMOS) voltage-controlled oscillator (VCO). A clover-shaped
inductor with a three-port connection and single frequency
multiplied output port configuration provides switch-less mode
changes between triple-push and push-push operation. This
topology is demonstrated in a W-band VCO by controlling
three cores with a measured phase noise of -109.17 dBc/Hz
at a 10-MHz offset of a 105.3 GHz carrier. The measured
center frequency of each band is 91.04 GHz and 102.33 GHz
with a tuning range of 10.4% and 14.1%, respectively. The
proposed VCO with independent core on/off state control
enables low parasitic switch-less frequency band shift resulting
in a superior tuning range compared to those of conventional
dual-/single-band VCOs. The effectiveness of this approach is
demonstrated through fabrication in a 28-nm CMOS process,
with the best FOMr being -174.4 dBc/Hz in this case.

Keywords — dual-band, reconfigurable oscillator,
terahertz, switch-less, voltage-controlled oscillator.
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I. INTRODUCTION

For the sixth generation (6G) of mobile communications,
which is expected to be commercialized around 2030,
communication systems on the sub-terahertz (sub-THz)
frequency band are being studied to meet the requirements
of high data rates [1]. There are issues related to
the targeting of such a wide frequency range with a
single-band voltage-controlled oscillator (VCO) due to
bandwidth limitations. At present, multi-band VCOs are
often used to overcome these limitations in multi-function
transmit/receive architectures such as communication systems.
Prior works utilize inductors combined with switches [2],
transformers [3], and filtering techniques [4] for dual-band
operation in VCOs. A switch loaded directly onto the
VCO core acts as the major limiting factor of the passive
quality factor (Q) of the resonator, and the deterioration
effect becomes more significant as the frequency increases
to the sub-THz band ranges. When switching the resonator
by utilizing inductive coupling based on the transformer,
Q-factor reduction due to the switch can be mitigated.
However, transformers inherently have a lower Q-factor than
inductors that constitute the same inductance, and they have a
trade-off relationship between the coupling coefficient and the
self-resonant frequency, which still makes it difficult to use
a switch dual-band VCO. A switch-less resonator based on a
dual-band filter is not affected by the limiting of the Q-factor,
making this topology suitable for use below 5 GHz. Above
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Fig. 1. Block diagram of (a) a conventional and (b) the proposed dual-band
W-band VCO.

millimeter-wave frequencies, the VCO performance is limited
due to the on-chip filter with a low Q-factor, and multiple
inductive components are used to implement multi-resonance,
which occupies a large chip area.

In complementary metal-oxide—semiconductor (CMOS)
VCOs over the W-band, harmonic oscillation strategies such
as push-push or tripling techniques are used rather than the
fundamental frequency due to an oscillation start-up issue
caused by the low Q-factor of the varactor-based resonator
and the low gain of the metal oxide semiconductor field-effect
transistor (MOSFET) [5], [6]. A conventional block diagram
of a W-band VCO with the switching dual-band technique
is shown in Fig. la. A controlled resonator based on a switch
cannot escape from the low Q-factor issue as it must target the
millimeter-wave band even when using a push-push topology.
In this study, a configuration using three oscillating cores with
a clover-shaped inductor is proposed, as shown in Fig. 1b. By
controlling the cores, triple-push and push-push reconfigurable
operations are achieved to implement a switch-less dual-band
VCO operating on the W-band.

II. SWITCH-LESS RECONFIGURABLE DUAL-BAND VCO

A. Clover-shaped Inductor Design

The structure of the proposed clover-shaped inductor
is shown in Fig. 2. Three single-loop inductor structures
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Fig. 2. Top view of the proposed clover-shaped inductor with triple-/push-push
current paths.
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Fig. 3. Available oscillation modes under (a) triple-push and (b) push-push
operation when cores are controlled.

with two metal layers (upper and lower) are arranged in a
clover shape, and one end of each loop is connected using
metal at the upper part, which is the output port where
the frequency-tripled or -doubled signal is formed. The ends
that are not connected to the other loops are configured as
P1, P2, and P3. The corresponding ports are respectively
connected to different oscillation cores. When all cores are
controlled under operation, the current flowing through the
clover-shaped inductor follows a triple-push current path.
The detailed triple-push operation considering the current
path of the inductor is shown in Fig. 3a. Because there
is a 120-degree phase difference between each port at the
oscillating fundamental frequency of wq, only the 3w signal
is added at V,,; while the other harmonics are canceled. As
described in Fig. 3b, when the single core located between P1
and P2 is turned on while the other two are off, the current
flowing through the inductor follows the push-push current
path. Given that P3 becomes a floating node due to deactivated
cores, the V,,; node is equivalently connected to the center
tap of an inductor in a differential mode, which performs the
push-push operation.

Fig. 4 shows the simulated voltage waveform at each
inductor node when operating in the triple-push mode. Because
the relative voltage phase difference of each inductor port
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Fig. 4. Simulated voltage waveform at each node of the inductor for
triple-push operation.
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Fig. 5. Simulated results of the Ccent effect on the inductance and Q-factor
during push-push operation.

connected to the core is approximately 120 degrees, the VCO
will result in a triple-push operation as depicted in Fig. 3a.
When the VCO operates with rail-to-rail voltage swing, the
voltage, including higher harmonics, is given by

V(wo) = Ao(sin(wot) + vasin(2wot) + vzsin(3woet)) (1)

where Ag, v2, and vs denote the amplitude and the relative
voltage of the second and third harmonics compared to
the fundamental signal, respectively. Higher-order harmonics
above the fourth order are ignored considering the fr of
the MOSFET and for simplicity of the analysis. Through
the Fourier transform, it can be seen that vy and wv3 of the
simulated voltage are -0.5 and 0.25, respectively. Given that
the third harmonics are summed in-phase at the V,,,; node, the
frequency tripled output has 0.75 times the magnitude of the
fundamental frequency voltage oscillating at the core.

When the VCO is in push-push operation, the V,,; node
is loaded with a series LC consisting of an inductor connected
to P3 (L.) and a parasitic capacitor (Cept). As shown in Fig.
5, the characteristics of the inductor connected to P1 and P2
are changed by C.c,,¢, which is the sum of the varactor and
the off-core parasitic capacitance. Although the characteristic
change can be neglected in the low-frequency band (<42.5
GHz), the Q-factor of the inductor is low. In the high-frequency
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Fig. 6. Schematic of W-band switch-less reconfigurable dual-band VCO
consisting of three cores and clover-shaped inductor.

band (>47.5 GHz), the Q-factor is reduced by 39% due to
the Clep effect. The frequency of 45 GHz is selected as the
VCO target fundamental frequency due to the difference in
the Q-factor with the maximum being only 1, and the C..,;
degradation effect remains within 5%.

B. Voltage-controlled Oscillator Design

Fig. 6 presents a schematic illustration of the proposed
W-band switch-less reconfigurable dual-band VCO. Each core
is based on a cross-coupled structure composed of My pairs to
generate negative transconductance with capacitive feedback
to apply the gate voltage independently for on/off control.
Through a bias-T circuit, V4 is applied to a clover-shaped
inductor output node where a tripled or doubled signal is
formed. The LC tank consists of a clover-shaped inductor, and
three varactors connected to a DC block are loaded on each
inductor port. 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 triple-push operation.
Thus, a current path is formed through the varactors from one
port to another, creating an additional unintended resistance
component. The reconfigurable dual-band oscillation of the
VCO is controlled by the gate voltage applied to each core.
The triple-push operation is configured when 0.6 V is applied
to the gates of all cores. For push-push operation, only V1
is 0.6 V, while 0 V is applied to the remaining cores to ensure
that the cores remain off. Because there is no switch connected
to the VCO oscillation node, the possible parasitic capacitance
can be minimized. Therefore, the proposed dual-band VCO is
capable of frequency tuning range performance comparable to
that of the single-band topology.

III. MEASUREMENT RESULTS

As a proof of concept, the VCO is fabricated in the
Samsung 28-nm CMOS process with an active core size of
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Fig. 7. Chip micrograph of the proposed dual-band VCO.
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Fig. 8. Measured frequency tuning range of the dual-band VCO.

0.19 mm x 0.18 mm. A micrograph of the chip is shown
in Fig. 7. The measurement of the prototype VCO was
performed under on-wafer probing using a Cascade infinity
ground-signal-ground I110 probe. The oscillation frequency
and phase noise are measured using an Agilent E4448
spectrum analyzer with an Agilent 11970W W-band harmonic
mixer.

Fig. 8 shows the frequency tuning range as measured
through a varactor control process with a 1.4 V supply
voltage, consuming 21.21 and 62.23 mW for push-push
and triple-push operations, respectively. The triple-/push-push
operation for band shifting is determined by the core on/off
state, as presented in Section II-B. With a change in the
control voltage, the measured tuning ranges for push-push and
triple-push operations are 86.29-95.79 GHz and 95.1-109.55
GHz, respectively. The frequency overlap between the two
bands is designed in consideration of the frequency shift
due to the error caused by the process and temperature. The
proposed dual-band VCO achieves a band overlap of 690 MHz
employing control voltage in the range of 0-2 V. Fig. 9 shows
the measured phase noise at 105.3 GHz when operating in
the triple-push mode. The phase noise outcomes at IMHz and
10MHz offsets are correspondingly -83.17 dBc/Hz and -109.17
dBc/Hz.

The measured dual-band VCO performance capabilities
are summarized and compared with those of state-of-the-art
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Table 1. Performance comparison of dual-band VCOs in W-band implemented using CMOS technology.

This work ISIC [7] RFIC [8] RFIT [5] | MWCL [6] | TMTT [9]
Technology 28nm CMOS 65nm CMOS | 28nm CMOS |90nm CMOS |90nm CMOS | 65nm CMOS
Topology Push-/triple-push | Fundamental Fundamental Push-push Tripling Fundamental

dual-band VCO |dual-band VCO | dual-band VCO | single VCO | single VCO | single VCO

Frequency (GHz)) 91.04 / 102.33 76.8 /1 79.25 73.75 / 88.15 90.1 82.65 89.4
FTR (%) 104/ 14.1 1.04 / 1.89 6.37/5.79 2.24 15.61 5.15
PN@1MHz (dBc/Hz) -83.17 -90.8 -93.5/-86.2 -83.52 -87.9 -81.5
PN@10MHz (dBc/Hz) -109.17 -113.3 -117.7 / -110.0 -109.22 - -108.3
Ppc (mW) 21.21/62.23 30 35.6 2543 62.4 11
FoM (dBc/Hz)* -171.4 -176.6 -179.4 / -173.4 -174.3 -168.3 -176.9
FoMr (dBc/Hz)** -174.4 -162.1 -175.6 / -168.6 -161.3 -172.2 -171.1
Size (mm?) 0.035 0.032 0.031 0.31% 1.3 0.013
*: FoM = L(Af) —20log(fosc/Af) + 10log(Ppc/1mW); **: FoMr = FoM — 201og(10 - FTR)
. Simulation results; ¥: Pad included.
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Fig. 9. Phase noise measurement result at 105.3 GHz.

integrated VCO circuits operating on the W-band in Table
1. The phase noise figure-of-merit (FoM) and FoMr with
phase noise and the frequency tuning range (FTR) are used
for comparison. The proposed topology shows superior FoMp
outcomes relative to solutions based on fundamental oscillation
with a small chip area. To the best of the authors’ knowledge,
a switch-less dual-band VCO is proposed for the first time
with performance comparable to those of the state-of-the-art
W-band VCOs in silicon.

IV. CONCLUSION

A W-band switch-less reconfigurable triple-/push-push
dual-band VCO in 28 nm CMOS technology is demonstrated.
The VCO design is carried out with three cores providing
negative transconductances combined with the proposed
clover-shaped inductor that formed a structure of three ports
for core connection and a multiplied frequency output port.
The proposed topology enables reconfigurable oscillation-band
control without loading switches in the RF path. The measured
VCO achieves a FoM value of -174.4 dBc/Hz at 105.3 GHz
occupying an area of 0.035 mm?.
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