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Abstract — A 206 ~ 220 GHz varactor-free voltage-controlled
oscillator (VCO) is proposed to improve the output power and
tuning range. The topology of the VCO is push-push cross-
coupled pair. By using body-bias technique, the parasitic
capacitor of the cross-coupled pair can be adjusted, and the
varactors in the conventional VCO design can be removed. The
proposed VCO was designed and implemented in TSMC 65-nm
CMOS technology with a chip size of 0.25 x 0.25 mm® The tuning
range is 6.6% (from 206.2 to 220 GHz). The measured phase
noise is -66 dBc/Hz at 1 MHz offset frequency. The output power
is 1.3 dBm at 216 GHz with 54-mW dc power consumption and
its maximum dc-to-RF efficiency is 2.1%. To the best of our
knowledge, this varactor-free VCO achieves the highest dc-to-RF
efficiency among published CMOS VCOs around 200 GHz.

Index Terms —Voltage-controlled oscillator (VCO), body-bias,
CMOS, dc-to-RF efficiency.

[. INTRODUCTION

With the quick development of millimeter wave (MMW)
applications such as high data rate communication, medical
imaging, and spectroscopy [1], [2], the frequency sources are
become important at sub terahertz. Using CMOS process has
the advantage for high-level integration with baseband circuits,
but the challenges of the VCOs in CMOS are the low
breakdown voltage, high substrate loss, and lower unit current
gain frequency (f;).

In the past decade, many VCOs above 200 GHz using
CMOS process were published [3]-[7]. However, most tuning
methods of the VCOs are varactor-based. Because the quality
factor of varactors decreases rapidly with frequency [5], these
VCOs suffered from relatively low output power level and
narrowed tuning range. At such high frequency (i.e. frequency
> 200 GHz), it is difficult to realize a amplifier. Therefore, a
high output power and wide tuning range signal source is
necessary. A couple of varactor-free oscillators have been
reported recently [5]-[7], but they still have some drawbacks
such as high dc power consumption and low dc-to-RF
efficiency.

The technique of the adaptive body bias is widely used in
many circuits [8]-[11]. It has been proposed to reduce the
impact of the die-to-die threshold voltage (Vy,) variations [8].
Also, the forward-body-bias (FBB) is used to reduce Vy, and
enhance the £ [9]-[10]. Furthermore, reversed-body-bias
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Fig. 1. Schematic of the (a) conventional push-push VCO and (b) the
proposed varactor-free push-push VCO.

(RBB) technique is also used to improve the power handling
for the switches [11].

In this paper, the body-bias technique is utilized to design a
wide tuning-range G-band VCO. Unlike traditional varactor-
tuning mechanism shown in Fig. 1(a), body bias technique is
used to control the parasitic capacitors of the cross-coupled
pair to adjust tuning range. Without the capacitance of the
varactors, the larger device size is utilized to provide higher
output power. At 1.2-V supply voltage, the tuning range of the
proposed VCO is 6.6%. The maximum output power is 1.3
dBm and the correspondent dc power consumption is 54 mW.
Compared with CMOS VCOs around 200 GHz, this work
demonstrates the highest dc-to-RF efficiency of 2.1%.

II. CIRCUIT DESIGN

The circuit schematic of the proposed varactor-free VCO is
shown in the Fig. 1(b). The M; and M, form the cross-coupled
pair. Without the varactors, large size of the transistors (M;-
M) are chosen to provide sufficient negative resistance and
produce higher output power. It can also increase the slope of
the tuning curve due to larger parasitic capacitance. However,
large transistor size leads to higher dc power consumption.
Therefore, there is a design trade-off between output power
and dc power consumption. The optimized size of M; and M,
are chosen as 33.6 um.

Since the VCO is designed to operate at high frequency, the
inductors L; and L, are implemented by microstrip lines. The
line length is 14 um and the width is 5 wm. The inductance of
Ly and L, are both 11.6 pH. The inductors L; - L, and parasitic
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Fig. 3. Chip micrograph of the proposed VCO.

capacitors of the cross-coupled pair (M;-M,) serve as the
bandpass filter to pass through the fundamental oscillation
frequency.

As shown in Fig. 1(a), conventional VCO commonly uses
varactor to control the tuning range. However, the quality
factor of varactor decreases rapidly with increasing frequency
that leads to the narrow tuning range. The fundamental
oscillation frequency of the VCO can be expressed as [12]

1
VLG

where C, is the gate-to-source capacitance , Cy, is the drain-
to-body capacitance, Cy is the gate-to-drain capacitance and
Cpar 18 total parasitic capacitance. These intrinsic capacitances
of the transistors can be extracted by calculating the Y-
parameters [13]. Fig. 2 shows the simulated capacitance of
Cyar and the frequency tuning curve under different body-bias
conditions (from -1.5 Vto 1.5 V).

It is observed that C,,, varies with body-bias voltage (Viody)-
Cpar decreases from 74 to 68 fF while the Vo4, increases from
-15 V to 1.5 V. As Cp, changes, the oscillation frequency
changes as well. The simulated tuning range is about 5.4%
(from 199 GHz to 210 GHz). By adopting this property, the
body-bias technique can replace the function of the varactor.
Moreover, the output power can be preserved without output
buffer amplifier due to the absence of the varactor. As show in
Fig. 1, the 1.2-V supply voltage is fed through the quarter-
wavelength transmission line Ly at 200 GHz. In addition to
serving as dc feed, Ly exhibits a high impedance to ensure the
second-harmonic signal flow to the output. The V., is
connected to the body of M, and M, through 2-KQ resistors to
adjust the output frequency.

osc = Cpar = Cgs +Ca+ 4ng 1)
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Fig. 4. Measurement setups for (a) output power measurement and

(b) frequency measurement.
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Fig. 5. Measured dc-to-RF efficiency versus Vyqgy.
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Fig. 6. Measured phase noise at 209 GHz (-66 dBc/Hz at 1 MHz
offset frequency.

[II. EXPERIMENTAL RESULTS

The VCO was designed and fabricated in a 65-nm CMOS
technology with 3.4-um ultra-thick metal (UTM). The chip
photo is shown in Fig. 3, and the chip size is 025 x 025 mm®.
The measurement setups for output power and frequency are
illustrated in Fig. 4(a) and Fig. 4(b) respectively. Theses
setups contain a WR-4 waveguide, an Agilent E4448A
spectrum analyzer, an OML MO5HWD mixer, an attenuator
and a power sensor. The losses due to the cables, adaptors and
probes have been carefully calibrated. Operating at 1.2-V
supply voltage, the dynamic dc current is from 39 mA to 71
mA. Fig. 5 shows the measured tuning characteristics and
output power versus Vyoay. The tuning range of the proposed
VCO is about 6.6% (from 2062 GHz to 220 GHz). The
measured output power is larger than -4 dBm among the
tuning range and the maximum output power is 1.3 dBm with
45-mA dc current. The frequency discrepancy is caused by the
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TABLE I
PERFORMANCE COMPARISON WITH PREVIOUSLY REPORTED CMOS VCOS ABOVE G-BAND.

Ref. Tech. Design Freq. (l::::];t Pll;l:::;f Phase Noise |DC Power Mi’;,;_l(:ic;:;;RF Chip size| FOM
) , N !
(CMOS) feature (GHz) (dBm) (%) (dBc¢/Hz) (mW) (%) (mm°®) (dB)
3] | 130-am | PUsh-push 192 20 068 |-100@10MHz| 16.5 0.06 0.176 | -173
cross-coupled
4] | 90-nm colpitts 196 -19 23 NA 29 0.04 0.189 N/A
multi-core 290 12 45 | 78@IMHz | 325 023 -162.1
SI | 65mm | iators | 320 33 26 | T7T@IMHz | 339 0.14 036 1 618
(6 | 65nm | Multeore g 05 95 | 78@IMHz | 800 0.14 225 -157
oscillators
Iti-
(7 | 65nm | Muit-core 256 4.1 43 | 94@iMHz | 227 1.14 04355 | -178
oscillators
This push-push -66.3 @1 MHz
. 1. . & : 2.1 ) 154
Work 65-nm cross-coupled 220 1.6 6.6 -81 @10 MHz 43.2 0.0625 S

FOM = L(Aw)—20-log| 2 |+10-log[ Z£™W) ) 14
Aw ImW

inaccurate device model at such high operating frequency. The
maximum dc-to-RF efficiency is 2.1%. The measured phase
noise at 209 GHz is -66 dBc/Hz at 1 MHz offset frequency, as
shown in Fig. 6. The figure of merit (FOM) [4] of the
proposed VCO is -154 dB. Table I summaries the
performances of previously reported CMOS VCOs around
200 GHz, and this work achieves 6.6% tuning range and the
highest dc-to-RF efficiency.

IV. CONCLUSION

The proposed varactor-free G-band VCO has been designed
and fabricated in a 65-nm CMOS technology. By using body
bias technique, the parasitic capacitance of the cross-coupled
pair varies with the body-bias voltage. This VCO achieves a
6.6% tuning range (from 2062 to 220 GHz) and 1.3-dBm
output power at 1.2-V supply voltage, while the dc power
consumption is from 46.8 mW to 85.2 mW. The maximum dc-
to-RF efficiency is 2.1% at 216 GHz. The proposed VCO
achieves a wide tuning range and the highest dc-to-RF
efficiency among recently published CMOS VCOs around
200 GHz.
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