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Abstract — A 34-40 GHz VCO fabricated in 65 nm digital
CMOS technology is demonstrated in this paper. The VCO
uses a combination of switched capacitors and varactors for
tuning and has a maximum Kvco of 240 MHz/V. It exhibits a
phase noise of better than -98 dBc¢/Hz @ 1-MHz offset across
the band while consuming 12 mA from a 1.2-V supply, an
FOM of -182.1 dBc/Hz. A cascode buffer following the VCO
consumes 11 mA to deliver 0 dBm LO signal to a 502 load.

Index Terms — CMOS LC-VCO, figure of merit, FOMr,
mm-wave, phase noise, switched capacitor, tuning range.

I. INTRODUCTION

In recent years, the large amount of unlicensed spectrum
at the millimeter-wave frequency range has attracted
attention for wireless uncompressed video streaming and
high performance personal area network applications.
Realization of mm-wave radios in digital CMOS makes it
possible for the high performance applications to benefit
from high integration capacity offered by this technology.
Further integration can be achieved by using monolithic
mm-wave antennas as they require small footprints.

The high level of integration creates the possibility of
realizing “DC-Boards” on which interconnections are
limited to pure DC routings and their high speed data
buses are replaced by chip to chip wireless links, resulting
in significant cost and power savings. This work is part of
a project with an aim of evaluating the feasibility of small,
low power, and high performance mm-wave transceivers
in pure digital CMOS technology. As one of the most
challenging parts of a mm-wave radio, the VCO often has
to meet stringent specifications. This paper demonstrates
the design and implementation of a VCO in 65 nm digital
CMOS process with f,,,, of 200 GHz and f7 of 140 GHz.

As indicated in (1), phase noise of the VCO degrades 6
dB/octave as the oscillation frequency increases [1]-[2].
At frequencies > 20 GHz non-quasi-static effects for the
capacitors and the skin and the proximity effects for the
inductors severely degrade their quality factors and pose
significant challenges to the design of the VCO [3].

fo e

( J(l] )
20, A

Where L{Af} is the single sideband power spectral density of the
phase noise in dBc/Hz at the offset frequency of Af from the
oscillation frequency of fj. f; is the flicker noise corner. Qr is the
loaded quality factor of the tank. P; is the VCO signal power in
Watt. F is the effective noise factor of the oscillator. T is the
temperature in °K and £ is the Boltzmann’s constant.
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Section II covers the architecture design and describes
the topology. In section III detailed description of each
component of the design is provided, with emphasis on the
innovative parts. Section IV discusses the experimental
results and summarizes the performance characteristics in
comparison with the results of other recently published
CMOS VCOs. Probing unlocked mm-wave VCOs is
extremely challenging and section V is dedicated to
discuss that. Section VI concludes this paper by presenting
a quick summary of what has been achieved.

II. ARCHITECTURE AND TOPOLOGY

Several architectures have been evaluated including
Colpitts in terms of their achievable FOM. As shown in
Fig. 1 a cross-coupled VCO architecture with doughnut-
shaped grounded-gate NMOS pair has been chosen due to
its superior power and area efficiency. A combination of
switched capacitors and accumulation-mode varactors
comprise the variable capacitance of the tank. A shared-
diffusion cascode buffer with a balanced transformer load
delivers the LO signal to the probe pads.

v,
i

ama%af“ﬁﬁ

Fig. 1. Simplified schematlc of the VCO and its buffer.

trl
LY
Ly

Using only varactors to achieve a large tuning range for
the VCO results in a high Kyco which as (2) indicates
increases the AM to PM conversion gain which in turn
causes high phase noise and spurious signal levels. In this
work using the switched-capacitors has helped in reducing
the Kyco and increasing the tuning range significantly.

vco

PM(fO+fAM) |:2fAMj| . VAM(fAM)

Where ®p), is the level of the PM signal at the output of the
VCO oscillating at the frequency of f; in response to an AM
disturbance voltage with amplitude of ¥, and frequency of f},.

@

The reliability concerns of deep sub-micron processes
make the VCO operate in the current-limited mode. Using
a PMOS current source is optimum for biasing the VCO in
this mode. This is also to provide the VCO buffer with a
proper DC bias needed for an efficient LO power delivery.
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III. CIRCUIT DESIGN AND IMPLEMENTATION

Detailed descriptions of the VCO components and
explanations of the design are presented in this section.

A. VCO Core

Doughnut transistors comprised of square-shaped poly-
silicon gates are used for the VCO cross-coupled pair.
This reduces the contribution of the drain junction
capacitors to less than 5% of the overall tank capacitance.
Size selection for the core devices has been done based on
four different factors: gain, Noise Figure (NF), current
switching capability, and efficient power delivery by
providing a proper bias to the VCO buffer. The optimum
current density for the lowest NF depends on the lateral
electric field in the channel [4]. For the process of this
VCO, a current density of 0.35 mA/um results in a
suitable performance from all of the mentioned aspects.

Fig. 2 shows the unit cell of the VCO core with an
optimal layout. The layout of the transistors should be
optimized in order to achieve an optimal performance in
terms of f,,,,, maximum stable gain, and the noise figure.
Wider routings cause larger parasitic capacitances and
couplings, while narrower interconnections create larger
series resistances and inductances.

Fig. 2. Layout of the unit cell of the VCO core containing ten
doughnut-shaped transistors with optimized routings.

B. Resonant Tank

The resonant tank is composed of a 135 pH differential
octagonal-shaped inductor, accumulation-mode varactors
and 5-bit binary-weighted switched finger-capacitors. The
inductor uses a wall of well-grounded metals to provide a
good current return-path and help confinement of the field,
at the price of more parasitic capacitance and a little lower
overall inductance. To reduce the losses due to the eddy
currents, any substrate doping under the inductor and any
metal loops in the guard rings and the routings have been
avoided. The differential inductor has a quality factor of
24 at 34 GHz and a self resonance frequency of 200 GHz.

The switched capacitor uses doughnut-shaped NMOS
switches to achieve a high ON to OFF capacitance ratio.
As Fig. 3 demonstrates the capacitor array benefits from
an innovative design in which a large finger capacitor
splits to five binary-weighted capacitors to be used for the
digital frequency tuning. The LSB units are positioned in
between the MSB units in order to achieve a better
accuracy. Conventional unit-cell based arrays suffer from
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significant relative accuracy when used for small capacitor
sizes. The proposed compact layout results in a better
accuracy, a lower parasitic capacitance, and shorter
connections to the switches. Effective parallel resistance
of the tank is dominated by the capacitive branches,
resulting in an overall tank quality factor of 10 at 40 GHz.

Fig. 3. Layout of the proposed capacitor array consisting of five
binary-weighted capacitors in the optimum order.

C. Current Source

The current source is programmable to work in either
the linear mode or the saturation mode in order to be able
to optimize the overall phase noise. When the current
source is in the saturation mode its noise contribution
increases, but the contribution of the supply and the cross-
coupled pair decrease. In this design, should the current
source be set to supply the same amount of current in both
modes the linear mode shows a slightly better phase noise.

D. VCO Buffer

A differential cascode buffer has been designed to
deliver a 0 dBm LO power to a 50Q load while isolating
the VCO from the load. The VCO buffer also reduces the
load pull for the VCO significantly. The operating points
are set for an efficient LO power delivery. As shown in
Fig. 4 the diffusion regions of the input and the cascode
devices have been shared to minimize the parasitic
capacitances of the junctions and the routings which create
significant loss and current leakage at this common node.

Fig. 4. The unit cell of the differential VCO buffer with five
differential pairs of the cascode devices.

A transformer has been used to convert the buffer
output impedance of 125Q, which is optimum for an
efficient power delivery, to a 50Q2 level at the input of the
following stages which can be a mixer and a divider. This
feature together with the possibility of having shorter
signal feeds to the following stages make the transformer
superior to a differential inductor as the VCO buffer load.
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E. Common-Mode Nodes

A ground grid covers all the layers of the layout, with
the exceptions of the parts which introduce excessive eddy
currents or couplings to the sensitive nodes. All Common-
Mode (CM) nodes of the circuit have their unnecessary
bandwidths suppressed by maintaining low impedance
levels to the ground in all frequencies. This requires
different sizes of decoupling capacitors to be used at all of
the CM nodes and to be repeated in short intervals. This
also improves CM noise rejection and CM stability.

There are two CM nodes which do not need extra
capacitors: The center tab of the inductor and the voltage
control node. At the center tab of the inductor higher
impedance levels can suppress the noise of the cross-
coupled pair. And the voltage control node has to connect
to the loop filter when the VCO is employed by a PLL.

IV. EXPERIMENTAL RESULTS

The measurement results of the switched-capacitor
VCO prove that it can satisfy stringent specifications for
phase noise, tuning range, and LO power. It covers from
34.29 to 39.88 GHz., a tuning range of 15.1% and has a
maximum Kyco of 240 MHz/V. It exhibits a worst case
phase noise of -98.1 dBc/Hz at 1-MHz offset from the
highest oscillation frequency, as shown in Fig. 5.

R&S FSUP Signal Source Analyzer

| Settings Residual Noise [T1] SpotNoise [T1]

ISignal Frequency: 39.881483 GHz lInt PHN (300.0 k .. 30,0 M) -22.4 dBc 300,000 kHz  -71.35 dBc/Hz

Signal Level: -4.42 dem Residual PM 6.151 ¢ 1.000 MHz -98.12 dBcfHz

Analyzer Mode Residual FM 82,225 kHz 3000 MHz -112.04 dBc/Hz

RMS Jitter 0.4284 ps 10,000 MHz -121.45 dBc/Hz

Phase Noise [dBc/Hz]

RF Atten ode
Top -60 dBc/Hz 10 of 10

2405
SHTH 19

Lt -
T '
\/ L

W‘M\rt \h‘kl‘t\\ ‘ ‘
RS RE 3
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10 MHz 30 MHz

300 kHz 1 MHz

Frequency Offset

Fig. 5. Phase noise measurement result at 1-MHz offset from
39.88 GHz with 4.5 dB loss in the test equipments.

The VCO consumes 12 mA from a 1.2-V supply and the
differential VCO buffer uses 11 mA to deliver a Single-
Ended (SE) LO power of 0 dBm to the 50Q probe. FOM
and FOMy, as defined in (3) and (4), are better than -178.5
dBc/Hz and -182.1 dBc/Hz respectively at 1-MHz offset
across the band. Since the VCO operates in the current-

limited mode, using a 0.9-V supply to lower the power
consumption improves the FOMr to -183.4 dBc/Hz. In
this case the Single-Ended LO power reduces by 2.5 dB.

FOM(Af)=L{Af} —20log (Z}J+1010g [11;”;} 3)

“

Where the quantities share the descriptions with (1). Ppc is the
VCO power dissipation in mW, and 7R is the tuning range in
percentage.

FOM ; (Af) = FOM (Af) - 20log (ﬁj

Across the band, the varactor comprises a small portion
of the overall capacitance of the tank. Thus, its undesired
effects on the delivered power and the phase noise are
minimal. However the digital tuning with 15.1% change in
the frequency causes 3 dB change in the phase noise. Fig.
6 summarizes the results of the simulations and the
measurements of the VCO versus the digital tuning code
when the control voltage is set to the mid-rail.

Digital Tuning Code
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Fig. 6. Summary of the measured and simulated characteristics
of the VCO vs. the digital tuning code.

The results of the VCO show significant improvements
compared to an earlier version of the design which used
only varactors. The varactor-only version measured a
tuning range of 5.8% and a Kyco of 2.1 GHz/V.

Table I presents a summary of the characteristics of this
switched-capacitor VCO in comparison with other
recently published mm-wave CMOS VCOs [5]-[9]. The
table reports the worst case results of each work.
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TABLE I
SUMMARY OF THE SPECIFICATIONS OF THIS DESIGN IN COMPARISON WITH RECENTLY PUBLISHED MM-WAVE CMOS VCOs

Reference | Year | Publ. Process Freq. | Phh.N.@1MHz | Tuning PDC | FOM; | Pout
Technology (GHz) (dBc/Hz) Range% | (mW) (dB) | (dBm)
[3] 2006 | RFIC CMOS 0.18 ym | 21.6 -101.7 6.25 45 -171.9 -4.2
[5] 2009 | VLSI CMOS 0.13 um | 479 -102.5 1.59 5.6 -172.7 -19
[6] 2009 | JSSC CMOS 90 nm 584 -91.0 9.32 8.1 -176.7 -14
[7] 2008 | ISSCC | CMOS 90 nm 49.9 -87.0 12 10.4 -172.4 -
[8] 2009 | CICC | CMOS 65 nm 60 -97.1 16.7 30 -182.3 -
[9] 2009 | IMS CMOS 90 nm 61 -90.1 9.27 10.6 -174.9 -5
This Work 2010 | RFIC CMOS 65 nm 39.9 -98.1 15.1 14.4 -182.1 0

Fig. 8 shows the micrograph of the 0.15 mm® VCO,
including the differential inductor and the transformer
along with their guard rings. The DC pads on the top are
to supply ground, supply, and the control signals.

Fig. 8. Micrograph ofthe 300 um * 500 um VCO.

V. MEASUREMENT CHALLENGES

Probing unlocked high performance mm-wave VCOs
for the purpose of phase noise measurements is extremely
sensitive to their natural frequency drifts. The range of the
frequency drift can exceed the offset frequency range of
interest which makes it hard to have reliable low-offset
phase noise measurements. Elements like the illuminator’s
light and mechanical stress or strain are destructive to
these measurements. Vibration isolation table, wide probe
tips, and wafer probing, as opposed to single die probing,
significantly improve the reliability of the measurements.

Phase noise analysis mode of Rohde Schwartz FSUP50
has been used to measure this design. There are some
settings which are vitally important. In the measurement
setup, manual setting with a RBW of 0.1% increases the
chance of success. Tracking and verifying the level and
the frequency as well as the AFC should be turned off as
they are not designed for unlocked VCOs. A combination
of mechanical stability of the setup, quiet environment,
and proper instrument settings can make low-offset phase
noise measurements of the mm-wave VCOs reliable.
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VI. CONCLUSION

The design and implementation of a switched-capacitor
VCO in 65nm digital CMOS to cover 34 to 40 GHz has
been presented. The measurement results demonstrate a
tuning range of 15.1%, a phase noise of better than -98.1
dBc/Hz at 1-MHz offset across the band, a maximum
Kvco of 240 MHz/V, and a minimum SE LO power of 0
dBm. The 0.15 mm* VCO can support a mm-wave
transceiver with stringent phase noise, tuning range, and
LO power delivery specifications.
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