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A 56-GHz LC-Tank VCO With 17% Tuning Range
in 65-nm Bulk CMOS for Wireless HDMI

José Luis Gonzalez, Member, IEEE, Franck Badets, Baudouin Martineau, and Didier Belot, Senior Member, IEEE

Abstract—A voltage-controlled oscillator (VCO) with a central
frequency of 56 GHz and a 17% tuning range is presented. The
oscillation frequency is tuned both by an analog input and by a
3-bit digital control bus using the same type of differential varac-
tors. It achieves a record figure of merit, considering tuning range
of 186.8 dBc/Hz and is able to address the full wireless high-def-
inition multimedia interface band . The VCO is implemented in
a 65-nm bulk CMOS process and dissipates 15 mW from a 1.2-V
supply. Both fixed and parameterized electromagnetic models for
inductors, interconnection structures, and transmission lines have
been embedded in the classical design flow including layout verifi-
cation and extraction, resulting in a very high level of simulation
accuracy.

Index Terms—CMOS voltage-controlled oscillators (VCOs),
millimeter-wave integrated circuits, wireless high-definition mul-
timedia interface (HDMI).

1. INTRODUCTION

HIS PAPER presents a digital and voltage-controlled os-
T cillator (VCO) that covers the 60-GHz millimeter-wave
band including process, voltage, and temperature (PVT)
variations for wireless high-definition multimedia interface
(HDMI) applications. The spectrum allocation for this band
has recently been disclosed by IEEE.802.15.3c Standard [1],
as shown in Fig. 1. The available bandwidth is 7 GHz. The
gigabit per second data rate required by wireless HDMI ap-
plications is achieved by combining wireless communication
over a 60-GHz (indoor) and 1-Gbit Ethernet (GbE) local area
network (LAN)/metropolitan area network (MAN) technology.
Implementation is focused on the lowest possible cost per
bit per second by developing highly integrated radio front
ends based on silicon technologies. Implementation in silicon
allows single-chip integration of the millimeter-wave front end,
thus enabling a dramatic reduction in size and cost. For such
application, low phase noise (PN) [or L(Af)], low-power,
low-cost VCOs with a large frequency tuning range (FTR) are
required. The tradeoff between power consumption, PN and

Manuscript received July 22, 2009; revised January 20, 2010. First published
March 25, 2010; current version published May 12, 2010. This work was sup-
ported in part under the European Union (EU) FEDER funds, the Spanish Min-
istry of Education (MEC) Mobility Program, and Project TEC2008-01856 and
Project AGAUR SGR 1497.

J. L. Gonzilez is with the Department of Electronic Engineering, School
of Telecommunications Engineering of Barcelona, Universitat Politecnica de
Catalunya, ES08034 Barcelona, Spain (e-mail: jl.gonzalez@upc.edu).

F. Badets, B. Martineau, and D. Belot are with STMicroelectronics, 38926
Crolles, France (e-mail: didier.belot@st.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
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Fig. 1. IEEE.802.15.3c channel allocation.

FTR can be addressed using LC-tank VCOs implemented in
CMOS technologies [2]-[13]. Ultra low power and low PN
have been reported in previous works based in engineering
the tank inductor using a slow-wave propagation mode, but
at the expense of the FTR [2]. An FTR of 20% is obtained
in [3] by using distributed VCOs at the expense of a large
power consumption and area. The best compromise for FTR,
PN, and power consumption can be obtained using LC-tank
VCOs by optimally sizing the VCO transistors in order to
minimize the parasitic capacitances and by maximizing the
varactor capacitance range [4]-[13]. Our study demonstrates
that very large tuning ranges (17%) can be achieved at mil-
limeter-wave frequencies in bulk CMOS advanced processes,
using an LC-tank VCO with differential accumulation-mode
varactors and a combination of continuous tuning and digital
switching of varactor banks, resulting in state-of-the-art PN and
figure-of-merit (FOM) performances. Indeed, to the best of the
authors’ knowledge, it is the first LC-tank VCO that is able to
address the full bandwidth of wireless HDMI including an extra
frequency range for PVT compensation. The detailed structure
and design process of the VCO is presented in Section II. The
tank components are described in Section III, including a novel
way of implementing transistorless switched capacitances for
digital tuning of the VCO frequency. Section IV addresses
the physical design and the techniques used to include the
electromagnetic (EM) models of certain parts of the circuit
along with the pcell models of the devices from the design
kit seamlessly in the classical verification and post-layout
simulation flow. Section V presents the experimental results
and some comparisons with simulations, and finally Section VI
concludes the paper by comparing the proposed VCO with the
state of the art.

II. CIRCUIT DESCRIPTION AND DESIGN PROCESS

A. Circuit Description

Fig. 2 shows the VCO schematic. The oscillator core is com-
posed of an NMOS cross-coupled pair (MN1, MN2) and an
LC tank. The tank inductance is a single-turn inductor with a

0018-9480/$26.00 © 2010 IEEE
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Fig. 2. VCO and output buffers schematic.

central tap. It achieves a quality factor Q; = 18 at 60 GHz.
A differential N+poly/Nwell varactor operating in accumula-
tion mode is used for continuous tuning. While previous works
used two single-ended varactors connected in series [2]-[12],
the differential varactor used in our VCO leads to an increased
quality factor by reducing the differential current path length
through the Nwell [14] and provides a smaller minimum capac-
itance due to the reduction of the routing interconnections. An
additional bank of digitally controlled differential varactors pro-
vides coarse tuning for PVT calibration using three bits (b2, by,
and byp). It is implemented with seven equal differential varac-
tors grouped in 4, 2, and 1 units that change the binary-scaled
capacitance. The binary switched varactors are made from the
same structure as the fine-tuning varactor. A more detailed de-
scription of such varactors is provided in Section III.

The VCO core circuit is completed with a 2 f,, filter composed
of capacitor Cy and an inductor implemented with a microstrip
transmission line (TL) (TLy). This filter helps reduce the PN
by lowering the contribution of flicker noise sources [15]. For
test purposes, the output buffers are implemented by a common
source stage (M N3 4). They receive a separate power supply
(Vop_surr) through a A/4 TL (TLs¢). The output is con-
nected to the output pad through another microstrip (TLg 5)
and a dc blocking capacitor (Cyc1,2). The output impedance is
matched to 50 €2 by adjusting the length of the output TL and
the terminating capacitor value of an ac-short terminated stub
(TL1,4 and Cg1 2) that is connected at the drain of the buffer
transistor.

B. Design Process

The VCO design process is summarized in this section. The
next sections contain detailed descriptions of the tank compo-
nents and the modeling approaches used throughout the process.
It is important to note that only pcells from the technology de-
sign kit were used. The first step of the design process was to
select the tank inductor. A large inductance value would facil-
itate the selection of the varactor, but leads to a lower quality

ADVANCED MICRO DEVICES, INC.
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factor and a small margin for parasitic capacitances. A small
value requires a larger varactor capacitance range to cover the
required frequency band but provides a large quality factor and
self-resonant frequency. An inductor with L = 95 pH at dc was
selected as a good tradeoff between these two ends. The avail-
able pcell model is a lumped equivalent circuit qualified up to
50 GHz. An EM analysis of the component was made in order
to obtain a more accurate model that is valid at higher frequen-
cies.

The wireless HDMI bandwidth is 7 GHz. An additional
margin is required in the VCO in order to compensate for PVT
variations. The 7-GHz tuning range is implemented using a
varactor with continuous tuning, and the additional margin for
PVT compensation is implemented using a digitally controlled
bank of switched capacitors, as described in the following
section. The continuous tuning range fiax — fmin, along with
the center frequency f, = 0.5( fmax + fmin), and the inductor
set the value of the varactor [16]

(fmax - fmin)
Lﬂ—2(fmax + fmin)S ’

The selected varactors have a capacitance range ratio
Cymax/Cymin = 3. Since AC' = Cypax — Cymin, the varactors
are sized so that Cymax = 2AC/3. An additional fixed capaci-
tance (C'r) is required to set the lower bound of the frequency
range

AC >4 ey

1
2m vV L(Cvmax + CF) .

The tank is simulated to obtain the parallel equivalent losses
and the required transconductance of the cross-coupled NMOS
pair that implements the negative resistance of the oscillator.
This results in an NMOS transconductance g,, = 20 mS to
guarantee oscillation startup. The size and bias current of the ac-
tive section is determined by the dc output voltage of the VCO,
which sets the common mode voltage for the differential varac-
tors and the gate-to-source voltage (Vs) for the NMOS transis-
tors. A 780-mV voltage is selected since this value maximizes
the capacitance excursion of the varactors and is very close to
the Vs that sets the peak g,,, /W for the transistors. Minimum
length transistors in this technology achieve the peak g¢,,,/Ip
for Vgs = 0.85 'V, as shown in Fig. 3. For Vg = 0.78 V and
gm = 20 mS, the minimum length NMOS transistors must have
W = 22 pym and Ip = 6.25 mA, which results in a total VCO
core current consumption of 12.5 mA. The bias current is gen-
erated using a PMOS current source (M P1) connected to the
central tap of the differential inductor.

The minimum capacitance values of the varactor and
switched capacitors, the parasitic parallel capacitance of the
inductor and the cross-coupled pair and the capacitances of the
output buffer NMOS transistors limit the maximum operation
frequency of the VCO. Since the other elements have already
been sized, the maximum operation frequency sets a limit to the
size of the output buffer transistors. The common source stage
is then sized according to this limit. Furthermore, since adding
dc blocking capacitors between the VCO core outputs and the

fmin =

@
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Fig. 3. Minimum length NMOS characteristics. The transistors are low-power
low-threshold voltage transistors with gate connected to drain.

buffers would add unacceptable parasitic capacitance, they are
not dc decoupled and the gate voltage of the common source
stage is set by the VCO output voltage. The output buffer is
biased by directly connecting at dc the drain of the NMOS
transistor to a separate 1.2-V power supply (Vpp_gurr). The
connection is open at AC since it is made with a microstrip TL
with a length that equals \/4 at f,. The output impedance of
the buffer stage is matched to 50 2 by adjusting the length of
the output and ac-shorted stub TLs as described in Section IV.

III. LC TANK COMPONENTS

A. Inductor

The inductor of the tank is a single-turn differential inductor
made with the two upper copper metal layers plus the aluminum
metallization layer. It has a patterned grounded shield. The in-
ductor was simulated using Agilent Momentum in RF mode (see
Fig. 4). The inductance and quality factor at 60 GHz are 90 pH
and 18, respectively.

B. Continuous Tuning Varactor

The varactors are implemented using a thick gate—oxide
available in the process that provides a capacitance ratio
Cv Fmax/CvFmin = 3 for voltages between 0 and 1.8 V.
Fig. 5 shows the simplified varactor cross-section and the
capacitance and quality factor curves. It is made with two
N+poly/Nwell varactors. The N+poly gates are each con-
nected to one of the two differential terminals (Out+, Out—).
They are placed in the same Nwell that is biased using a
common voltage (V.). The differential current path length is
thus minimized [14]. Larger values are obtained using an array
of n x m basic cells with a waffle structure for distributing the
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Fig. 5. Fine-tuning differential varactor structure, capacitance [red curve (in
online version)] and quality factor [blue curve (in online version)].

common signals (V. and the substrate biasing Subs), as shown
in Fig. 5.

C. Discrete Tuning Varactor

The tuning range of the VCO can be extended by adding
switched capacitors to the tank. Fig. 6 shows the most usual im-
plementation of the switching control circuitry. The main draw-
back of this approach is that the NMOS transistors used in the
switches contribute significantly to the PN of the oscillator. This
paper proposes a novel topology that uses a differential varactor
without switches to implement the switched capacitor. The V.
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Fig. 6. Conventional differential switched capacitor schematic.

TABLE I

COMPARISON OF SWITCHED MOM CAPACITOR AND SWITCHED VARACTOR

Parameter Switchcq 'Switched
MOM capacitors diff. varactor
Unit cell ON capacitance 2.09 fF 1.98 fF
Unit cell ON quality factor 4.54 4.56
Unit cell OFF capacitance 0.50 fF 0.54 fF
Unit cell OFF quality factor 8.1 16.5
VCO oscillation frequenc
(4 units ON, 3 unitquFF)y 60.57 GHz 60.22 GHz
VCO phase noise -92.45 dBc/Hz -99.46 dBc/Hz

@1MHz offset

(9.410"° V¥/Hz)

(2.06:10"° V*/Hz)

Contributions to phase noise

MNgy transistors flicker (ON 52% )
units) (4.9-10"° V¥/Hz)
. 11.6% 43.6%
MN,; and MN, channel noise (1.1-107 V/Hz) (0.9-107 VV/Hz)
3.3% 19.2%

MP; flicker noise

(0.3-10" V¥/Hz)

(0.4-10"° V¥/Hz)

signal of the varactor is directly connected to a digital signal that
switches the varactor ON or OFF by applying 0 or 1.8 V to the gate
of the N+poly/Nwell differential varactor. Table I compares the
performances of a switched capacitor implemented using both
techniques and the contribution to the VCO PN obtained by sim-
ulations. In this example, the switched capacitor circuit is im-
plemented using a low-threshold voltage N M sw with a width
of 1.5 pm and two standard threshold voltages N M r1, N M ro
with a width of 0.6 pym. All transistors have minimum length.
The capacitors are 1.63 fF metal-oxide—metal (MOM). The ON
and OFF voltage are 1.2 and 0 V, respectively.

The discrete tuning in the VCO is implemented using a
binary-scaled set of varactors composed of one, two, and
four units controlled by b0, b1, and b3 bits, respectively. The
digitally controlled differential varactor unit cell has an ON/OFF
capacitance and quality factor of 1.98 fF/0.54 fF and 4.5/16.5,
respectively, at 60 GHz. Such a low capacitance is extremely
difficult to measure directly. Fig. 7 shows the simulation results
obtained using the model provided by the manufacturer, which
result in an ON/OFF capacitance change of 1.34 {F for the unit
cell. The experimental capacitance change corresponding to
one LSB change as indirectly obtained from the oscillation
frequency measurements. It varies from 1.26 to 1.07 fF in
the lower and higher frequency range of the tuning curves,
respectively. This is in acceptable agreement with simulations
if one considers that the measurements are done at different
frequencies for each digital code. Other voltage-dependent
parasitic capacitances that vary with output frequency (because
large signal output amplitude varies as well) affect the accuracy
of the switched varactor capacitance value derived from the
measurements.
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capacitance and quality factor.

IV. PHYSICAL DESIGN AND MODELING TECHNIQUES

A. Physical Design and Integration of EM Models

The physical design is done simultaneously with the tran-
sistor level design and sizing procedure presented in Section II.
The layout of the interconnection between the varactors, the in-
ductor, and the active sections of the VCO core and the buffers
is optimized to reduce parasitic capacitance and inductance, as
shown in Fig. 8. This structure is simulated using an EM simu-
lator (Momentum from Agilent Technologies) to obtain a mul-
tiport S-parameter model. The layout is completed with addi-
tional recognition layers that associate the physical structure
with the model derived from the EM simulation. In this way,
the conventional layout-versus-schematic and extraction flows
can be used with the full-chip layout. The same modeling tech-
nique is used for the inductor, with and without the surrounding
structures, and the high-frequency pads. In the case of the in-
ductor, the surrounding structures just increase the inductance
at 60 GHz by 1 pH. The netlist resulting from the extraction
process contains the S-parameter models for the selected struc-
tures, the device models associated with the transistors and var-
actors pcells, and RC parasitic information for the remaining
interconnections.

B. Parameterized EM Modeling

The previous approach is suitable for fixed layout structures
requiring EM models. However, during the design of the output
buffer and the PN filter, the length of the TLs has to be adjusted
in the framework of an optimization process run at schematic
level. In this case, an alternative modeling approach has been
used.

The TL used in this study is illustrated in Fig. 9. This mi-
crostrip line is made up of a conducting strip on a dielectric in
parallel to a ground plane. In silicon technology, the conducting
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Fig. 8. Inductor layout (top) and interconnection of varactors and structure of
transistors (bottom).
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Fig. 9. Illustration of a silicon thin film microstrip line (leff) and cross section,
showing electric and magnetic fields (right).

strip is separated from the ground plane by one or several inter-
metal dielectrics. The electric and magnetic fields are orthog-
onal in the transverse plane (see Fig. 9).

The microstrip line design is dictated by several require-
ments. First, the characteristic impedance of a microstrip line
depends on its dimensions and the type of dielectric that sur-
rounds it. In the case of 65-nm CMOS technology, the only
degrees of freedom for adjusting the characteristic impedance
are the width of the line and the choice of the metallization
(M1-M6) layers. However, to make microstrip lines in CMOS
technology, the choices of width and height are also con-
strained by the technology design rules. Fig. 9 illustrates the
realization of a microstrip line using the top metal level (M6)
as a conducting strip and the two bottom metal levels (M1 +
M2) as ground plane. In order to fulfill metal density rules, the
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Fig. 11. Microstrip line characteristic impedance comparison between mea-
surement, EM simulation, and model used in this paper.

ground plane is made as a wired mesh. The behavior of this
plane is nearly identical to that of a continuous plane since the
“holes” opened in the metal layers are smaller than the signal
wavelength at these frequencies.

There are no losses due to the substrate on a microstrip line
since the ground plane masks it, which prevents the penetration
of the EM field in the substrate. In order to reduce the losses, the
only remaining degree of freedom is the metallization thickness
(if the skin depth is higher than the conductor thickness) and the
width of the microstrip conductor. However, taking into account
the design rules so as to keep a wide range of characteristic
impedances, the only practical option consists of using the last
thick metal level (M6) to reduce the series resistance.

Once the microstrip line construction is fixed, the second step
consists in using EM simulations to calibrate a parameterized
model suitable for sweep analysis and optimization during the
schematic design phase. In this paper, the Agilent ADS multi-
layer model has been used. This model takes into account the
microstrip line characteristics described earlier. Figs. 10 and 11
show a comparison between this model, the EM simulations and
the measurements. It is clear that this modeling approach offers
a very good level of accuracy with a loss difference of less than
1 dB for a TL that is 1 mm in length.
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Fig. 13. Simulation and experimental bias analysis of the VCO.

V. EXPERIMENTAL RESULTS

The proposed VCO circuit is implemented in a 65-nm bulk
CMOS process. A chip micrograph is shown in Fig. 12. The total
chip area is 0.98 mm?, which is pad limited. The oscillator core
fits in a rectangle of 152 ym x 350 pm, around 0.05 mm?. The
power supply for both the VCO core and output buffers is 1.2
V. They dissipate 15 and 9.6 mW, respectively. The fabricated
VCO is measured using wafer contact probes. One of the outputs
is terminated with a 50-Q2 load and the other one is connected
to a 67-GHz spectrum analyzer. The maximum frequency ob-
tained is 60.5 GHz for V, = 1.8 V and digital code “000.”Fig. 13
shows a comparison between simulation and measurement data
from a bias analysis of the VCO. The voltage that sets the core
VCO current is swept from 0 to 0.9 V. There is a good agree-
ment between simulation and experimental results for the bias
current and a constant error of 1.5 GHz for the oscillation fre-
quency. This has been quantified as an underestimation of 8.5
fF in parallel with the tank, which represents a 2.5% modeling
error. This discrepancy can also be observed in the comparison
between the simulated and measured tuning curves, as shown in
Fig. 14.

Tuning curves and output power are shown in Fig. 14. Output
power (after correcting for the probe and cables losses) is quite
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Fig. 15. Output spectrum and PN measurements.

constant: —9.8 dBm £0.5 dB. Fig. 15 shows the output spec-
trum corresponding to an oscillation frequency of 53.55 GHz.
The PN L(Af) ata Af = 1 MHz frequency offset ranges from
—99.35 dBc/Hz for fy = 53.55 GHz to —89.84 dBc/Hz for
fo = 57.60 GHz, which results in a very competitive FOM of
—182.2 dBc/Hz (see Table II). The fine tuning VCO gain varies
from 1.5 GHz/V in the extremes to 5.5 GHz/V in the center
of the tuning curves. Such a large gain complicates PN mea-
surements, requiring the spectrum analyzer to be operated in
single sweep since the VCO is measured in open loop and only
single-ended measurement were possible at 60 GHz. Both lim-
itations result in noisy curves, since no averaging or common
mode noise cancellation is possible.
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COMPARISON WITH PREVIOUS WORKS

Ref Tech. CC“;rGa]Ht;;qﬁ’ FTR (%) ALfAf) @ Ppc (mW) Osggﬁor Fvoﬁ Technique
/= | MHz (dBc/Hz) (dBc/Hz)

]Ss[éé% 90-nm CMOS 60 0.2 -100 19@1V -193 -159 Slow-wave mode
JSg3C]07 0.18-pm CMOS 40 20 -100.2 27T@ 1.5V -177.9 -183.9 Standing Wave
Jsgg06 0.13-um CMOS 56.5 9.8 -89 9.8@1.5V -174.5 -174.3 MOS varactor
MT[1§-]SO4 90-nm SOI 60 14 -94 9.6 @12V -180 -182.7 MOS varactor
ISS[g]CO7 65-nm SOIL 70.1 9.55 -1064 @ 10MHz S4@l12V -175.7 -175.3 MOS varactor
RF[I7(]308 65-nm CMOS 54 11.5 -118 @ 10 MHz 712@12V -184 -185.2 MOS varactor
MTTS200g  90mmCMOS 52 6 95 20@1V -176 471 MOS varactor
RF[Ig(%OS 130-nm CMOS 62 10 -90 39@ 1V -180 -180 MOS varactor
ICI\EIll\(/)I]T()S 130-nm CMOS 67 6 91 21@ 1.5V -174 -172 MOS varactor
VLS[I})I/]XTO9 130-nm CMOS 56.5 7 -93 @ 10 MHZ S@08V -160 -158 MOS varactor
RFI[(£,22]009 90-nm CMOS 64 8.75 -95 32@0.6V -186 -185 MOS varactor
This work 65-nm CMOS 56 17 -99.4 15@12V -182.2 -186.8 MOS varactor

FOM = L(Af) — 201og (i-”f) +101log <1P°‘§N)

VI. CONCLUSION

The fabricated VCO has been forecasted to be used in a 5-GHz
low IF (LIF) architecture, and has a central-frequency of 56
GHz. It archives a continuous FTR between 6.53 and 7.15 GHz,
depending on the tuning curve selected with the 3-bit digital
code. The digital control, which operates directly on the varactor
without any additional switch, is able to change the oscillation
frequency by an average of 310 MHz/bit when Ve = 0V and 390
MHz/bit when V¢ = 1.8 V. This corresponds to a capacitance
change of 1.07 and 1.23 fF/bit, respectively. Such a small change
in capacitance opens the door for digitally controlled oscillators
operating at millimeter-wave frequencies since even smaller
capacitances can be implemented with this technique [17]. The
total tuning range is 9.3 GHz, i.e., 17%, which is larger than any
other millimeter-wave LC-VCO previously reported [2]-[12].
If the tuning range is taken into account, the VCO results in a
state-of-the-art FOMr of 186.8 dBc/Hz.
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