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A 10GHz LC Voltage-Controlled Oscillator in 0. 25um CMOS
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Abstract: A monolithic 10GHz LC voltage-controlled oscillator (VCO) is implemented in standard 0. 25,m CMOS tech-
nology. The VCO adopts an optimized symmetric circular inductor with center-tap,an accumulation-mode MOS (A-MOS)
varactor in series with a passive metal-isolator-metal capacitor (MIM-CAP) and a tail current source with an LC filter to
operate with high-frequency and low-noise resulting in — 103. 2dBc/Hz at 1MHz offset from carrier frequency of
10. 2GHz and approximately 11. 5% tuning range. With a 3. 3V supply voltage, the core circuit consumes 9.9mW. The chip

area is 0. 67mm X 0. 58mm.
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1 Introduction

With the rapid development of CMOS technolo-
gy,it is possible to realize transceivers with low-cost
CMOS technology for high bit rate transmission sys-
tems. A high performance VCO is the critical compo-
nent of these transceivers, usually used in clock and
data recovery circuits. Compared with relaxation os-
cillators and ring oscillators, LC-tuned oscillators can
offer lower phase noise and improved frequency sta-
bility, which are important for communication sys-
tems. Such VCOs have been implemented in 0. 25pm
CMOS with modified substrate'’’, 0. 18;m CMOS™',
0.13pm CMOS." and 0. 13xm CMOS with only simu-
lation results*' . The VCO proposed in this paper has
been implemented in standard 5-metal 0. 25,m CMOS
technology,focusing on the optimization of the high-
QO inductor, the high-Q varactor, and the low noise
tail current source to achicve low phase noise per-
formance.

2 Circuit design

2.1 Topology

The presented VCO has a topology of an nMOS
cross-coupling differential pair,an nMOS tail current
source,and an LC-tank together with an nMOS dif-
ferential output buffer for measurement. The detailed
circuit configuration is shown in Fig. 1. All-nMOS
structures, including two cross-coupled transistors,
were chosen instead of the complementary structures
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with four transistors presented in Refs.[2,5], which
yields a larger parasitic capacitor and decreases the
tuning range and operating frequency. The structure
shown in Fig. 1 is suitable for low voltage operation.

Compared with traditional nMOS cross-coupled
LC-VCO, R, is introduced in Fig. 1 to reduce the DC
voltage drop across the channels of M1 and M2 with
the consequence of weaker velocity saturation and a
smaller y"°/. Moreover, this configuration can weaken
the cross-coupled transistors’ body effect and im-
prove the waveform symmetry slightly. To reduce
phase noise around carrier, the Q-enhanced varactor
is presented as well as an optimized tail current source
with an LC filter. The details will be described in the
following sections.
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Fig.1 Schematic of the VCO
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Common node

Fig.2
(b) Lumped RLC equivalent circuit

(a) Layout of the symmetric inductor with center tap;

2.2 Inductor

Due to a lack of an inductor operating up to
10GHz in the process design kits,a symmetric induc-
tor with center-tap, whose self-resonant frequency is
>10GHz, has been optimized to meet this require-
ment. Since polygon spirals with more than four sides
have an improvement in Q-factor up to approximate-
ly 10% over square ones ®' ,especially at high frequen-
cy,it is an advantage to draw the inductor to be circu-
lar,as shown in Fig. 2 (a).The symmetric circular in-
ductor has an optimum geometry of 10pm metal
width, 3um spacing, an 80pm hollow diameter, and
1. 5pm metal thickness.

The fully symmetric spiral inductor is designed
for the VCO of Fig.1 with a differential structure.
Unlike the traditional differential VCO using a pair
of asymmetric inductors spaced far enough to limit
unwanted coupling,the presented VCO takes a single
coil to realize two symmetric inductors, which occu-
pies smaller die area. When driven differentially, the
current flows in the same direction along each adja-
cent conducting strip. Consequently, the whole mag-
netic field is reinforced and the overall inductance is
increased with the same die area consumption. This is
called mutual inductance. In addition, differentially
excited inductors are less affected by substrate para-
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Fig.3 Simulated equivalent inductance (a) and Q-factor half
of the symmetric inductor (b)

sitics, resulting in higher Q-factors and higher self-
resonant frequencies than their single-ended equiva-
lents'” .

In order to work with other devices.a compact
and accurate Spice model should be extracted from
the inductor’ s layout. First, two-port S-parameters
are extracted from the layout with the aid of a 2. 5-di-
mensional electromagnetic simulator of Agilent’ s
ADS-momentum. Then,a proper lumped RLC equiva-
lent circuit,shown in Fig. 2 (b),is selected to fit the
S-parameters. Finally, optimum parameters of the e-
quivalent circuit are achieved to fit the two-port S-pa-
rameters.

As shown in Figs. 3 (a) and 3 (b),the simulated
equivalent inductance and Q-factor of the half of the
symmetric inductor excited differentially are 0. 96nH
and 10. 2,respectively.

2.3 Varactor

A MOS varactor working in accumulation mode,
called an A-MOS varactor,has a larger tuning range.
more compact geometry, and a somewhat higher Q-
factor than other types of MOS varactors-*!,such as
B=D=S MOS varactors and inversion-MOS (I-MOS)
varactors.

Benefiting from the rapid progress of the MOS
technology,the model of such a varactor is available
in a standard 0. 25,m CMOS technology provided by
TSMC. Unfortunately, its Q-factor drops quickly
when operating at high frequency. At 10GHz, the sim-
ulated capacitor value and Q-factor curve versus tun-
ing voltage of this A-MOS varactor are plotted in
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Fig.4 Simulated A-MOS varactor’s capacitor value (a) and Q-
factor curve versus tuning voltage (b)

Figs.4 (a) and 4 (b). It shows a poor Q value,below
10 in some cases. To overcome the Q-factor drop at
high frequency, the varactor in the LC-tank is con-
nected in series with MIM-CAP possessing high self-
resonant frequency and a large Q-factor,as shown in
Fig. 1. Such a configuration can impair the Q-factor
dropping trend effectively. The cost is the simultane-
ous attenuation of the voltage-dependent capacitor,or
the tuning range in other words. The improved struc-
ture’s tuning characteristics presented in Figs. 5 (a)
and 5 (b) proves this prediction.

The voltage-dependent capacitor of LC-tank in
VCO can convert the low frequency amplitude noise
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Fig.5
factor curve versus tuning voltage (b)

Improved A-MOS varactor’s capacitor value (a) and Q-

around oscillation frequency into phase noise. Such
low-frequency amplitude noise comes primarily from
the tail current source, 1/f noise for example. The
most attractive aspect is that the proposed varactor
configuration above can prevent the low frequency
noise from passing across the A-MOS varactor, bene-
fiting from a fixed small MIM-CAP in series with the
varactor. An array of switchable fixed binary-weigh-
ted capacitors is also reported elsewhere to suppress
the same effect™'".

Another advantage of the varactor’s configura-
tion shown in Fig. 1 is the capability to eliminate the
parasitic n-well to p-sub capacitor as long as the n-
well is treated as a common node. Also, it is conven-
ient to tune the varactor differentially through V.
and V.. presented in Fig. 1.

2.4 Tail current source

The noise from the tail current source can affect
the VCO’s phase noise significantly through up-con-
version. The noise in the vicinity of f, and its odd-or-
der does not influence the phase noise. Otherwise, the
noise around 2N f, has an obvious effect on the phase
noise and the low-frequency noise of the tail current
source. According to the principle above,a bypass ca-
pacitor C;,shown in Fig. 1, is introduced to shunt
M3’s high frequency noise around 2N f, (N= 1) to
ground. On the other hand, the C,; degrades the AC
impedance of the tail current source, which leads to
QO-factor degradation if either M1 or M2 is driven in-
to the triode range'"'. To avoid this degradation, a
parasitic inductor L .in series with M3,is chosen to
resonant at 2f, in parallel with the parasitic capacitor
C,,illustrated in Fig. 1. As a result, the high frequency
noise from the tail current, particularly around 2N f,
(N= 1) .,can be reduced effectively, but not low fre-
quency noise such as 1/f noise. However, the per-
formance is satisfactory if the tail current source is
with the proper size and the symmetry of the wave is
perfect.

2.5 Phase noise prediction

Treated as linear time variant (LTV) system,an
oscillator’s phase noise can be predicted with transi-
ent simulation'’. With an injected charge 18fC, the
simulated impulse sensitivity functions (ISFs) of M1
and M3 are shown in Figs. 6 and 9, respectively. Fig-
ures 7 and 8 are the normalized noise modulation
function (NMF) and the effective ISF of M1. The
simulation is implemented in SmartSpice.

The parameters calculated from the device char-
acteristics and extracted from the simulation results a-
bove are listed in Table 1. Based on these parameters,
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the VCO’ s phase noise is predicted in Fig. 10, in
which the phase noise values at different frequency
offsets are illustrated. In particular, the predicted
phase noise 1/f° corner frequency is about 1. 2MHz.

3 Measured results
The monolithic LC VCO is fabricated in a TSMC

0. 25ym CMOS mixed signal process. Figure 11 shows
the photograph of the chip,which occupies an area of

Table 1 Parameters for phase noise prediction
Noise T2/Af )
C? C /s/Hz
source | /(A?/Hz) 4 = f fur/
M1 7.47X10°%] 2.5 0.0402 0.0042 1.14 %107
M3 8.68X10°2%| 2.5 [1.32x10°6{1.32%X10°6 | 148.5%x10°

-73.1dBC/Hz @ 100kHz
-93.2 dBC/Hz @ 500kHz
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Fig.10 Predicted phase noise

Fig.11

VCO photograph

0. 67mm X 0. 58mm including output buffer and all test
pads. The measured results on the probe station indi-
cate that the circuit consumes 3mA of current with a
3.3V supply,excluding the output buffer.

Figure 12 shows the oscillation frequency of the
VCO as the control voltage (Vi — Venz) is varied.
According to the measured results, a tuning range of
approximately 11. 5%, from 9.97 to 11. 12GHz, is a-
chieved. Figure 13 is the transient waveform of the
VCO, whose peak-peak amplitude is 220mV on 500
load.

The frequency spectrum, power and phase noise
of the VCO’s single-end output, measured by an Agi-
lent E4440A spectrum analyzer,are shown in Figs. 14
and 15.
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Fig.15 Phase noise

The phase noise at IMHz offset from a carrier of
10. 2GHz is — 103. 2dB¢/Hz and the figure of merit
(FOM) is — 173. 4dBc¢/Hz, calculated from the fol-
lowing definition"'! ;

FOM = L(fup) — 201g<&)+ 101g<ﬁ>
where fu. 1S the frequency offset, f; is the oscillation
frequency, L ( foie ) 1s the phase noise at foy »and P
is the power consumption. The VCO presented in this
paper is comparable to other 10GHz LC-VCOs pub-
lished elsewhere and summarized in Table 2.

Table 2 Comparison with published LC-VCOs

. Tuning Power
CMOS Phase noise . FOM
Reference range |consumption
process /(dBc/Hz) o /(dBc/Hz)
/% /mW
[2] 0.18um | —89@100kHz 11 5.8 -181.4
[3] 0.13pum - 95@1MHz 15 14.4 -163.4
[4] 0.13um - 99@1MHz 37 3.6 -173.4
[13] 0.18ym | —101@1MHz | 4.5 9 -171.5
[14] 0.18um | —105@1MHz 12 7.2 -176.4
This work | 0.25um |- 103.2@1MHz| 11.5 9.9 -173.4

4 Conclusion

A monolithic 10GHz LC VCO has been imple-
mented in TSMC 0. 25,m CMOS technology. An opti-
mized symmetric inductor, a Q-enhanced varactor,
and a low noise tail current source are helpful to im-
prove the VCO’s performance. The measured results
show a tuning range from 9.97 to 11. 12GHz and a
phase noise of — 103. 2dBc/Hz at 1MHz offset from
10. 2GHz carrier. With a 3. 3V supply.the core circuit
consumes 3mA of current. Experimental results indi-
cate the possibility of integrating a 10Gb/s clock and
data recovery circuit for SONET communication in
low-cost 0. 25;m CMOS technology.
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