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Abstract—The distribution and alignment of high-frequency
clocks across a wide bus of links is a significant challenge in
modern computing systems. A low power clock source is demon-
strated by incorporating a buffer into a cross-coupled oscillator.
Because the load is isolated from the tank, the oscillator can
directly drive 50-Ohm impedances or large capacitive loads with
no additional buffering. Using this topology, a quadrature VCO
(QVCO) is implemented in 0.13 um digital CMOS. The QVCO
oscillates at 20 GHz, consumes 20 mW and provides 12% tuning
range. The measured phase noise is — dBc/Hz @ 1 MHz
frequency offset. A clock alignment technique based upon injec-
tion-locked quadrature-LC or ring oscillators is then proposed.
Although injection-locked oscillators (ILOs) are known to be
capable of deskewing and jitter filtering clocks, a study of both
LC and ring ILOs indicates significant variation in their jitter
tracking bandwidth when used to provide large phase shifts. By
selectively injecting different phases of a quadrature-LC or ring
VCO, this problem is obviated resulting in reduced phase noise.
The technique is demonstrated using a LC QVCO at 20 GHz while
burning only 20 mW of power and providing an 8 dB improvement
in phase noise. A ring oscillator deskews a 2 to 7 GHz clock while
consuming 14 mW in 90 nm CMOS.

Index Terms—Clock deskew, injection locking, jitter filtering,
Q-VCO, ring oscillator.

. INTRODUCTION

HE energy efficiency of high-speed parallel 1/Os is lim-
T ited by the power consumption of the clocking circuits
including clock source, buffers, delay elements and duty cycle
correctors. To reduce the power consumption per link, a shared
clock source may be used where the phase of the VCO is locked
to an external low-jitter [1], [2]. Due to the significant capaci-
tive loading on the clock distribution network, several CML and
CMOS inverters are used as buffers [3]. In this work, we pro-
pose a VCO with an inherent buffer that re-uses the VCO bias
current and provides large driving capacity without additional
power consumption. Section Il will discuss low power VCO
architectures: Colpitts, cross-coupled and proposed VCO. Im-
plementation and experimental results will also be given in this
section.
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Fig. 1. Shared clocking for high density 1/0 [1]-[4].

Each link’s receiver must compensate for the link’s skew with
a deskew circuit [4], [5] (Fig. 1). Apart from phase alignment,
the deksew block also provides amplification, duty cycle correc-
tion and jitter filtering to recover high quality clock. An injec-
tion locked oscillator (ILO) is an efficient way of providing all
these functionalities; by detuning the oscillator’s free-running
frequency away from the input frequency, a controlled phase
shift is introduced to the clock path [6]. A problem with this ap-
proach has been that for large phase shifts considerable varia-
tion is observed in the jitter tracking bandwidth and output clock
amplitude [7]. In this work, by selectively injecting either one or
the other side of a quadrature VCO (QVCO), the required phase
adjustment range is cut in half. Section I11 will provide some the-
oretical ground work for ILO-based clock deskewing, demon-
strating that the variation in jitter tracking bandwidth is funda-
mental to both LC and ring ILOs. Following that, Section IV will
discuss the deskew technique including experimental results for
both LC and ring oscillators.

Il. Low Power VCO ARCHITECTURE

We will first discuss two existing LC VCO topologies: cross-
coupled and Colpitts. Finally, the proposed architecture which
combines the benefit of both topologies will be discussed.

A. Cross-Coupled Oscillator

A cross-coupled LC VCO topology and its equivalent half cir-
cuitis shown in Fig. 2. Here, the ideal gain of —1 is furnished by
the cross-coupling to provide a negative resistance of —g,,,. The
tank consists of an inductor L and tunable capacitance C,,;..
The tank loss is mainly dominated by the inductor series re-
sistance Rs which also determines the inductor quality factor
Q1 = wL/Rs. The series resistance Rs can be converted to
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Fig. 2. (a) Conventional cross-coupled LC VCO. (b) Equivalent half circuit.

its parallel equivalent, Rp = (Q2 + 1) Rs. To meet the oscilla-
tion condition, the negative resistance must compensate the tank
loss:

o> o )
P wol(Qr”+1)

In the above expression @y, is the quality factor at the reso-
nance frequency, wy. Assuming this condition is met, the oscil-
lation frequency is determined by the inductance and the capac-
itance of the tank

1 1
'\/LCeq B '\/L(Cvar + CL) .

Here, C'r, models any additional capacitance connected to the
tank node. The tank amplitude (Vi.nx) is related to the dissi-
pated energy at the tank (FE..,x) by the energy conservation
theorem

o)

wo ~

2 2Etank

V;fank = = ZEtankWOQI“ (3)

The expression indicates that in the current limited region, for
a given energy, tank swing increases with inductance. The de-
sign and optimization of cross-coupled oscillators are governed
by above (1)—(3). As explained in [8], for a given frequency
(i.e., LC, constant), increasing L/C,, results in higher tank
impedance at resonance and as a result oscillation amplitude in-
creases. Thus one can maximize L/C., ratio to achieve larger
tank swing, lower phase noise and lower power consumption
[8]. This optimization technique is useful until the oscillator’s
voltage swing is limited by supply headroom constraints. Be-
yond that, increasing L/C., can degrade VCO performance [9].
However, applying this approach to a 20+ GHz VVCO design in
0.13 pm CMOS results in a very small C.,. Since most of C.,
will be consumed by the load capacitance C,, the varactor must
be made small resulting in small tuning range [10]. On the other
hand, reducing the L/C., ratio significantly compromises tank
amplitude, phase noise and power consumption. An additional
buffer stage is often used to reduce C7, at the cost of additional
power consumption.

B. Colpitts VCO

Colpitts VCOs, are widely used in wireless applications
due to their robustness to parasitics. Fig. 3 shows the single
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Fig. 3. (a) Conventional Colpitts VCO. (b) Modified Colpitts VCO. (c) Equiv-
alent half circuit.

ended implementation of two variants of the Colpitts VCO:
Fig. 3(a) is the well known conventional Colpitts and Fig. 3(b)
is a CMOS implementation of the bipolar microwave oscillator
discussed in [11]. The implementation in Fig. 3(b) provides
inherent buffering [11]: the tank is coupled to the load only
through C¢p, whereas, in Fig. 3(a) the load capacitance (Cp)
is directly across the tank. This is the main advantage of this
modified Colpitts VCO. Considering g,, as the small-signal
transconductance of M; and ignoring the effect of Csp, the
input impedance (Z;,) looking into the gate of M; can be

written as
—Om 1 1 1
_Im + — <— + ) . 4)

Zi'n =
o w2Cl Cvar Jw Cl Cvar

This leads to the equivalent circuit representation as shown in
Fig. 3(c). If Rs models series tank losses, the condition to en-
sure oscillation of the Colpitts VCO is

9m
(4)201 sz,r

The frequency of oscillation can also be derived from the
equivalent circuit shown in Fig. 3(c):

> Rs. ®)

1 1
Wy & = = — (6)
VI LS

Note that, unlike the cross-coupled topology, the oscillation
frequency is independent of load capacitance (C'r.), which sig-
nifies the inherent buffering of the modified Colpitts oscillator.
The oscillation condition can be written as a function of the
equivalent parallel resistive losses Rp

w02
9m Z R—PL(Cl + Cvar)~ (7)
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Fig. 4. Colpitts VCO in [12].

Combining (6) and (7), the oscillation condition can be
written as

2
oz L (Ot G’
RP Cl Ovar

The factor (Cy + Cyar)/(C1Char) Can be minimized by
choosing C; = Clq., Which leads to the minimum required
transconductance to ensure oscillation: g,, = 4/R,. Compared
to the cross-coupled topology, the Colpitts oscillator requires
4 x additional transconductance which translates into signifi-
cant additional power consumption. This becomes a concern in
wireline applications such high-speed 1/0s, where typically the
inductor Q is less than 5.

In summary, the Colpitts topology provides good tuning
range and output power but consumes a lot of power. On the
other hand, cross-coupled VCOs consume less power, but
require an additional buffer and are more susceptible to load
parasitics [13].

®)

C. Proposed VCO

Cross-coupled and Colpitts VCOs have been previously com-
bined in [12] as shown in Fig. 4. In [12], the bottom cross-cou-
pled pair is used to relax the oscillation condition and improve
noise performance. However, note that the tank in this case in-
corporates the VCO’s output node making it impossible for this
topology to be used to directly drive large capacitive or small-re-
sistance loads. The circuit behaves basically as a Colpitts oscil-
lator with improved noise performance. In this work the oscil-
lations are sustained mainly by M; which is designed to con-
tribute larger negative resistance than M,, hence it primarily
behaves as a cross-coupled oscillator but the tank buffered from
the load by M.

In this work we proposed the topology shown in Fig. 5,
which combines the useful properties of both Colpitts and
cross-coupled VCO topologies: the inherent buffering of the
Colpitts VCO and the low-power oscillation of the cross-cou-
pled VCO. In this architecture, transistor M, is introduced in
the tank to provide several functionalities: (2) as in the modified
Colpitts topology, it decouples the LC tank from the load
capacitance; (b) it provides a negative resistance which relaxes
the oscillation condition and improves the effective @@ of the
tank; and (c) unlike the cross-coupled oscillator, the buffer
capacitance Cgg is in series with C,,,.. For small C,,,. and
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Fig. 5. (a) Proposed VCO. (b) Equivalent half circuit.

C.q, as in the case of 20+ GHz VCOs, this combination can
absorb more buffer capacitance and still maintain the required
tuning range. Effectively, M, serves as a buffer which can
directly drive 50-ohm or large capacitive loads. Since it uses
the same VCO bias current, there is no additional DC power
consumption. Output signal swing is determined by the VCO
current and load impedance. Ry, = 50 Q provides direct output
matching at the cost of headroom. If higher output swing is
required, high impedance tuned load can be used. To maximize
the swing and to avoid additional noise contribution, we do
not include a current source in the bottom of the cross-coupled
differential pair [8]. This poses no problem if the power supply
is well decoupled or regulated.

To identify the effect of M5 on tank impedance, the equivalent
circuit is drawn in Fig. 5(b), from which the following nodal
equations may be written:

(%)
(9b)

,LT = - (gm2 + SCGS)
vy = —v1(1 + s°LOgs).

The equivalent admittance looking into the source of Mj is

ie _ gm2 + sCas

Vg 1 + 52LCgs ’ (10)

Yz =
If Rp models total tank losses, the equivalent tank admittance
is

Ytank = Yz + Yvaractor + Yioss
gm2 +5(CGS +Cva7‘ +s LCGSCUG,T) + L
1+ s2LCgs Rp’
At resonance, the tank admittance must be real. Thus, the oscil-
lation frequency can be found by equating the imaginary part to
Zero

(11)

12)

wOSC -

CasCuar_
G W
To sustain oscillation at this frequency, the bottom cross-cou-
pled transistors must provide sufficient negative resistance to
overcome the tank losses
Cra 1
Cas ~ Rp
This oscillation condition is same as the cross-coupled case

with one additional factor: the negative resistance contributed by
gm2, Which allows additional power savings. Note that there are

(13)
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two sources of negative resistance here: the bottom cross-cou-
pled pair provide a negative transconductance, —g,,1 and the top
transistors My provide —(Cuar/Cas)gma. As a result this os-
cillator has two possible modes of operation: (i) as a Colpitts
VCO, when the negative resistance provided by M is suffi-
cient to compensate the tank losses, similar to [12]; or (ii) as
a cross-coupled VVCO, when the negative resistance due to M;
dominates the oscillation condition. The cross-coupled mode
of oscillation requires less power consumption, and hence is
the main focus of this work. In this configuration C,,/Cgs is
chosen to provide sufficient tuning range and M5 is sized such
that its gate drain capacitance is small enough to isolate the tank
from the output nodes. As a result, the negative resistance of the
top transistors is less than 30% of that contributed by the bottom
pair.

The effective quality factor (Q:.nx) for this equivalent tank
can be expressed as

Re{Ztank} _ 1
wo L a wo L (RLP -
Itis useful to express this effective tank quality factor in terms
of inductor quality factorQ;, = woL/Rs.
Qr

Cuar ’
1- RP Cas Im2

Qtank ~ (14)

Cgs

Cuar '
gm2)

Qta,nk ~ (15)

Note that, in the absence of transistor Ms(g.,2 = 0), the tank
quality factor is equal to the inductor quality factor. However,
in the presence of Mo, it is possible to improve the tank quality
factor well beyond Q. For example, consider a 500 pH in-
ductor with a quality factor of 4 used to design a 20 GHz VCO.
Choosing Cyr/Cas = 0.25 and g2 = 10 mS, we can im-
prove the tank Q beyond 10, which results in a 2.5 x improve-
ment in tank swing. This is particularly useful when designing
LC-VCOs in digital CMOS process, where the lossy substrate
limits the inductor Q to approximately 4 or 5. For comparison,
the proposed tank is simulated with and without g,,,» as shown in
Fig. 6. Note that, the improvement in tank amplitude is a direct
effect of the improved quality factor. Using similar approach
as described in [14], oscillation amplitude can be derived from
Fig. 5(b). In the current limited region, the single ended ampli-
tude of the voltage across the inductor can be written as

2 1
VG ~— 1 0 IDC (16)
nm\ &y~ EGMQeff
C’l)(l’l‘
= """ 17
K CGS + Cvar ( )

Here, G5y is the large signal effective transconductance of
the transistor M. The voltage across gate and source terminal
of M, can be written as

2(1 — 1
VGS ~ ( 77) 1 7 IDC- (18)
nmw 7y~ T2 OMacss

Simulated oscillation amplitude is in good agreement (within
15%) with these two expressions. The simulated phase noise
of this 20 GHz VCO at 1 MHz offset was —105 dBc/Hz. The
major noise contributors are summarized in Table I. Simulation
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Fig. 6. (a) Simulated tank with and without ... (b) Equivalent tank
impedance (magnitude and phase) over the tuning range.

TABLE |
PHASE NOISE CONTRIBUTION OF EACH NOISE SOURCE
Noise Source | Contribution
(M7) 2%
Inductor Loss 28%
(M2) 20%
Varactor 6%

results also demonstrate that a 20% variation in C,,,, is suf-
ficient to provide greater than 10% tuning range. To study the
effectiveness of M, as a buffer, we observed the VCO perfor-
mance over a large variation of load capacitance from 100 fF to
1 pF. For My = 16 um, the frequency variation is only 50 MHz,
the phase noise variation is less than 0.5 dB, and the oscillation
amplitude varies less than 3%. However, as we increase the size
of Mo, its effectiveness as a buffer degrades. As shown in Fig. 7,
for My = 30 um, a load capacitance variation from 100 fF to
1 pF results in 200 MHz variation in frequency, 1.5 dB varia-
tion in phase noise and 7% variation in oscillation amplitude.
Variation in the value of Ry, from 10 to 70 ohm has even less
effect than variations in C.. Larger values of Ry, will result in
headroom issues. A comparison of key VCO parameters for all
three topologies is summarized in Table 11, which supports the
qualitative discussion: the proposed VCO essentially combines
the benefits of both the cross-coupled and Colpitts topologies.

D. QVCO Implementation

Three existing methods for generating quadrature clock
signals are: 1) a VCO followed by C-R, R-C filters, 2) a
differential VCO of twice the frequency followed by rising-
and falling-edge trigged dividers, and 3) a Q-VCO formed by
coupling two differential VCOs. The first technique results
in significant additional power consumption in the buffers
driving the passive filter. The second technique requires the
design of a 40 GHz VCO and dividers in 0.13 pm digital
CMOS which would be difficult and power consuming. Thus
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Fig. 7. Effect of load capacitance variation on (a) oscillation frequency and (b) phase noise.

Fig. 8. Implementation of QVCO architecture, test set up and detail schematic of QVCO.

TABLE 11
VCO TOPOLOGY SUMMARY

for quadrature signal generation at 20 GHz, we focus on the
third approach: a Q-VCO. A quadrature version of the pro-
posed VCO is implemented by coupling two differential VCOs
operating at the same frequency. In-phase coupling, with a
coupling factor greater than 0.25, ensures quadrature phase
generation. Coupling was provided using additional devices
M (Fig. 8). Quadrature (4-phase) VCOs in general have
several disadvantages compared to their differential (2-phase)
counterparts: a) due to the additional DC power consumption
in the coupling devices, the power consumption of a quadrature
VCO is usually more than twice the power consumption of a
differential VCO at the same frequency; b) in the quadrature
implementation, both tanks operate slightly off resonance due
to mismatch which results in higher phase noise and reduced
tank impedance compared to a differential implementation.
This QVCO is implemented in 0.13 um digital CMOS, typ-
ical for high speed 1/0s (Fig. 9). There were five metal layers
available with the top layer being less than 1 pm thick. Poly, Fig. 9. Die photo of the implemented Q-VCO in 0.13 m CMOS.
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