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CMOS Oescillators for Clock Distribution and
Injection-Locked Deskew
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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 pm digital CMOS. The QVCO
oscillates at 20 GHz, consumes 20 mW and provides 12% tuning
range. The measured phase noise is —101 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.

I. INTRODUCTION

HE energy efficiency of high-speed parallel I/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 II 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 I/O [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 III 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.

II. 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-
cuit is 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,q;..
The tank loss is mainly dominated by the inductor series re-
sistance Rg which also determines the inductor quality factor
Q1 = wL/Rgs. The series resistance Rg can be converted to
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Fig. 2. (a) Conventional cross-coupled LC VCO. (b) Equivalent half circuit.

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

o> o M
P wol(QL”+1)

In the above expression (), 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, models any additional capacitance connected to the
tank node. The tank amplitude (V;,,1) is related to the dissi-
pated energy at the tank (F.,,x) by the energy conservation
theorem

(@)

wo ~

2 2Etank

V;fank = = 2EltankWO?[h (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 VCO design in
0.13 pm CMOS results in a very small C.,. Since most of C.,
will be consumed by the load capacitance C7p,, 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 C', 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 Cg p, whereas, in Fig. 3(a) the load capacitance (C'r,)
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 Cgp, the
input impedance (Z;,) looking into the gate of M; can be

written as
—0m 1 1 1
_Im + — <— + ) . 4

Lin =
" w2clcvar 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
W2OI sz,r

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

> Rs. )

1 1
W, R == = — . (6)
VI LS

Note that, unlike the cross-coupled topology, the oscillation
frequency is independent of load capacitance (Cp,), 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
Im Z R—PL(Cl + Cvar)- (7)

Authorized licensed use limited to: The University of Toronto. Downloaded on August 16, 2009 at 11:56 from IEEE Xplore. Restrictions apply.



2140

Fig. 4. Colpitts VCO in [12].

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

1 (Cl + Cvar)2

m - 8
Gm = RP Clcvar ( )

The factor (Cy + Cyar)/(C1Char) can be minimized by
choosing Cy = Clq4r, 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 I/Os, 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 Ms.

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 M5 is introduced in
the tank to provide several functionalities: (a) 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.

Ceq. 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. R;, = 50 € 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:

(9a)
(9b)

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

The equivalent admittance looking into the source of M is

ie _ gm2 + sCas

= . 10
Vg 1+ s2LCgs (10

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

Ytank = Yz + Yvaractor + Yioss
gm2 +5(CGS +Cvar +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

Y

(12)

wOSC -

CasCuar
Ceq \/LCGSJFCUGT
To sustain oscillation at this frequency, the bottom cross-cou-
pled transistors must provide sufficient negative resistance to
overcome the tank losses
Cra 1
1

Gm Cas R’y

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 Ms provide —(Cyar/Cis)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 VCO, 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,4,/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¢qnk) for this equivalent tank
can be expressed as

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

Cuar ’
1- RP Cas Im2

Qtank ~ (14)

Cuar '
gm2)

Cgs

Qta,nk ~ (15)

Note that, in the absence of transistor M5 (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 Q1. For example, consider a 500 pH in-
ductor with a quality factor of 4 used to design a 20 GHz VCO.
Choosing Car/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,,5 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)
N\ 7y — 125 OMacsf
C’U(l’l‘
= """ 17
K CGS + Cvar ( )

Here, G'ar,c 5 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) 1
Vas = Ipc. 18
Gs o ( T LGMQS”) DC (13)

Rp 1-n

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 1
PHASE NOISE CONTRIBUTION OF EACH NOISE SOURCE
Noise Source Contribution
(M) 2%
Inductor Loss 28%
(Mz2) 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 M> = 16 pum, 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 M,, its effectiveness as a buffer degrades. As shown in Fig. 7,
for M> = 30 pm, 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 R, from 10 to 70 ohm has even less
effect than variations in Cp,. Larger values of Ry, will result in
headroom issues. A comparison of key VCO parameters for all
three topologies is summarized in Table II, 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.
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TABLE II
VCO TOPOLOGY SUMMARY

Frequency of Oscillation Minimum Required g,, Tank Quality Factor
Cross-Coupled fosc = 27r\/L(Cva7‘ + CL))_l 2 RLP Qtunk ~ QL
Colpitts fose = QW\/L Ccla_ccl:::' )41 > R Qtank ~ QL
_ CasCuvar \—1 Cunr Qr
Proposed VCO Josc = 27T\/L C(;S+Cvar') > (RP gm2) Qtank ~ 1—Rp S Cvar g -

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 pm digital CMOS, typ-
ical for high speed I/Os (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 pm CMOS.
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Fig. 11. Summary of VCO performance. (a) Measured tuning range output power and (b) phase noise of the Q-VCO at different frequencies.

metal 1 and metal 2 is used as metal fill under the inductor
and all metal layers (1-4) except metal 5 are used inside the
inductor loop to meet the metal density. Both the single turn
inductor used in the tank and the inductor in the load is built
with the top Metal layer, metal 5. For a 500 pH inductor, a Q)
of 4 was achieved which translates to an Rp of 267 Q. Cgs
and C,,, were chosen to be 360 fF and 140 fF respectively,
which provide an equivalent capacitance of 100 fF. The min-
imum transconductance required to meet the oscillation condi-
tion was found to be 5 mS. With some safety margin, a transcon-
ductance of 10 mS was chosen with each transistor (W7 =
16 pm) consuming 3 mA of current. Each coupling device M¢
(We = 5 pm) consumes another 1 mA of current. Taking ad-
vantage of the transistor M5, no additional buffer is used and
the VCO directly drives on-chip 50-ohm termination in parallel
with 50-ohm off-chip termination. A 300-um length of trans-
mission line connects the VCO outputs to probe pads. The com-
plete Q-VCO consumes 16 mA of current from a 1.2 V supply
and it can provide a clock swing of 200 mV peak-to-peak per
side across 25 ohm effective loads. For comparison, we designed
both Colpitts and cross-coupled VCO with the same inductor
and equivalent tank capacitances. The Colpitts VCO consumed
four times additional power resulting in a total power consump-
tion of 100 mW. On the other hand, the cross-coupled VCO con-
sumed the same power as the proposed one. However, to pro-
vide the same swing at the load, an additional CML buffer was
required, consuming an additional 16 mA of current and thus
raising the total power consumption to 50 mW. Furthermore,
the cross-coupled VCO had a lower tuning range because the

buffer’s input capacitance is in parallel to the tuning capacitor
and thus dominates the tank capacitance [10].

E. Measured Results

Measured results of the QVCO are summarized in Figs. 10
and 11. The VCO can be tuned from 18.3 GHz to 20.75 GHz
providing 12% tuning range. Including the on-die transmission
line and pad, the total output load capacitance is estimated at
220 fF. The per-side output power measured in a 50-ohm envi-
ronment varied from —11.5 dBm to —17.5 dBm over the tuning
range. The reduced output power at higher frequency is due
to reduced load impedance and reduced tank impedance. This
also significantly increases phase noise. A captured spectrum,
the measured and simulated phase noise at 20 GHz is shown in
Fig. 10. The phase noise over the tuning range is also shown in
Fig. 10. For comparison, key performance metrics for different
VCO topologies are summarized in Table III. According to the
ITRS 2003[15], the figure-of-merit for VCOs is

_ fosc 2 1
FoM = 101log;, <<A_f> L(Af)Pdiss(H1W)> . (19)

Our earlier conclusion regarding Colpitts and cross-coupled
VCOs are in good agreement with the measured results from
[13]: cross-coupled VCOs can achieve a significant advantage
over Colpitts VCOs for low-power applications. However, this
advantage is significantly compromised when the buffer is in-
cluded in the performance metric. In addition, as pointed out
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TABLE III
COMPARISON OF STATE-OF-ART CMOS VCOs

[10] [13] [13] [16] [17] This Work
JSSC’07 CSICS’06 | CSICS’06 | JSSC’04 | VLSI'05
Technology 0.13-um 90-um 90-um 0.13-um 90-um 0.13-um
CMOS CMOS CMOS CMOS SOl CMOS
Frequency 26GHz 10GHz 10GHz 10GHz 40GHz 20GHz
Topology G, Tuned Colpitts Cross- Cross- Cross- Proposed
Coupled Coupled Coupled vVCO
Diff./Quadrature Diff. Diff. Diff. Quad. Quad. Quad.
Tuning Range 23.6% 12.2% 15.8% 15% 12.5% 12%
Inductor Q/ 18 10 10 — 18 5
Transformer Q
Phase Noise -92.6 -117.5 -109.2 -95 -87 -101
(dBc/Hz@1MHz) @ 3MHz
VCO Power 43.6mW 36mW 7.5mW 14.4mW — —_
VCO+ Buffer 50mW 17.5mW — 8ImW 20mW
FOM (VCO) (dB) 163.9 181.9 180.4 163.4 — —
(VCO+ Bulffer) 163.3 — 176.5 — 150.4 174.01
in the previous section, there is significant perforl.nan.ce degr.a- Non linear Linear
dation in cross-coupled QVCOs compared to their differential - {Limiter) Phase shift |
counterparts [16], [17]. Although the inductor Q in this VCO | I = Huco osc

is much lower compared to the other VCOs listed in the table,
this VCO topology still has a FoM better than other QVCOs
in CMOS. The differential 10 GHz Colpitts VCO designed in
[13] consumes more power than the 20 GHz QVCO designed
in this work, which demonstrates the low power advantage of
the proposed topology. The current consumption of the QVCO
is set by the gate voltage of transistor M>. Keeping the same
supply voltage of 1.2 V, power consumption can be increased
from 20 mW to 30 mW which results in 5 dB reduction in phase
noise (Fig. 11).

III. DESKEW WITH INJECTION LOCKING

Historically, injection locking has been used for low power
frequency division [18]. More recently, ILOs are also used as a
jitter filter on high-frequency clocks [19] and as a clock deskew
element [6], [7]. Compared to traditional voltage-control delay
elements, ILO-based deskew provides several advantages:
(a) due to its high sensitivity, [LOs can operate with very small
input amplitude — thus the reference clock can be distributed
with low power; (b) since an ILO behaves as a first order PLL,
it rejects high frequency jitter and is less susceptible to power
supply noise; (c) the clock can be deskewed by detuning the
free running frequency of the ILO. To cover an entire clock
period, the required deskew range should be at least +180°.
Assuming that phase-inversion of a differential ILO may be
trivially accommodated, a deskew range of +90° is required.

Present ILO-based deskew techniques have several disadvan-
tages. For small injected signals, the deskew range is less than
+90°([7]. With large injection strength, it is possible to extend
the deskew range but this requires a wide tuning range in the
ILO. Furthermore, providing skews near 90° results in consid-
erable variation in the jitter tracking bandwidth and output clock

Fig. 12. ILO model and corresponding vector diagram.

amplitude [7]. Previous theoretical studies on ILOs have fo-
cused on their lock range and the behavior of an ILO outside its
lock range for both small injection [20] and large injection [21].
In this work we are specifically interested in the phase noise
(and jitter) of the deskewed clock. We seek a general treatment
applicable to both LC and ring VCOs.

With that motivation, we adopt the ILO model shown in
Fig. 12 for any injection method and oscillator topology [18],
[21]. Here, Hyco is the VCO’s small-signal open loop fre-
quency response and will depend on the VCO topology. In the
case of an LC oscillator, Hy ¢o is a tuned response, whereas,
in case of a ring oscillator, Hycop is a low pass response.
Nonlinearities associated with the VCOs are taken into account
by the nonlinear block. The phasor diagram in Fig. 12 is taken
with respect to the injected frequency, w;,;. The oscillator has
a free running frequency of wy. Under injection within the os-
cillator’s lock range, the oscillator output frequency drifts from
wo and, in steady-state, settles to w;,;. Let its instantaneous
oscillation frequency be w and Aw is the inherent frequency
difference, Aw wo — Winj;. Thus, the oscillator output
phasor I,s. = |Iosc|ej ¥ rotates with an instantaneous angular
frequency w — w;y;. The phasor I, is the vector summation of
Linj and Tosc: It = Tose + Ting = |I1]e?~®). Here, ® is the
phase shift introduced by the Hy ¢ to satisfy the oscillation
condition, ® = /Hyco(jw) . It was shown in [21] that

Ksinf
1+ Kcost

tan ® = (20)
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where K = |I;,,;|/|1osc| is the injection strength. We define

tan ¢

Wo — W

A=

21

By noting w — w;,,; = df/dt and substituting Aw = wy — Wi,
this may be rearranged

dé
tan® = —-A — — A 22
an <dt w) (22)
Equating tan ¢ from (20) and (22),
df 1 Ksinf
—_-__temi + Aw. (23)

dt A (1+ K cosb)

This is the same locking equation used in [20] and [21], but
generalized so that all oscillator-topology dependence is cap-
tured by A. For the parallel RLC resonant tank [20], [21],

2
)

Wo

(24)

where () is the quality factor of the tank circuit. For an LC res-
onant tank with resistive losses in series with the inductor, the
appropriate value of A is [22]

1.5
()" (5)-

A simpler definition of A may be obtained by taking a first-
order expansion of tan ® around w = wy in (18). Since wy is
the oscillator’s free-running frequency, tan ® = 0 at w = wy.
Hence,

(25)

dtan ¢

A ——| ..
T e,

(26)

The accuracy of this approximation diminishes as Aw in-
creases. For a ring oscillator, this approximation is used in the

Appendix to show that
n o ( 2 )
s | —
2w, n

where n is the number of stages in the ring. With these expres-
sions for A, we can use (23) as a general locking equation which
is VCO topology-independent.

A=

27)

A. Clock Deskew

Within the lock range, the steady state output frequency will
always track the injected frequency, w = wjn;, and the phase
difference between the injected and ILO output becomes con-
stant, df /dt = 0. Making these substitutions into (23),

K sinf,, )

1
A= — | —n—">"— 2
@ A (1—|—Kcos€SS (28)

where f;; is the steady state phase shift between the injected
and output clocks. The maximum value of Aw is obtained when
cosfss = —K. Thus, we define lock range as

1 K

WLOCK = Z\/ﬁ (29)

2145

Within lock range (Aw < wrock )(28) is valid for any value
of K and Aw. For small injection strength i.e., K cosfss < 1
the above relation can be simplified as [20]

0.5 ~ sin~! (%Aw) .

As (30) suggests, for small frequency offsets the phase shift is
approximately linear with respect to Aw. This property is partic-
ularly useful for ILO-based clock deskewing. Experimental and
simulated deskew curves using the differential VCO topology
discussed in the previous section are shown in Fig. 13. For ex-
perimental study we AC coupled an external 19 GHz clock to
I-VCO only. Deskew curve was generated by detuning / — VCO
only. According to (30), the deskew angle ,, decreases with
increasing injection strength K. Note that the validity of (30) is
limited to small injection strength (K) only. For larger injection
strength we can consider (29) where we see that the lock range
increases with injection strength. In particular, larger injection
strength increases the usable linear portion of the deskew curve,
fss vs. Aw. Finally, note that (30) predicts a maximum achiev-
able achievable deskew of £90°; however, under very strong
injection the approximations in (30) break down and slightly
larger deskew angles are, in fact, achievable but accompanied
by nonlinearity in the deskew curve and, as we shall see, varia-
tions in the jitter tracking bandwidth and oscillation amplitude.

(30)

B. Phase Noise Filtering

The transient phase response of the ILO can be obtained by
integrating (23) with respect to time resulting in a first-order
response [20], [21]

0(t) = Be“w". (31)
In (31), 6 is the phase difference at time ¢ = 0 between the

free running VCO output and the injected clock. Generalizing
the result in [18] to cover different oscillator topologies, wp can

be estimated as
| K2
wp = ﬁ — A(,UQ.

For weak injection, K < 1, this simplifies to the same result
asin [20], [21], wp = K /A. Thus, ILOs are functionally equiv-
alent to a first order PLL [18] where input phase noise is low
pass filtered

(32)

1

JTF = - 33
INPUT | s (33)
wp
and VCO phase noise is high pass filtered
jwjitter
JTFyvco = “Z’ . (34)
1 + J Jitter
wp
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Here wjiiter is the jitter frequency. If S;y,; is the phase noise of
the injected signal and Sy ¢o is the VCO phase noise, then the
phase noise of the deskewed clock is

Sml,t = |JTEnpqmtIZSinj + |JTFVCO|2‘SVCO- (35)

Using the jitter transfer functions in (33) and (34),
wp2Sinj + Wjitter>Svco

wp? + Wjitter?

K2
(— — (AW)2> Szn] +wjitter25VCO

Sout (wjitter) =

4 (36)

5 (Aw)z + wjitte’r2

It is also desirable to express the phase noise of the deskewed
clock as a function of deskew angle 6. This can be done using
the relationship between frequency offset and deskew angle:

2
K
2 2
<— c0s” 055 Sin; + Wjitter- Svco

A
K\ 2
(—) cos? Oss + Wjitter?

. (37

Sout (wjitter) =

A

This phase noise expression for the deskewed clock provides
several insights: (a) the jitter tracking bandwidth of the ILO
depends upon the frequency offset between the injected and

free running VCO frequency, Aw, and hence upon the deskew
angle, ; (b) Close to the lock range (Aw ~ K/A), Sovr =~
Sy co, so no phase noise filtering will be observed. Taking a
different approach, the same conclusion was obtained in [23].
In terms of the phase shift, 6, effective phase noise filtering is
achieved for small deskew angles, but for large deskew angles
(e.g., 055 = £90°) no phase noise filtering is achievable (i.e.,
Sour = Svco).

The LC VCO discussed in Section II is simulated as an ILO
by injecting a relatively low-jitter clock into the tank through a
capacitive coupling. The injected clock frequency was 19 GHz
and the free-running VCO frequency was detuned away from
19 GHz to obtain phase shifts. The predicted phase noise of
the deskewed clock along with the simulated one is shown in
Fig. 14(a). For this study a low noise clock is generated and in-
jected to the differential VCO. Normalized jitter transfer func-
tions are shown for different deskew angles in Fig. 14(b). Jitter
Tracking Bandwidth (JTB) of the ILO as a function of the fre-
quency offset and injection strength is shown in Fig. 15. The the-
oretical predictions are based upon a parallel RLC-tank model
using the expression for A in (21) with Q = 6. For small phase
shifts, the theory and simulation results are in good agreement.
Increasing discrepancies are observed at larger phase shifts be-
cause of the simplified parallel RLC-tank model. Regardless, at
0ss = £90° very little jitter filtering is observed. This was also
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experimentally verified by capturing phase noise plots of the in-
jected signal, free-running VCO, and the deskewed clock under
injection locking in Fig. 16.

C. Deskew With Harmonic Injection

Phase deskew can also be achieved when the VCO is injected
with a super- or sub-harmonic clock such that fosc = m fin;.
The phase noise expression in (33) becomes,

=)

Sout(wjitter - 2
K 2 2
cos? mbss + Wjitter

2 2
cos” MbssSin; + Wiitter - Svco

(38)

If the oscillator is injected with mth order sub-harmonic, then
the output phase noise will degrade by a factor m? within the
jitter tracking bandwidth [24]. On the other hand, super-har-
monic injection improves the phase noise of the injected signal
by m?. For example, second harmonic of the oscillation fre-
quency is injected in the tail of the four stage ring oscillator
in Fig. 17(a). The phase noise of the deskewed clock and the
corresponding jitter tracking bandwidth at different deskew an-
gles is shown in Fig. 17(b)-(c) and compared with theoretical
predictions based upon (38), the expression for A derived in the

Appendix . Again theoretical predictions are in good agreement
with the simulation results for small deskew phase angles. For
large phase shifts, inaccuracies arise due to first-order approxi-
mation for A applied in (23).

In summary, the theory, simulation and experimental study of
the ILO-based deskew techniques have identified several limi-
tations of existing techniques for large phase deskew angles: (i)
the phase steps are non-linear; (ii) the output clock amplitude
varies significantly and (iii) there is little or no jitter filtering.
However, if we restrict the frequency offset within |Aw| <
0.5wrock, above-mentioned limitations are not very signif-
icant. The derived phase noise expressions are applicable for
any ILO topology with appropriate choice of A. The theoret-
ical results are summarized for both ring and LC oscillators in
Table 1V.

IV. PROPOSED DESKEW TECHNIQUE

In the proposed architecture, a QVCO is used, where we can
selectively inject either the in-phase or the quadrature portion of
the VCO. This allows us to achieve +180° using only half of the
lock range. As a result, both jitter tracking bandwidth and clock
amplitude suffers much less variation. This proposed technique
can be implemented either with an LC QVCO or using a ring
oscillator.

A. Deskew With LC QVCO

The analysis of a differential ILO can be extended for a
quadrature ILO as shown in Fig. 18. First we will study the
case without injection and then, the effect of injection will be
discussed. Due to mutual coupling between the two VCOs, each
of them oscillates at a frequency slightly offset from resonance.
As aresult, in a free running QVCO the tank introduces a phase
shift 6; between the output voltage Vi,s. and current I7,s..
Thus the mutual coupling between these two VCOs can be
viewed as injection locking [25] and the general locking (23)
can be applied to both the I-VCO and Q-VCO:

d(GI—gQ—(Sl) . _i KCSin(HI—GQ—(Sl) (39)
dt A1+KCCOS(9[—9Q—51)
d(GQ—HI—(Sg) . _i KCSiD(HQ—aj—(SQ) (40)
dt A1+KCCOS(9Q—9[—52)
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TABLE IV
SUMMARY OF ILO BASED DESKEW PARAMETERS

Phase Lock Range Jitter Tracking BW
Shift Qss WLOCK wp
R R . _1pnlwing—wol . o oK
Ring Oscillator sin 1[7“*)2[(7"”0‘”0 sm(%’)] ns;’ pia \/1sz \/[nQ:i’n 2= 12 — [winj — wo?
[n=No. of Stages]
. s o112 inj —
LC Oscillator sin 1[Q[“’T’0“’°]] T 11_< — \/ %]2 — [Winj — wol?
[Q=Tank Quality Factor]

Here, we assume that both VCOs are identical (i.e., Aw = 0)
and the phase difference between them is Af (6 — 07 = AB).
To find the final phase relationship between these two VCOs,
we find the steady-state solution of the above equations:

Kesin(A0—=8)  Kesin(A6+6,)
1+ K.cos(A0 —61) 1+ K.cos(Af —6y)°

(41)

To further simplify the above equations, we consider two cases:

1) Case : I: , when two loops are strongly coupled, K. ~ 1:
sin(Af — 61) sin(Af + 63)

1+cos(Af—61) 14 cos(Af — )"

(42)

Fig. 18. Proposed phase deskew technique. (a) Q VCO model without injec-
tion. (b) QVCO with injection for proposed deskew scheme.
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Sug)stituting sina = 2sin(a/2) cos(a/2) and 1 + cosa = Trigger 2‘;‘?59 Sc‘;;‘;e De-skewed clock
2cos*(a/2): I K l) V control
— .
Al — 6, Al + b (Tuning Voltage)
tan ———— = — tan ——— (43)
2 2
b1 — ba =240 (44) 1-vco Q-vco
.77 . Injected
2) Case : 1I: , when two loops are weakly coupled, K. < 1: Clook
K.sin(Af — 8,) = —K.sin(Af + 65). COR o/ . Binary
i S[1e/|8]ct|on
This gives us the same relationship as before: N .
g P splltte‘l\/"
01 — 62 = 2A4. (46)
For = = i YT - °
quadrature output suc.h as Af i /2, 61 = 62 + m which o 1001 Simuiated o =
leads to well known antiphase coupling. On the other hand W A
in-phase coupling leads to Af = 0. Traditionally, the antiphase S B
counli .. 1 . . . E’ A D ./
pling is implemented by simply crossing over the available £ T
differential outputs. Thus, §; and 0, maintains static phase e i ~ E
relationship which allow us to further simplify the differential ﬁ P./@: Q-VCO
equation: 0 1006
d(Af) _ -1 K.sin(A6) ) (47) e 1ss 19 192 194
dt A 1+ K.cos(Af)

The time domain phase variation between I-VCO and Q-VCO
can be obtained by integrating with respect to time:

6) sin®

Here, 1) is an integration constant which is 7/2 for antiphase

A
tan < <(Af) =
2
coupling. For small Af, we find a first order transient response:

e KA 1y, (48)

Af ~ AfgeKet/4 4 (49)

Free running VCO Freq (GHz), wy/2x
(b)

Fig. 20. Proposed phase deskew technique. (a) Experimental setup with
Q VCO. (b) Corresponding deskew curve at w;,; = 27 X 19 GHz and
K =0.17.

Here, A6 is the initial phase difference at time ¢ = 0. As
t — o0, the phase difference Af exponentially approaches
7 /2. The significance of the of the above expression is that any
jitter event in fr will be tracked with 65 (and vice versa) by
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a first order low pass response. The pole of this first order low
pass response is
p— Kc

= (50)

wQ
With that insight, now we can study the jitter transfer functions
in the proposed deskew method shown in Fig. 18(b). To model
the proposed deskew technique we consider two cases. First,
phase noise at the output due to I-VCO injection (S7_out) is
observed. In this case, only in-phase injection (Iy;n;) is ap-
plied and Iqg;,; is set to zero. Second, we consider the phase
noise at the output due to Q-VCO injection (Sg_ou¢). In this
case qudrature injection (I¢y;) is applied and Iy, is set to
zero. Similar to Section III(B), to derive a closed form expres-
sion, small injection strength and frequency offset are assumed,
K <« 1 and Aw < wreck. Following the method described
in Section III(B), we can express the phase noise for I-VCO
injection:

2 2
wp®St_inj + Wjitter-Svco
wp? + Wjitter?

SI_out(wjitter) ~ (51)
Note that wp is the pole due to external injection defined in
(32).The case of injection at I-VCO is very similar to injec-
tion of a single-phase differential VCO. Thus the pole of the
jitter transfer function is set by the external injection strength,
K, as expressed in (32). However, jitter transfer function at the
Q-VCO output will be a function of both wp and w¢. Since the
Q-VCO output in turn injects back into the I-VCO, the coupling
strength K. can have a secondary influence on the ILO jitter
transfer function, but this higher-order effect is safely ignored
in the analysis as verified by simulations. However, in the case
of Q-VCO injection, we need to take into account the second
pole w¢ and thus the phase noise can be expressed as

SQ_out(wjitter)
2 2 2 2 2 2
WP wQ Sq inj + Wiitter (Wjitter” + WP~ + wq”)Svco
(Wjitter? + wp?) (Wjitter? + we?)
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Fig. 22. Performance comparison: Phase noise @ 1 MHz offset for different
skew angles w;,,; = 27 X 19 GHz.

(52)

The accuracy of the above two expressions are verified with the
theoretical and simulated jitter transfer functions for I-VCO in-
jection and Q-VCO injection shown in Fig. 19. When the cou-
pling factor between the in-phase and quadrature VCOs is much
stronger than that of the injection, K. > K, wg > wp and the
bandwidth of the jitter transfer function is mainly dominated
by the wp. However, for larger injection strengths, the effect of
wq becomes prominent. Note that for small injection strength of
K = 0.085, there is no noticeable change in JTB where as for
K = 0.22 Q-VCO injection results in about 50 MHz reduction
in JTB compared to I-VCO injection.

The proposed deskew technique utilizing an LC QVCO is
shown in Fig. 20(a). The forwarded clock is injected to the
in-phase VCO to achieve 0° to 90° phase shift only. For 0° to
—90°, the injection is shifted to the quadrature VCO resulting
in two deskew curves on Fig. 19(b). Thus we are using less
than half of the lock range. Note that in the proposed QVCO
based deskew scheme, we arbitrarily choose point C or D in
the deskew curve as reference zero degree deskew. Since these
two points have highest 200 MHz frequency offset from the
free running VCO frequency, phase noise is also highest in
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Fig. 24. (a) Generated skew curve as a function of free running frequency (w;n ;

f,, = 80°.

these two points. On the other hand, point B and F is used
as +45° and —45° deskew respectively. Since the frequency
offset is zero, lowest phase noise is achieved. Variation of the
jitter tracking bandwidth with frequency offset (hence, deskew)
is nonlinear (Fig. 15). For example, if K=0.17, a frequency
offset of 150 MHz cause only 50 MHz reduction in JTB.
It turns out that amplitude variation is also minimal in that
range. Thus, the proposed technique allows us to accomplish
—90° to 4+90° phase selection with linear phase steps and
negligible amplitude variation, as shown in Fig. 21(a). Note
that point D and A on the deskew curve Fig. 20(b) represents
0° and 90° phase shift. In the proposed technique, these two
deskew angles are obtained by setting same frequency offset

= 27 X 10 GHz and K = 0.25). (b) Measured Phase noise for 8, = 10° and

(200 MHz) and by switching the injection node from I-VCO
to Q-VCO. As discussed earlier, switching the injection node
from I-VCO to Q-VCO has little effect on JTB if w, < wq. As
a result only small variation of the phase noise of the deskewed
clock in observed in Fig. 21(b). For comparison with a simple
differential injection-locked VCO, the phase noise at 1 MHz
offset is plotted versus deskew angle in Fig. 22 which verifies
the advantage of the proposed technique. In the worst case
condition (+90° or —90°) 8 dB of phase noise improvement is
obtained. Note that in the plot of Fig. 21 the reference phase
angle of 0° is shifted by 45° in the Q-VCO case so that both
plots cover the same £90° range.
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In a practical system, phase selection can be performed as
in a conventional phase-locked or delay-locked loop. For ex-
ample, in [26] the ILO output is compared to a reference clock
by a phase detector which in turn drives a loop filter that tunes
the ILO. In a data recovery system, a data-driven phase detector
would be required. Eventually the loop converges to a point ei-
ther on the curve A — C or D — F. Note that these two
curves have overlap which may cause ambiguity in the control
logic. For example, O phase deskew can be achieved either by
choosing the point C or D. This problem can easily be solved
by adding hysteresis in the control logic.

B. Deskew With Ring Oscillator

If the link needs to support wide range of data rates, ring
oscillators are often preferred over LC-VCOs due to their
wide tuning range. The proposed deskew technique is easily
realizable for those applications. From Table III, increasing
the number of stages provides more nodes for injection thus
the opportunity to restrict Aw over a narrower range providing
more linear phase adjustment. On the other hand, fewer stages
provides lower power consumption and higher jitter tracking
bandwidth. As a proof of concept, a four stage ring oscillator
implemented in 90 nm CMOS is used in this study. The oscil-
lator provides a tuning range from 2 GHz-7 GHz. The injection
signal is at 2 fosc (Fig. 23). Similar to the LC oscillator, phase
deskew curves for both in-phase and quadrature injection are
shown in Fig. 24. The effects of quadrature injection on jitter
filtering and amplitude variations are very similar to the LC
oscillator case.

V. CONCLUSION

In summary, a low power clock source that incorporates a
buffer into a cross-coupled oscillator has been demonstrated.
By isolating the load from the tank, the oscillator can directly
drive 50-Ohm impedances or large capacitive loads with no ad-
ditional buffering. A QVCO using this topology in 0.13 pm dig-
ital CMOS oscillates at 20 GHz, consumes 20 mW and provides
12% tuning range with a measured phase noise is —101 dBc/Hz
@ 1 MHz frequency offset. Injection-locked QVCOs are par-
ticularly useful as deskew elements in high-speed parallel links.
By selectively injecting different phases of a quadrature-LC or
ring VCO, variations in the ILO’s jitter tracking bandwidth are
muted and phase noise can be reduced. For a fixed data rate, LC
oscillators can provide lower phase noise whereas ring oscilla-
tors are preferred for variable data rates. Due to the additional
VCO stages in quadrature, this technique will consume more
power compared to [6] and [7]. 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. These figures still compare favorably
with using a complete DLL for deskewing. In addition, ILOs are
more immune to supply noise and duty cycle distortion.

APPENDIX

In the case of a ring oscillator, the VCO transfer function
is low pass. Assume the ring oscillator is implemented with n
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identical stages. Each stage had a dc gain of H, and single pole
wp. Thus the equivalent transfer function can be written as

H,"

H(jw) = (EYESD (53)

Considering the positive feedback introduces 180° phase
shift, the remaining phase shift required to ensure oscillation at
w, 18

(I)|w:wo = é(‘H(on)) =N tan_l <&> = -7 (54)
wp

tan (f> = Yo (55)
n wp
Substituting (55) into (53)
. Hon
H(jw) = - (56)
(14 tan (2))
®= —ntant <itan (3)> (57)
Wo n
Substituting this into (21) gives
tan [ntarf1 ( “ tan (%))}
A=— . (58)
Wy — W
Adopting the approximation in (26) gives
dtan ® tan (X
A= — an lo=w, = o 2 (") sec2(I>|w:%
dw w, sec? (%)
tan (Z
ZEL(n):_Sm< 59)
w, sec? (%) 2w,
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