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Abstract— Injection-locked clocking (ILC) has been proposed
[1] to improve the skew and jitter performance while reducing
the power consumption in multi-gigahertz clock distribution
networks. This paper presents a new design of the injection-
locked oscillator (ILO) suitable for ILC applications. It uses a
transformer to generate differential signals and then directly
inject them into the ILO core. It also incorporates a switched-
capacitor array for frequency tuning and hence digital deskew
in ILC. A 4GHz test chip was designed and fabricated in a
0.18um standard digital CMOS. It consists of four ILOs driven
by a balanced H-tree. Each ILO consumes less than 1mW
from a 1V power supply. 5-bit digital deskew achieves 55ps
delay tuning range and 1.8ps resolution. Measurement shows
that only 30fs cycle-to-cycle jitter degradation was introduced
and no phase noise degradation at frequency offset up to 600kHz.

I. INTRODUCTION

Clock distribution for high-end microprocessors has become
increasingly challenging as the clock speed goes into the multi-
GHz range. The increasing power consumption and deteriating
skew and jitter present great challenges for conventional
buffered-tree based clock distribution [1]–[3].

Injection-locked clocking (ILC) [4] has been proposed for
multi-GHz clock distribution to address these problems. With
the high sensitive injection-locked oscillator (ILO) as the
local clock regenerator, ILC can use a much smaller voltage
on the global clock distribution network. This translates to
a large power saving for two reasons. First, lower voltage
swing means less power dissipated on the highly capacitive
interconnects of the global clock distribution network. Second,
the number of clock buffers required decreases significantly
and so is their power dissipation. Fewer buffers also con-
tributes to jitter performance improvement as the buffers are
the major source of clock jitter when they pick up power
supply noise. ILC’s jitter performance also benefits from the
characteristics of an ILO, which basically works similar to a
first order PLL and exhibits a low-pass filter function for its
input jitter. Another benefit of injection-locked clocking is its
built-in deskew capability, which comes from the output phase
tunability of the ILOs. With this capability, clock designers
can easily build a deskew loop without introduce extra tunable
delay elements [1], [5], [6] , which may, otherwise, add much
more latency and noise to the clock.

In the previous ILC test chip reported [4], divide-by-2 ILOs
(Fig. 1a) were used simply because the design was readily
available. In practice, however, such an implementation will
require the global clock to run twice as fast as the local clocks,

Fig. 1. Evolution of ILOs from (a) divide-by-2 and (b) divide-by-3 to (c) the
new ILO topology with direct transformer injection and switched capacitor
array.

which cancels some of the power savings of ILC. Therefore,
it is desirable to develop ILOs without frequency division,
specifically for ILC applications.

II. NEW ILO DESIGN

A possible candidate is a divide-by-odd-number ILO [7], as
shown in Fig. 1b. Compared to Fig. 1a, the injection signal is
now the differential current generated by the lower differential
pair. It then mixes with the oscillation voltage signal. The
odd symmetry of both signals determines that it can lock
with division ratio of odd numbers, including the fundamental
frequency. Inductor

���
is needed to support the oscillation at

fundamental frequency. In order to drive the lower differential
pair, an input balun is added. For a stand-alone ILO, this
topology works well.

When an ILO only needs to operate at the fundamental
frequency without frequency division as typically in an ILC
application, the divide-by-odd-number ILO (Fig. 1b) can be
further simplified. We remove the lower differential pair and� �

, and directly connect the transformer to the sources of the
cross-coupled pair, as shown in Fig. 1c. Now the transformer
secondary directly injects differential current into the oscillator
core. As a bonus, the transformer can serve as impedance
transformation between the low impedance level of the on-
chip interconnects in clock distribution networks, and the
impedance looking into the sources of the cross-coupled pair.

Hui
Text Box
2007 IEEE Custom Integrated Circuits Conference (CICC)



Fig. 2. New ILO analysis: (a) injection mechanism; (b) model.

Therefore, this topology has very good injection efficiency
even without the gain from the lower differential pair in
Fig. 1b. Further, removing ��� and ��� enables us to lower the
power supply voltage, reducing ILO’s dc power consumption.
Lowered Vdd also makes it easier to apply ILC when the
process technology scales. In the future, the leakage and
magnetizing inductance of the transformer can potentially be
utilized to resonate with the interconnects in the global clock
distribution network, similar to resonant clocking [8].

In ILC, ILOs also function as phase shifters, and are
independently tuned to change the phases at each local clock
domain. This built-in deskew capability reduces the additional
jitter introduced by conventional deskew buffers. In order to
facilitate the adaptive deskew feedback, accurate and linear
phase shifting characteristics is highly desirable. So we replace
the frequency-tuning varactor �
	 in the LC tank with an array
of more linear MIM switched capacitors (Fig. 1c), whose
values are binary weighted and can be controlled digitally.
Digital tuning enables fast nonlinear deskew algorithm and
thus can be very useful for runtime deskew. It also avoids
noise pick-up from the sensitive analog tuning voltage node.

III. ANALYSIS

In the new ILO, there is a direct summation of the injected
signal and the output voltage by the cross-coupled pair M1
and M2 (Fig. 2-a). Thus it can be analyzed by the model [9]
shown in Fig. 2-b, where the output phase � is the phase
shift introduced by the ILO and �� is transconductance from
transistors ��	 and ��� .

The closed loop equation for the model is

���� ����������� � �"!$#&%(')�+*-,.� �/%(021�*43 � �5#6%(087:9;'"��<=*>3 � �5#6%(087:9;' (1)

where ?��@��� is the phase part of ���&�A��� . Assuming large Q,
we can write

?��@���B<DC
E;FHGJI"E;KB�MLAN O �� ���
where

O �P<Q��CR� � .
��S� ����������� � �"!$#&%('J�UTV�AW-�X9Y1=Z[�B<DZ (2)

where T�<]\�^\�_ is defined as injection ratio of the ILO. The
phase condition of the loop equation is

C
E`FHGJI"E;KB�+LAN O �� ���aCbE`FHGJI"E;KB� T$c d.KB�M�a�Z�1�TVG5e�c;�U�f� �B<hg (3)

Fig. 3. Phase shifting characteristics of ILO at different injection ratio.

from which we can derive the locking range of the new
topology ILO as ��i < � �N Tj ZkClT � (4)

which is a function of the oscillation frequency, quality factor
of the tank and the injection ratio.

With the phase condition Eqn. 3 , we can derive the phase
shifting of the ILO as:

� < C
E;FmG�c d.KB� ZZ�1=� %`n�porq % � � �
C
E;FmG�c d.KB� ZT ZZ�1h�D%;n�porq % � � � (5)

Phase shifting versus normalized frequency offset o:q %%`n from
this equation for different injection ratio is plotted in Fig. 3.
From the plot, we can see three properties, (a) the phase
shifting is monotonic to the frequency offset and is quite linear
except at the edges of locking range; this property shows ILO
can provide the desired linear phase shifting for delay tuning.
(b) the phase tuning range can be as large as 180 degrees;
this shows the delay tuning range can be as large as half the
clock cycle and (c) phase shifting is inverse proportional to
the injection ratio at a particular offset frequency; this allows
the delay step and delay tuning range to be programmable via
changing the injection ratio under fixed physical design.

IV. TEST CHIP AND MEASUREMENT RESULTS

A 4GHz test chip is designed and implemented in a stan-
dard 0.18 s>t digital CMOS technology with low-resistivity
substrate (Fig. 4a).Input transformer and symmetric inductor
of the ILO are implemented on Metal 5 (Fig. 4b). Transformer
has a k factor of 0.6 and inductor has a quality factor of 4,
both at 4GHz. The switched capacitor array was designed with
capacitance ratio of 1:2:4:8:16 to enable a 5-bit binary tuning.
Large capacitors are realized by combining multiple of the
minimum-sized unit capacitors to ensure linearity.

Four ILOs are placed as 4 local clock regenerators at
the leaves of a 3-section H-tree, which mimics the global
clock distribution network in real microprocessors. H-tree
dimensions are 400um, 100um and 250um for 3 sections,
respectively. The root of the H-tree is directly connected to a
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(a)

(b)

Fig. 4. (a) Schematic and (b) chip micrograph of the test chip.

Fig. 5. Measured spectrum for output clock.

ground-signal-ground (GSG) pad to facilitate testing (Fig. 4b).
The H-tree is constructed using coplanar waveguide (CPW)
transmission lines. Bottom shield is used to reduce substrate
coupling in a real microprocessor environment. A differential
open-drain buffer is used at each ILO output to drive the 50 u
test port.

The whole test chip occupies an area of ZAvxwzy{Z`v |At}t � .
Each ILO uses only g$v ~;��y�g$v�Z t�t � .

In the measurement, the input is a sinusoidal signal from
a continuous-wave (CW) signal generator. Output clock spec-
trums are measured for each ILO and one of them is shown
in Fig. 5. The clean spectrum and low harmonic contents
proves that injection locking is quite efficient. Locking ranges
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Fig. 6. Measured locking range of an ILO in ILC.
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Fig. 7. 5-bit digital phase shift tunings for two ILOs’ outputs.

are measured with different input signal amplitude. Up to
12% locking range are achieved for all the ILOs when input
amplitude is about 0.8V at the root of the H-tree (Fig. 6).
According to the ILO locking range equation (Eqn. 4 ), this
locking range corresponds to an injection ratio T of about 0.43.

In order to characterize the phase tuning of the ILO, free-
running frequency tuning using the switched capacitor array
was first measured. A tuning range of 0.22GHz was achieved,
which corresponding to w$v w;� at a center frequency of 4GHz.
With the tank quality factor of 4 and the injection ratio of 0.43
derived from locking range above, the theoretical phase tuning
range is found to be |�� 3 according to Eqn. 5. Then phase
tuning of the ILO at injection was directly measured from the

Fig. 8. Phase noise comparison of the input clock from signal source and
output clock from the ILO.
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Fig. 9. Jitter measurement of the signal source and ILC output at 4GHz.
From extrapolation, the cycle-to-cycle jitter of signal source and ILC output
are 0.11ps and 0.14ps, respectively.

output waveform on a digital oscilloscope. Output waveforms
for different tuning conditions were recorded and their zero
crossing indicated their phase shift information. Phase shift
tuning of two ILOs in the ILC are measured at the same
time for comparison purpose. After calibrating out their cable
mismatch and referring the phase to that of the center tuning
point of one of the ILOs, the phase tuning curves are plotted
in Fig. 7. The result shows that a phase tuning range up to|Ag 3 is achieved, which corresponds to 55ps delay tuning range
with a step size of 1.8ps in time domain. Also the measured|Ag 3 phase shift tuning range shows good agreement with the
calculated theoretical value of |A� 3 .

Phase noise of both signal generator and ILC output are also
measured and compared in Fig. 8. From the comparison, we
can see the ILO output phase noise tracks exact the input phase
noise up to 600 KHz. A self-triggered jitter measurement
[10] was made for both the signal source and ILC output
to characterize their jitter profiles. After removing the jitter
introduced by the triggering circuit by� qf�4� �"�m� <D� � �qf�-� k�"� � C � �qf�4� �,�� (6)

the effective rms jitters versus measurement time for both
signal source and ILC output are plotted in Fig. 9. From the
comparison, we can see only 0.03ps of cycle-to-cycle jitter is
added by the ILC network, which corresponding to 0.012 � of
the clock cycle, thanks to the noise filtering effect of the ILO.

The power consumption for each ILO is only 0.95mW under
1V power supply voltage. Each open drain buffer burns 4.2mW
from 1.5V Vdd.

V. CONCLUSION

A 4GHz injection-locked clocking network was realized
with new non-division ILO topology in 0.18um digital CMOS
process. 5 bit digital deskew scheme was implemented by

switched capacitor array inside each ILO to achieve a deskew
range of 55ps and a step size of 1.8ps. Only 30fs cycle-to-cycle
jitter degradation was measured by the ILC network, including
the H-tree and ILOs. The total network with four ILO branches
only consumes less than 4mW of dc power under 1V power
supply. The test chip shows the deskew and jitter reduction
capability of injection-locked clocking, which can be a good
candidate for clocking future multi-GHz and multi-core high
performance digital systems.
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