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Abstract—In this paper, a global clock network that incor- ] g | sinle SWO
porates standing waves and coupled oscillators to distribute - = ) ¢
a high-frequency clock signal with low skew and low jitter is p Virtual grounds
described. The key design issues involved in generating standing | <[ "’%” “’H“’ — Clook grd Ineroormect
waves on a chip are discussed, including minimizing wire loss 8 i B8
within an available technology. A standing-wave oscillator, which [ Ik [ B Gross-coupled pair
is a distributed oscillator that sustains ideal standing waves on | :::Hu:l i/ oot | [ m iectionlocked
lossy wires, is introduced. A clock grid architecture comprised pecpar

. . . . . 1 B B P> Clock buffer

of coupled standing-wave oscillators and differential low-swing = H ==
clock buffers is presented, along with a compact circuit model for > _
networks of oscillators. The measured results for a prototyped “’H“‘ ‘“H‘“ "’E“’ i PN \
standing-wave clock grid operating at 10 GHz and fabricated in g 8 ] (T —
a 0.18um 6M CMOS logic process are presented. A technique T oormedl .1'_9";:' \T/

is proposed for on-chip skew measurements with subpicosecond

precision.
s . . Fig. 1. 10-GHz standing-wave clock distribution network.
Index Terms—Clock distribution, coupled oscillators, dis-

tributed oscillators, on-chip phase measurement, resonant . .
clocking, salphasic, standing wave. coupled-oscillator clock networks use standing waves and some

require considerable circuitry to couple the oscillators [5]-[9].
This paper describes the operation and design of a global
|. INTRODUCTION standing-wave clock distribution network comprised of coupled
HE DESIGN of global clock distributions for multigiga- 0scillators and intended for multigigahertz clock frequencies
hertz microprocessors has become an increasingly diffic(fig- 1). Section Il explains why generating ideal standing
and time-consuming task. As the frequency of the global clot¥@ves on lossy interconnects is difficult and shows how dis-
continues to increase, the timing uncertainty introduced by théuted amplification can compensate for these losses. A new
clock network—the skew and jitter—must reduce proportiodype of distributed oscillator that sustains ideal standing waves
ally with the clock period. However, the clock skew and jittePn l0ssy interconnects is introduced and a design example
for conventional buffered H-trees are proportional to latenci given. Section Il describes how these oscillators can be
which has increased for recent generations of microprocesse@gpled together in a simple way to create a grid of standing
[1]. waves and proposes a clock buffer that converts the low-swing
A global clock network that uses standing waves and co@lock signal to digital levels. A compact circuit model for
pled oscillators has the potential to significantly reduce both network of strongly coupled oscillators is introduced and
skew and jitter. Standing waves have the unique property thy&fified with measured and simulated data in Section IV.
phase does not depend on position, meaning that there is ide&ially, Section V presents the design and results for a 10-GHz
no skew. They have previously been used for board-level cloglanding-wave clock grid fabricated in a 0.48% six-metal
distribution [2], on coaxial cables [3], and on superconductifgMOS logic process. The technique used to measure the skew
wires [4], but have never been implemented on chip due to tAgthe prototyped clock grid with subpicosecond resolution is
large losses of on-chip interconnects. Networks of coupled ¢4so described.
cillators have a phase-averaging effect that reduces both skew
and jitter. However, none of the previous implementations of Il. STANDING-WAVE OSCILLATOR

A. Standing Waves
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Residual
Standing wave traveling wave

Fig. 2. Generating standing waves using a short-circuit termination.

The traveling-wave term in (1) reduces to zero when the ampli-
tudes of the two waves are identical. Unlike a traveling wave,
which has phase that varies linearly with position, a standing
wave has the same phase regardless of position but amplitude
that varies sinusoidally.

A simple way to generate a voltage standing wave is to se,;d
an incident wave down a transmission line and reflect it back"

with a lossless termination such as a short circuit (Fig.

). , .
However, wire losses cause amplitude mismatch betweenzkﬂﬁs'_ A previously demon;trated rotary clock dlstrlbuuor_] used
incident and reflected waves, resulting in a residual traveli tributed cross-coupled inverters to compensate for wire loss
wave. The amplitude of the traveling wave—and, hence, t d create on-chip oscillators, but it generated traveling waves
skew—is directly related to the loss and length of the wirdOt Standing waves) [5]. The circuit in Fig. 4 is a distributed

Previous standing-wave implementations achieve low sk&ipnding-wave oscillator (SWO) that sustains ideal standing
with low-loss transmission lines or distances that are sm¥ffveS on lossy wires. Differential transmission lines form a
relative to a wavelength. However, a standing-wave clo If-wave (A/2) resonator with the lines shorted together at

network for a multigigahertz microprocessor would need ti&oth ends to provide virtual grounds for differential-mode

span multiple wavelengths using lossy on—chipinterconnects".;'gnals' NMOS cross—coupled pairs prov_ide enough gain to
compensate for wire losses, and pMOS diode-connected loads

B. Compensating for Wire Losses set the common-mode voltage. The parasitic capacitance of the

. : transconductors;;, will load the SWO, thereby increasing the
Distributed transconductors can compensate for signal attén- . g
wire loss and decreasing the oscillation frequency. Therefore,

uation due to wire loss [5], [10], [11]. The transconductors C%He quality of the transconductor can be quantifiedgyeq

be analyzed as a distributed transconductance if they are spaged . Lid be maximized. Also. wire loss should be minimized
sufficiently closg(< A/10). The equivalent lumped model for a. ’ '

Lo A : in order to minimize power. The SWO will oscillate at the
transmission line with distributed transconductance is Showndgsired frequenc if it satisfies
Fig. 3, whereR, L, andC are the distributed transmission-line g Wose,

parameters and/, is the effective transconductance per unit (wese) <0 and 1= w

4. Standing-wave oscillator with three cross-coupled pairs.

length. The loss is given by B(wWosc)
a =Rev/(R + jwL) (=G4 + jwC) = 21220 - G”'ZZ" 2 were
where the_ approximate express_ion is valid V\{h@n Gy is a=Re(y) f=Tm(y)
“hatcs ofransconductance in (2) e wre becomes ofscively 7 = / rgen) (S e (0 7)) @

lossless.
In the above equationy, 5, and~ are the transmission-line at-

C. Circuit Implementation tenuation, phase, and propagation constants, respectivisly,

Although itis not practical to maintain a precise transcondu#€ length of the resonator, andis the number of cross-cou-
tance over an entire chip, it is possible to design transconductBl@d pairs that are distributed along the resonator.
that will reliably exceed the wire loss. For this reason, it is ,
preferable to use distributed transconductors in an oscillatBr. D€Sign Example
The inherent amplitude saturation of the transconductorsAn SWO is straightforward to design from (3). Table |
causes them to self-limit, so they exactly compensate for wilists the parameters that will be used to design an SWO with
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TABLE |
DESIGN PARAMETERS FORSWO EXAMPLE
Parameter Value
R (©/mm) 4.65
L (pH/mm) 184
C (fF/mm) 250
a (units/mm @ fo,sc) 0.084 Np/0.73 dB
ga (MS/unit ccp) 3.60 (0.8mA)
4.05 (1.0mA)
¢y (fF/unit ccp) 76.3 (0.8mA)
78.6 (1.0mA)
n (ccps) 5
fosc (GHZ) 10.0
0.1 ! ' 2.5 2.55 2.6 2.65 2.7 2.75 2.8
. — Ibias=0.8mA/mult Time (ps)
€ 00 i S — . =1.0mA/mult -
g ~~~~~ fas Fig. 6. Simulated voltage waveforms for SWQIAt (0 increments.
z O e |
~ Mult =35 — ~~"=~o__ r 10
2 -0.05 (W, = 63um) 400
—
-0.1 :
0 1 2 3 4 5 6
Cross-Coupled Pair Multiplier .
8 T 3 g
. ---- .. =0.8mA/mult =, 200f 9.5 90
E 5 — [, =1-0mA/mult | > .8
£ -
R Ty e B
Py ==
—
2! : ?.4 1.6 1.8 2 9
0 1 2 3 4 5 6 Supply Voltage (V)

Cross-Coupled Pair Multiplier
Fig. 7. Simulated SWO amplitude and frequency sensitivity to supply voltage.

Fig. 5. Loss and length to oscillate at 10 GHz as a function of cross-coupled
air sizing (design point shown). . .
P 9 (designp ) Vsupply reaches 1.6-1.7 V. The oscillating frequency is not a

strong function of supply voltage (0.56 MHz/mV near 1.8 V)
five equally sized and equally spaced cross-coupled pairs. Tdiice the parasitic drain capacitance of the cross-coupled pair,
transmission-line cross section (Fig. 1) is optimized for min-; does not change much with voltage, and the interconnect
imum loss given a total track width of 32m and a distance of parameterd., C, and R are constant. Furthermore, the phase
3.5um to the ground plane. A unit cross-coupled pair (ccp) tonstants is not affected much by small changesgn due
defined to have nMOS and pMOS devices that arg.iBwide to variations in the supply voltage. This low sensitivity to the
and 0.18um long and is optimized for maximumy/ca With  power supply is a key advantage for SWOs. The delay—and,
1.0 mA of bias current. First, the resonator length is obtained @énce, the skew and jitter—of a buffered H-tree is a strong

a function of cross-coupled pair sizing by solving (3) using thinction of power supply variations due to the large sensitivity
desired oscillation frequencf,s.. Then, the length, transmis-of inverter delay.

sion-line parameterg,, andc, are used in (3) to calculate the

effective wire loss (Fig. 5). The design point is conservatively . STANDING-WAVE CLOCK GRID

chosen so that the loss becomes zero when the bias current . o )

is 0.8 mA. The simulated voltage waveforms spanning frofr C0upling and Injection-Locking SWOs

the end to the center of the SWO at increments /db are On-chip transmission-line resonators have an inherently
shown in Fig. 6. The free-running frequency of the oscillator imodest quality factor(@) that allows coupling and injection
9.5 GHz, within 5% of the design goal. Note that the amplitudecking of the SWOs over a range of frequencies. For the
varies sinusoidally with position and the phase coherenceS®VO in the previous design example, the loadgds 2.7.
better than 1 ps. The amplitude and frequency sensitivity 8/Os can be coupled together by simply connecting their
the supply voltage is plotted in Fig. 7. The SWO oscillatesansmission lines. The coupling strength is largest when the
for Vsupply > 1.5 V and the amplitude saturates quickly whermscillators are connected at the center and zero near the ends.
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Fig. 8. Simulated voltage standing waves for prototyped clock grid. Simulated clock buffer, f | =2 GHz, Vin = 140mV and 200mV

Any detuning between coupled oscillators results in skew thatis ¢
directly related to the coupling strength a@@d12]. Therefore,
low-Q resonators that are strongly coupled should be used
for clock distribution. These oscillators can also be injection  *?
locked to a reference signal. Injection locking allows the clock |
frequency to be dictated by an external clock source such as§
a phase-locked loop (PLL) and stabilizes the otherwise noisy
signal of this low€) oscillator. In this work, a reference signal o6k
is ac coupled into the gate of the pMOS loads at the center of
an SWO. The locking range and the skew caused by driving an
injection-locked oscillator off-resonance is also related to the o2
coupling strength [12]. Again, strong coupling is preferable for :
low skew and a wide locking range. 1 15 2 28

time (ns)

0.8

5.9ps skew
(1.2% of clock cycle)

B. Grid Architecture Fig. 10. Simulated clock buffer performance.

A resonant grid of coupled SWOs is shown in Fig. 1.
Choosing the coupling point is a tradeoff between the sizase, the power supply for one cross-coupled pair was reduced
of the grid and the coupling strength. Connecting the SWay 10% with a 100-ps fall time. The resulting period jitter on
15%—-20% from the short circuits provides strong enoughe oscillator network was 0.41, 0.26, and 0.17 ps, respectively,
coupling to lock the segments together without causing excesnfirming that the phase averaging property of a coupled net-
sive skew due to mismatches between SWOs. To make a gsidrk of SWOs reduces jitter.
pattern, the ends of the SWOs are folded at right angles to
the grid. Due to the sinusoidal amplitude envelope of standifyy Clock Buffer
waves, the folded segments have low voltage amplitudes andgtanding-wave clock distribution is intended to interface
hence, are inappropriate for recovering the clock. For practigith a conventional digital clock distribution at lower levels of
microprocessor clock distributions, field-effect transistor (FEhe clock hierarchy. Therefore, a buffer is required to convert
switches could be used to short the ends of the SWOs duripg jow-swing differential sinusoids to digital levels without
normal operation and turned off to facilitate low-frequencydding significant amounts of timing error due to variations of
testing. The voltage standing-wave pattern for a portion of the input amplitude. A two-stage clock buffer based on [13] is

grid is shown in Fig. 8. shown in Fig. 9. The first stage is a differential pair with a small
o _ gate overdrive, allowing complete current switching even for
C. Phase Averaging in Grids the smallest expected input amplitude. It amplifies and limits

Within a grid of coupled oscillators, phase is averaged at eaitte signal so the output amplitude is roughly independent of
coupling point. Phase differences among the SWOs, either skiv@ input amplitude. A low-pass filter attenuates the harmonics
due to mismatch or jitter due to power supply variations, are radded by the limiting amplifier that would otherwise cause
duced by this averaging process. In our approach, each SWa@unsplitude-dependent skew. The second stage is a sine-to-square
coupled in up to three locations. The averaging effect is directbpnverter that uses cross-coupled inverters and a shunt resistor
related to the coupling strength. In order to test how well the achieve a well-controlled 50% duty cycle across process,
coupled oscillators suppress jitter caused by localized suppémperature, frequency, and supply variations. Because the
noise, we simulated a single SWO, a grid of four SWOs, ard18+:m devices chosen for demonstration are not adequate to
the full grid in Fig. 1, all injection locked at 10 GHz. In eachtest the clock buffer at 10 GHz, the buffer was simulated with a



O’'MAHONY et al: GLOBAL CLOCK DISTRIBUTION USING COUPLED STANDING-WAVE OSCILLATORS 1817

I‘A LA D
IR IR etuned segments
+ + D g
linj1 [-94(A) R, C__ Ly/2 __C L s94(A)] linj2 17
v, S —_ v,
) = ) 05t N0 T NN Y T e
Fig. 11. SWO model. =~

kew (ps)

2-GHz sinusoidal input clock. This clock period corresponds t ¢
an aggressive seven fanout-4 (FO4) delays in this technolog
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etuned

e — =0.95*/ N
The clock buffer exhibits 5.9-ps skew (1.2% of the clock cycle gewned o SN
for the 30% voltage variation seen across the center 50% of Loty o5
-1 B detuned”

standing wave (Fig. 10). Assuming similar performance usin
devices in a future process capable of 10-GHz operation, tl

amplitude-dependent skew will be about 1 ps. o 1 2 3 40 1 2 3 4
x (mm) y (mm)

—— ldetuned:1 101

IV. M ODELING Fig.12. Simulated (—) and modeled ) skew for four coupled SWOs with

Networks of discrete coupled oscillators can be used $64""9-
accurately model SWO grids. The circuit in Fig. 11 models two

half-SWOs and is defined so that the coupling point betweel 90um/0.18 /=3.0mm

them is at the center of the circuit (not at the ends). The be HmTE IO B

havior of the transmission-line resonators is well approximatec - —d %

near resonance byRLC tanks that are inductively coupled. Pl Kmﬂ

Accumulation-mode|
MOS varactors

The cross-coupled pairs are lumped and modeled as nonline
transconductors;gq(A), using a third-order polynomial to
approximate the saturation behavior [14] and scaling theil
I — V curves based on their position along the SWQ, and
Iinj> represent currents that are injected from adjacent SW(
segments or an external current source (such as the lockir
signal). Following a similar derivation as [12], the coupled
differential equations describing the model are

v 1
dt 1+ 3(k+1)
. [Vl [jwo(k‘ n 1) n %N (az _ |V1|2)] Fig. 13. Schematic of test chip grid with eight SWOs.
Wo dVy 1 . Using (4), the transient response for a grid of SWOs can be
+61i“j1RL + Wﬁ(k = 1) = Vajwo(k — 1)} calculated by solving a matrix of coupled, differential equa-
1 tions. Fig. illustrates the agreement between the simulate
dVs i Fig. 12 ill h b he simulated

At I+ ik+1)

. [Vg [jwo(k +1)+

Wo

T

wherew, is the resonant frequency) is the loaded quality

Linjo Ry, +

Wo
— U
Ql
il
dt 2

e

k —

V2P)
)= Vigeo(k - 1]
@

and modeled steady-state phase for a grid of four SWOs (using
the SWO designed in Section Il) that are couplgslfrom the
short circuits and detuned by varying the lengths of two of the
SWOs by+10%. The skew is referenced to the phase of the two
center points. Positive skew indicates lagging phase and nega-
tive skew indicates leading phase.

V. EXPERIMENT

factor of the resonator, andis the parameter that describes the A 10-GHz clock network comprised of eight coupled SWOs
nonlinearity of the transconductance. The coupling parankete¥/@s prototyped in a 0.18m 1.8-V CMOS process with six

is defined to be L4 + Lg)/L4. Note thatk is infinite when AICu metal Iayers_(F_lg. _13). Clock buffers_ were not integrated
the two resonators are completely coupled and unity when tHéje to the speed limitations of 0.18n devices at 10 GHz but
are completely uncoupled, which is consistent with (4). For'4ll be easily integratable when devices are scaled for 10-GHz

stub length/.., that isl/5 or less—wherd is the length of the

SWO—% can be approximated by

®)

operations. The differential /2 lines are 3-mm long, 14m
wide, and are spacedi4m apart in metal six. Although the de-
sign parameters are identical to the ones used in the example in
Section 11, the additional loading of testing and tuning circuitry
and layout parasitics reduces the length required to oscillate
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Fig. 16. Measured skew with different injection amplitudes.

mixers. The maximum sensitivity was measured to be 60 fs/mV
by varying the reference phase with the phase shifter and ob-
serving the resulting change in the differential dc output voltage.
. Clock skew was measured while individually sweeping three
variables: the amplitude of the injected signal, the frequency of
the injected signal, and the tuning of the grid. First, the grid was
Cik. @ chip boundary tuned—using a single control voltage for all of the varactors—to
" 10.00 GHz and injection locked by an externally generated ref-
erence signal with amplitudes of 63, 125, and 250 mV. Fig. 16
shows the skew across the grid as a function of the injected
signal amplitude. The perspective for this graph is looking side-
at 10 GHz and increases the necessary transconductance. B&ys toward the long side of the grid. The clock phase around
SWO consists of five cross-coupled pairs with @@-wide de- the grid is largely invariant to the amplitude of the injected
vices. The transconductance of each cross-coupled pair is vaignal except at the injection point. The phase at the injection
able from 0 to 25 mS by changing the bias current; 18 mS point varies by 1.6 ps over the range of input amplitudes. Lower
required to start oscillation. The grid is tunable from 9.8 tocking amplitude results in less global skew, but there is a
10.5 GHz (6.4% range) with accumulation-mode MOS varatradeoff since the locking bandwidth is proportional to the am-
tors that are positioned 40@m from the ends of the SWOs. plitude of the injected signal. The locking bandwidth is 0.7%,
Grid tuning extends the locking range and facilitates intentiondl5%, and 3.7%, respectively, for the injected signal amplitudes.
skewing of specific grid segments for testing purposes. The totalNext, the skew was measured while using a 125-mV injected
SWO capacitance is 48 pF, of which only 12 pF is from the irsignal to sweep the grid across its locking range. Fig. 17 shows
terconnect itself. The considerable 36 pF of self-loading frothat driving the grid off-resonance causes a skew gradient. As
the cross-coupled pairs will significantly reduce as the desigiiscussed in Section I, stronger coupling can reduce this gra-
is ported to future generations of devices. The SWOs consudient, but will also shrink the size of the grid since more of the
378 mW (5.25 mA/ccp) which is comparable to the 389 mVBWO length will be in the stubs. The skew calculated using the
of CV2 f power required to drive the 12-pF interconnect capamodel from Section IV is also plotted in Fig. 17 and shows good
itance digitally at 10 GHz. The measured sensitivity to pow@&greement with the measured resutd (5-ps difference). The
supply variations is 0.33 MHz/mV near 1.8 V, even less than emtodel captures the shape of the skew gradient and the effects of
pected from Section IIl, and oscillations are possible for suppigjection locking.
voltages down to 1.4 V. A die micrograph of the prototyped Finally, the skew was measured when one-half of the grid
clock grid is shown in Fig. 14. was detuned by 1% to 10.10 GHz using the on-chip varactors.
On-chip skew is measured with a homodyne technique thEte resulting free-oscillating frequency is 10.05 GHz, which is
converts phase into dc voltage (Fig. 15). The clock signal ke ensemble average of the oscillators. The grid was injection
tapped at eight points around the grid and routed through lenglieked with a 125-mV signal from 10.00 to 10.10 GHz and the
matched transmission lines and multiplexers to a pair of mixeraeasured skew is shown in Fig. 18. These results illustrate how
The mixers compare the phase of each clock signal to a refS#WO mismatches cause skew gradients across the grid. Note
ence phase that is set by a calibrated off-chip phase shifter. That the portion of the grid tuned to 10.10 GHz leads the portion
grid is folded to minimize the distance from tapping points to theined to 10.00 GHz in phase.

N o ——

Fig. 15. Test chip layout and timing measurement.
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The clock jitter was measured for the same three Iocking[Z]
amplitudes while the grid was swept across the correspondings;
locking ranges. The results indicate that jitter is nearly con-
stant except at the edges of the locking range, where it increaseé!
rapidly (Fig. 19). The resolution of this measurement was lim-
ited by the jitter of the signal generator that provided the ref-

1819
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E R /
1 L
Reference clock jitter

9.9 10 10.1
Locked Frequency (GHz)

9.8 10.2

Fig. 19. Measured clock jitter for different locking amplitude and frequency.

erence clock. The measured jitter for the signal generator was
1.5-ps rms and is shown as the baseline in Fig. 19. Based on the
jitter near the center of the locking range, the jitter added by the
clock grid was about 0.8-ps rms.

VI. CONCLUSION

The first on-chip standing-wave clock distribution has been
demonstrated. This approach benefits from the invariant phase
property of standing waves and the phase averaging effect of
coupled oscillators. A method for overcoming on-chip inter-
connect losses to generate ideal standing waves has been pre-
sented. The standing-wave oscillators can be coupled together
to form a clock grid that injection locks to an external clock
source. A model for networks of strongly coupled oscillators
was introduced and verified with measured and simulated data.
A 10-GHz clock grid was demonstrated that achieves low skew
and jitter. Based on these results, we believe that standing-wave
clock distribution will be an attractive and scalable alternative
to H-trees for future microprocessors as clock frequency scales
to 10 GHz and beyond.
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