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Rotary Traveling-Wave Oscillator Arrays:
A New Clock Technology

John Wood, Terence C. Edwards, Member, [EEE and Steve Lipa, Siudernt Member, IEEE

Absrrac—FRotary traveling-wave oacillators (ETWO=) repre-
sent a mew framsmpsion-line approach to zieahertz-rate clock
generation. Uszing the imberenthy stable LC charactensticz of
on-chip VLS mterconmect, the clock dizimbuotion networl: be-
come: a low-impedance detributed cacillator. The ETWO operates
by creating a rotating traveling wave within a closed-loop differen-
fial transmizsion hine. Distributed CAIOS imverters serve a3 both
trapzmission-line amplifiers and latche: to power the oacillation
and ensore rotational lock Load capacitance i= abzorbed into the
tran=mission-line constants whereby energy 1= recirculated ghving
an adiabatic qualitv. Unusually for am LC oscillator, mulfiphase
{360°) square wave: are produced directhy: RTWO structures
are compact and can be wired together to form rotary oscillator
arrays (R0As) to distribute a phase-locked clock over a large chip.
The principle iz zcalable to very high clock frequencies. Issmes
related to interconnect amd field coupling dominate the deign
process for ETWO=. Taking precaution: o avoid unwanfed simnal
cou , the rize and fall time: of 20 pz, sogeested by :imulation,
may hemn]ned:thwpmmmmmmn_Etpﬂmutnlrﬂnlls
of the 0.25-um CAOS test chip with 950-MHz and 3.4-GHz ring=
are presented mdicating 5.5-ps jitber and 34-dE power supply
rejection ratio (PSER). Desizn error: im the test chip precloded
meanimeful rise and fall ime meazurements.

Tndex Terms—Chocles, MIOSFET oxcillators, phate-bocked osal-
lators, phazed arravs, synchronization, tming circoits, tramsmis-
sjom line resomators, travelme-wave amplifiers.

I Imveonsucrioms

LOCEING at sigaheriz rafes requires generators wath lowr
C sk and low pitter to avoed symchronous finune failures.
The notion of a “clocking surface™ becomes untanable at zisa-
hertz rates [1], frequently mandating that larse VLSI clups are
subdraded mto mulhple clock domains and'or uhlize skew-tol-
erant rmltiphasze cirourt desien techmiques [2].

Techniques such as distnbuted phase-lockad loops (PLL=)
[3] and delav-locked loops (DLLs) [4] can confrol systematc
skewrto withm + 20 pe, bt are complex, miroduce random skew
{1e., ntter), and have area penalties. H-tree distnbution syvstems,
while simple, are difficult to balance and can use upwards of
30% of a clup’s total power budget [3]. All these systems are
mheranthy simgle-phasze, mnduce large amounts of simultanecus
switching noise, and can be highly suzceptible to this noize.
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Fesearchers have therefore looked to alternztrre oscillator
mechamsms for better phase stabilitv and lower power con-
sumphon. Previous transmission-line systems such as salphaszic
distibution [6], distributed amphfiers [7], and adiabatic LC res-
onant clocks [§] pronnde only a smusoidal or sermismmusoidal
clock, makang fast edze rates difficult to aclieva

Thiz paper miroduces the rotary travelms-wave oscllator
(FETWO); a differential LC transmssion-lne oscillator which
produces gigahertz-rate mulhphase (3607 square waves with
lowe gitter. Exctenszion of the ETWO to rotary oscillator amrays
{(FOAs) offers a scalable architecture with the potemtial for
lowe-power low-skew clock generafion over an arbitrary chup
area without resorting to clock domans. Sumulations predict
rnse and f3ll tmes of 20 ps on a 0.25-uym process and a
maxrmen frequency lmuted only by the [ of the mtesrated
circunt technology used.

Experiments show that althoush the ETWO operates differ-
entially, careful attention 1= required to guard asamst masnetic
field couplings between the clock conductors and other struc-
tures 1f the potential performance of these cecillators 1= to be
realizad.

O Comcerr ar tie Bonary Crock OsciLismoe

A Fundamertals and Structurss

The bazxe ROA architecture 13 shown m Fis. 1. A reprezen-
tatrve multimzahertz rotary clock layout has 23 mterconnected
ETWO nnes placed onto 2 7 % 7 amray gnd. Each nnz conmsts
of a differantial lme drven by shunt-commectad antiparzlle] -
a zinele clock adse m each nng which sweaps around the rme
at a frequency dependent on the electrical lensth of the nnz.
Pulses are synchromzed between nnss by hard wanns wiich
forces phase lock

Fig. 2 illustrates the theory balind the mdradual ETWO.
Fiz. 2(a) depicts an open loop of differential transmmsszion lne
{exhibiting LC charactenstics) commectad to a battery throuzh
an 1deal swatch. When the suitch 1= closed, a voltage wave be-
gms fo travel coumterclockwnze around the loop. Fiz. 2{b) shows
a similar loop, with the voltage source replaced by a crozs-con-
nection of the mner and outer conductors to cause a signal -
version. If there wers no lozses, a wave could travel on this nng
mdefinttely, providing a full clock cyele svery other rotation of
the nng (the Mdbms affect).

In real appliczhons, multiple antiparallel nrverter pairs are
added to the lme to ocvercome losses and gmve rotafion lock

Fingz are simple closed loops and cscillahon ocours sponta-
necushy upon any nmoise event. Unbiased, startop can occur m
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Fig. 1.
phasa

Hasic rodary clock srcheeciure. The = sggns demnie poinds il same

Fig. 2. I|dealized theory underlying the R1WCk (ap Open lnop of differential
condwciors in o hattery via o switch. (B Simalar lnop bai wich the volags soarce
replaced by the imner and nwier CondBChoTs CRoSs-CHmnes e

either rotahonal sense—uzually m the direchion of lowest lozs.
Dieterrmmistic rotation biasing mechams=ms are possible, .z, di-
rectional coupler technology or gate displacement [¥]. Once a
wave becomes estabhizshed, it takes hittle power to sustam o, be-
cauze unhks a ringz czcillator, the energy that zoes mto charsmms
and dischargmgz MOS zate capacitance becomes transmassion
Ime enersv, which 1z recirculated m the closed electromasnetic
path. This offars potenfial power savngs as losses are not relatad
to (V2 F but rather to [ ° /¥ dissipation in the conductors whare
Ji can be reducad, e.z., by adoption of copper metallhization

IhES

Fig. 5. Waveforms of line volinge and hline cument for the 5.4-0iHz clock

sonulsiing example

B. Waveforms
Fig. 3 shows simmlated wan-eforms of 2 3. 4-GH=zET WO taken
charactenstics for rafarenca:

+ Conductors: Width = 20 ym
+ Pitch = 40 jim
« Bmg Length = 3200 um

+ Metalhization: 1.75 ym copper

* Loop mductance total = 1,87 nkH
* Process: 0.25-pm CMOS

+ Nech total wadth: 2000 um

+ Pch total wadth: 3000 ym

« Number of nrrerters: 24 pamrs.

Very large distnbuted trancsistor wadths gree substanfizl ca-
pacittre bbadmgz to the lines, thus lowermz veloerty to grve a
reasomably low clock rate from a compact cscillator strocture.
In application, up to 73% of thiz capacitance can come from
load capacitance, reducing the size of the drve transistors ac-

The upper traces of Fiz. 3 show the simulatad voltage wave-
forms on the differential line at points labeled AQ, BO. The lower
traces show the current in the conductors to be 2200 mA, whla
the supply current 1= spmlated at 34 mA with £4.5 mA of
nipple. This clearly 1llustratas that enersy 1= racycled by the bazic
operation of the RTWO. Tust drmiing the 34 pF of capacitance
present would requure 273 mA at this frequency (from <V ).

C. Phaze Locking

Intercommected rings, as m Fiz. 1(3), will nm 1n lockstep. en-
sunng that the relatree phase at all points of an ROA are knowm,
It 1= pozaible fo usze a large array of mterconnected ringes to dis-
tritute a clock signal over a large die area with low clock skew:,
For example, refernngz to Fig. 1(a), all the points marked with
the equals z1n (=) have the same relatrnre phase as that ar-
bifranly marked = 0°. At any pomnt along the loop, the two
s1zmal conductors have waveforms 1307 ouf of phaze (two-phaza
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nonoverlappine clock). A full 360" 1= meazurad along the com-
pleta closed path of the loop. In pnineipls, an arbifrary nomber of
clock phazes can be extracted. Phase advances or retards depend
on the direction of rotation, and Fiz. 4 shows the current—roltage
relzhionships for clockwise and counterclockwiza rotation.

D Network Rulss

Although the square-ning shape 1= comvement to show dia-
grammatically, 1t 1= only one example of 2 more general net-
work sohthon which requires ROAs to conform closaly to the
followans males.

1) Signal mmrersion mmst ocour on all {or most) closed paths.

2) Impedance should match at all pmctions.

3} Signals should anrrre simultansously at unchons.

From 1) above, any odd rumiber of crozsovers are allowed on
the differantal path and resular crossovers formmg a braided
or “teasted par” effect can dramatically reduce the wmwanted
coupling to wires nmmng aloneside the differantial line.

The differential Imes would typacally be fabnicated on the top
metal layver of 3 CAMOS chip whera the reverse-zcaling trend of
VLSI mterconnect offers mmcrezzmgly high performance [10].

E. Field: and Cuwrrents

Fiz. 5 illustrates a three-dimensional section of the nng strue-
ture comnected to a pair of CAIOS mmrarters expandad to show
the four mdrvidual tranzistors. The mam current flow i the dif-
ferantial conductors 15 shown by solid arrows, the magnetic field
siwrroumding these conductors by dashed loops, and the capac-
itance charge’siznal-boost current flovans throush the transis-
tors by dashed hmes.

An mportant feature of differential lines 15 the exiztence of 2
well-defined “g0” and “return” path wiach erves predictable -
ductance charactenstics in contrast to the uncertam retom-cur-
rent path for single-ended clock distnbotion [11].

Capacitance ansss manly from the transistor gate and deple-
tion capactance and interconnect capacitance does not domu-
nate

It ; mdicates imtrinsic gate resistance, 1e., the chric path
through which the gate charge flows. The term J/{; 1mphes a
parasitic gate term, but i reality, most of this resistance 13 m
the senies ciremt of the channel imder the gate electrode. Thiz 1=
shared by the -5 charmel, as illustratad by the tnangular remion
{zhowm with transistors operating 1n the pinchoff resion).
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Feg. . Expandsd view of short sections of ik oransmigseon line, including
three seis of hack-in-hack mverters as a wavefront passes

F Coheravat Amplification, Rotation Locking

Fiz_ 61z an expanded wiew of a short sachon of transmiszion
line with three setz of back-to-back mrrertars shown. It 1z as-
sumed that startup 1z complete and the rotating ware 1s sweaping
laft to nght. For this anahras, we wew the urrerter pairs as dis-
creta latch elameants.

Each latch swatches 1n tum as the mordent s1znal, travehng on
the low mmpedance transmizzion line, overmdes the o~ resistance
of the latch and itz previous state. This “clazh™ of states occurs
only at the rotating wavefront and therefore only one resion 12 1m
this cross-conduction condition at any one time. The transmis-
sion-hme mpedancs 15 of the order of 10 [} and the differential
on-resistance of the nwrerters 15 1 the 100-02-1-k!! ranse, de-
pending on how finsly they are distnbuted throughout the strue-
tura.

Once swatched, each latch confnbutes for the remaimder of the
half oyels, adding to the forward-zomg s1znal. Coherent bnldup
of swatching events occurs m this forward direction onby. An
equal amount of enersy 13 laumched m the reverse direction, but
the latches 1 that direction cannot be switched further imto the
state to which they have already swatched. The reverse-traveling
components simply reduce the amount of drve reguired from
thoze latches.

Importantly, 1t 1= the nonhnear latching achon wihich 15 re-
sponsible for the salf-lockans of direction (3 highly lmear am-
plifier has no such directionality).

To clanfy the above statements, Fiz. 7 demonstrates how a
large CAIOS latch responds to an mposed differential sigmal
The curve trace shows a central differential-amphificahion re-
g1on bounded by tao absorpinre ohmic regions (shadad) comre-



