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Abstract—A summary of electrical and optical approaches to
clock distribution within high-performance microprocessors is
presented. System-level properties of intrachipelectrical clock
distribution networks corresponding to three microprocessor
families are summarized. It is found that global clock interconnect
performance and short-term jitter present the greatest challenges
to the continued use of conventional clock distribution method-
ologies. An extrapolation of trends describing the percentage of
clock period consumed by global skew and short-term jitter iden-
tifies the 32-nm technology generation of the 2002 International
Technology Roadmap for Semiconductors (ITRS) as the first
technology generation within which alternate methods of clock
distribution may be warranted. Research efforts investigating
interboard through intrachip optical clock distribution are also
summarized. An optical distribution network compatible with
high volume manufacturing in conjunction with a suitable means
of providing optical-to-electrical signal conversion comprise the
two fundamental challenges facing successful implementation of
an optical clock distribution network. It is found that a global
guided-wave distribution capable of efficient input and output
coupling of optical power is required to meet the first challenge.
The identification of a suitable means of optical-to-electrical
conversion, however, remains an active topic of research.

Index Terms—High performance, high-speed interconnect, op-
tical, optoelectronic integrated circuits, system level, VLSI.

I. INTRODUCTION

M ANY unique approaches for implementing intrachip
clock distribution in future high-performance gigascale

microprocessors have been presented in the literature. These
approaches include off-chip interconnection [1], package-level
distribution [2], wireless microwave distribution [3], asyn-
chronous distribution [4], distributed oscillator array networks
[5], and optical distribution [6]. The desire to minimize the
fraction of clock period consumed by skew and jitter exists
equally in all cases irrespective of the implementation method-
ology. The fundamental differences among these approaches
lie with:

a) the respective method of implementing the global clock
distribution network;

b) the amount of skew and jitter generated by the distribu-
tion;

c) area and power consumption associated with the driver
and wiring distributions of the clock network;
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d) the novel advances in microelectronic technology re-
quired for realization of the proposed network (if any);

e) the impact on clock network design methodologies.

Given that the success of an alternate approach depends on
the relative gains offered in terms of performance, power
dissipation, and design complexity, limitations associated with
electrical clock distribution techniques must first be understood
before the full potential of an alternate methodology can
be assessed. Once these limitations are defined, the initial
entry point of an alternate clock methodology into gigascale
microprocessor technology can be identified.

In this paper, a summary of system-level properties
describing the electrical clock distribution networks of
high-performance microprocessors reported in the literature is
presented. The continued practice of overcoming global clock
interconnect performance limitations through the addition of
global clock repeaters is questioned based upon the extrapo-
lation of short-term jitter trends reported in the literature. The
32-nm technology generation of the 2002 ITRS is identified as
the first technology generation within which an alternate global
clock distribution methodology may be warranted. As optical
clock distribution represents a possible alternative, a summary
of interboard through intrachip optical clock distribution
networks presented in the literature is provided to identify
strengths and weaknesses associated with different distribution
methods. Previous work on optical clock distribution has
proceeded without a clear assessment of the potential for
electrical clock distribution networks to extend performance
into the GHz frequency regime. This paper presents for the
first time a comprehensive summary of performance attributes
associated with both electrical and optical clock distribution
networks to underscore practical considerations for integration.
By identifying the strengths and weaknesses of optical clock
distribution networks, new research efforts in this field can be
focused on the optical methodology or methodologies offering
the greatest promise for successful integration.

Section II describes system-level properties that characterize
any clock distribution network, regardless of implementation
methodology. Section III provides a summary of key perfor-
mance limitations challenging the extrapolation of electrical
clock distribution methodologies to future technology gener-
ations. Section IV identifies the first technology generation
within which an alternate global clock distribution methodology
may be warranted. Section V presents an overview of general
attributes associated with optical methods of clock distribution.
Section VI summarizes key features of representative optical
clock distribution networks achieving interboard through
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intrachip clock distribution. Section VII presents a compilation
of the advantages and disadvantages associated with various
approaches to optical clock distribution. Section VIII presents
concluding remarks.

II. CHARACTERIZATION OF CLOCK DISTRIBUTION NETWORKS

Over the course of the past three decades, microprocessor
clock frequencies have increased from 108 kHz in 1971 [7] to
over 3.0 GHz [8]. Two sources of timing uncertainty challenge
the successful synchronous distribution of a clock signal. The
first source of uncertainty, skew, represents static differences in
the arrival time of the clock signal as measured between two
or more distribution points. The second source of uncertainty,
jitter, represents dynamic differences in the arrival time of the
clock signal as measured from the same distribution point. Each
source of timing uncertainty has a unique effect on critical path
timing constraints. In the case of clock skew, a fixed devia-
tion in the arrival time of the clock between successive storage
elements can be either harmful or beneficial, depending upon
the nature of combinational logic delay between the elements
[9]. In addition, a distinction betweenknownskew andunex-
pectedskew is necessary. Known skew can be compensated for
during design, resulting in negligible impact on performance.
Unexpected skew, however, requires the addition of a timing
margin to cycle time and degrades performance [10]. The effect
of skew on the ability of a local logic path to meet cycle-time
constraints, therefore, depends upon the nature of both delay
and skew along that path. To allow flexibility in tailoring the
effect of skew on local critical path performance, minimiza-
tion of global skew is essential. In the case of jitter, two ver-
sions exist that present challenges to both intrachip and inter-
chip synchronization. The first version, short-term (or cycle-to-
cycle) jitter, affects intrachip synchronization and results from
the modulation of clock buffer delay due to power-supply noise
generated during random changes in digital switching activity
across a die [11]–[13]. Short-term jitter must be added to the
cycle-time budget of critical logic paths, reducing the maximum
performance of the chip. The second version of jitter, long-term
jitter, is represented by long-term shifts in the clock edge due to
noise-induced shifts in the voltage-controlled oscillator (VCO)
operating frequency of the on-chip phase-locked loop (PLL).
Although long-term jitter challenges interchip input/output syn-
chronization, intrachip critical path timing budgets are not af-
fected since the same frequency is sent globally to all latches
[13].

To understand limitations facing electrical clock distribution
with respect to performance, it is first important to distinguish
between open-loop distributions, closed-loop distributions
without active compensation, and closed-loop distributions
with active compensation. The basic premise behind open-loop
synchronous timing is that no measurement or adjustment
of clock phase is made to compensate for phase discrep-
ancies between two clock signals stemming from the same
source. Closed-loop distributions typically involve the use of
on-chip PLL(s) to compensate for delay between the off-chip
board-level reference clock and the on-chip clock proceeding

some portion of the global distribution network.1 The use of
a PLL alone, however, does not compensate for global skew.
To reduce global skew, a closed-loop distribution network
with active compensation can be used to measure and adjust
phase differences between clock signals reaching different
portions of the chip. In such distributions, active compensation
(typically achieved through a delay-locked loop) can eliminate
the majority of skew from the global clock signal, leaving
jitter as the dominant limitation on performance [11]. The
majority of electrical clock distribution networks reported in
the literature have employed closed-loop synchronization both
with and without active compensation to reduce global clock
skew. All approaches to optical clock distribution investigated
to date, however, can be categorized as open-loop distributions.

III. PERFORMANCELIMITATIONS OF CONVENTIONAL

ELECTRICAL CLOCK DISTRIBUTION NETWORKS

In discussing limitations associated with electrical clock
distribution networks, the difference between the maximum
frequency of operation and distribution must first be noted. The
maximum frequency ofoperationfor a microprocessor refers
to the number of gate delays included along frequency-limiting
critical logic paths. Only through a combined reduction in the
delay of each gate through technology scaling as well as the
total number of gate delays have the reported increases in clock
frequency of high-performance microprocessors been achieved.
Limits with respect to the maximum operating frequency of
a microprocessor are therefore dictated by circuit and system
limits with respect to the minimum number of gate delays along
critical paths in conjunction with device and circuit limits on
minimum allowable gate delay within a specific technology
generation. By contrast, the maximum frequency ofdistribution
is related to performance limitations imposed by global clock
interconnection and the percentage of clock period consumed
by skew and jitter. Hence, the goal of a clock distribution
network is to enable the maximum operating frequency of a
given chip architecture/technology iteration by minimizing the
impact of global interconnection, skew, and jitter.

In determining the most restrictive limitations on the max-
imum clock frequency of distribution, the following factors
must be considered: a) performance limitations imposed by
global clock interconnection; b) skew associated with global
and local critical logic paths; c) short-term jitter associated
with global clock interconnect and distributed clock drivers;
and d) microprocessor architecture. Absolute delay between
global clock source and local latches is unimportant provided
that transition times associated with individual edges of the
clock signal do not degrade. As propagation delay along
clock interconnect increases, however, clock-edge integrity
degrades due to resistance-inductance-capacitance (RLC)
parasitics. Minimization of propatation delay along global
clock interconnect is therefore required to avoid clock-edge
degradation. This minimization is achieved in practice through
the addition of clock repeaters. An increase in the number of
clock repeaters, however, increases global skew and short-term

1An exception is seen in the 433 MHz Alpha 21164, for example, which uses
a duty cycle equalization circuit.
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TABLE I
SUMMARY OF HIGH-PERFORMANCEELECTRICAL CLOCK DISTRIBUTION NETWORKSREPORTED IN THELITERATURE

jitter due to the impact of process variations and power supply
noise, respectively, on the integrity of the global clock signal.
Other common techniques for delay reduction along global
clock interconnection offer limited relief. For example, delay
reduction afforded through reverse scaling of global clock
interconnection is limited to that associated with an optimal
wire width for a particular interconnect technology, since delay
begins to increases for wire widths larger than this value due
to the increased parasitics between clock lines and non-return
path interconnects. In addition, despite the approximately
40% reduction in resistivity when compared to aluminum,
copper-based global clock interconnections still require an
increasing number of repeaters with frequency due to losses
induced by wire resistance [10].

Various techniques exist in the literature for eliminating
skew from the global clock signal. Short-term jitter, however,
remains uncompensated, as active compensation circuitry
cannot make instantaneous corrections for delay variations in
distributed clock buffers [13]. Global skew has been effectively
managed through the use of various distribution geometries
and forms of active compensation, as reflected in Table I. In
this table, the clock distribution networks corresponding to the
microprocessor architectures of the a) Alpha 21064, 21164,
21264, and 21364, b) Pentium, Pentium II, Pentium III, IA-64,
and Pentium IV, and c) PowerPC, S/390 G4, G5, and G6, and
Power4 are summarized with respect to technology, global
clock distribution geometry, nature of distribution topology
[open-loop (OL), closed loop without active compensation
(CL), or closed loop with active compensation (CLAC)], worst
case global skew, and percentage of clock period consumed
by global skew based on information reported in the literature.
Trends describing the consumption of clock period by global

skew versus clock frequency for individual microprocessors of
Table I are illustrated in Fig. 1. From these data, it is evident
that global skew has been minimized through intelligent
choices of closed-loop active compensation techniques and/or
global distribution geometry. The amount of short-term jitter
is reported in conjunction with either the global phase-locked
loop used to drive the distribution or the microprocessor itself.
Table II summarizes measured values for short-term jitter
corresponding to the PLL/global clock distribution network
of several microprocessors taken during active operation.
Trends describing the percentage of test period consumed by
short-term jitter versus test frequency for the microprocessors
of Table II are presented in Fig. 2. These measurements indicate
that the percentage of clock period consumed by short-term
jitter is increasing with clock frequency at a rate higher than
that exhibited by skew. This trend is attributed to the presence
of heightened power supply noise within increasingly complex
microprocessor architectures. It should be noted that each mi-
croprocessor incorporates a significant amount of decoupling
capacitance to minimize the effect of power supply noise (see
references of Table II).

Limits on global interconnect performance are reflected in
the projections of the 2000 ITRS through the separation of chip-
level clock frequency into global and local components. Implicit
to the notion of local and global clock frequencies is the use of
clock multipliers to generate the local clock frequency for indi-
vidual locally synchronous regions. Conventionally, PLLs have
been used to perform board-to-chip-level frequency multiplica-
tion. The use oflocalPLLs to generate the local clock frequency
implies embedding each analog PLL within local islands of dig-
ital logic, and represents a challenging extension to the practice
of locating the chip-level PLL within areas more easily made
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Fig. 1. Percentage of clock period consumed by global skew versus clock frequency for microprocessors of Table I. Straight line fit to data is shown.

TABLE II
PERCENTAGE OFTEST PERIOD CONSUMED BY SHORT-TERM JITTER FORREPORTEDMICROPROCESSORS

immune to power supply and substrate noise, such as the corner
[16] or center [26] of the chip. The design of PLLs with respect
to jitter involves the optimization of the PLL loop bandwidth
to minimize the contributions of input jitter and internal jitter
generated within the VCO to output jitter [34]. Jitter present
at the input of a PLL experiences a low-pass transfer function,
while jitter generated internally within the VCO experiences a
high-pass transfer function at the PLL output. Although the at-
tenuation of short-term input jitter provides a solution to the
trends depicted in Fig. 2, short-term jitter generated within the
VCO of a local PLL will propagate to the local clock distribution
network following the PLL, resulting in the negation of perfor-
mance gains achieved through the elimination of jitter from the

global clock signal. Given the anticipated increase in transistor
count and power-supply/substrate noise, the use of local PLLs,
therefore, may not meet the challenge of reducing the consump-
tion of available clock period by short-term jitter. The use of
local pulse generators to generate the local clock frequency (as
seen in the Pentium IV clock distribution, for example) relies
on the efficient filtering of noise from the power supply, as
the broadband nature of pulse generators is such that any jitter
present at the input is transferred to the output [25]. Barring
the advent of novel local frequency multiplication schemes that
provide immunity to jitter, the global-to-local clock distribution
scheme projected by the 2000 ITRS may prove insufficient for
future gigahertz clock distribution networks. An estimate for the
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Fig. 2. Percentage of test period consumed by short-term jitter versus test frequency for microprocessors of Table II. Linear fit to data is shown.

TABLE III
PROJECTIONS FORSHORT-TERM JITTER AND SKEW VERSUSTECHNOLOGY GENERATION

initial technology generation within which an alternate global
clocking methodology is merited is provided in the next sec-
tion.

IV. 2002 ITRS 32-nm (2013) TECHNOLOGY GENERATION:
INITIAL TECHNOLOGY GENERATION MERITING ALTERNATE

GLOBAL CLOCKING METHODOLOGY

To predict the initial technology generation within which an
alternate global clocking methodology is merited, the trends
depicted in Figs. 1 and 2 are extrapolated to encompass the
range of local clock frequencies predicted by the 2002 ITRS.
Table III summarizes the extrapolated values for local skew
and short-term jitter for each technology generation. To pre-
dict the amount of local clock period consumed by skew and
short-term jitter, it is assumed that local clock multipliers op-
erate in a manner similar to that seen in the Pentium IV, where
any variations at multiplier input are passed unattenuated to the
output. As Table III indicates, the percentage of local period

available for critical path gate delays reduces from 60.5% to
38% in transitioning from the 45-nm technology generation to
32-nm technology, respectively. Assuming the consumption of
39.5 % of the local clock period by timing uncertainties is ac-
ceptable within the 45-nm generation,the 32-nm (or 2013) tech-
nology generation of the 2002 ITRS represents the first genera-
tion within which an alternate global clock distribution method-
ology may be warranted.

One approach for overcoming constraints on the clock fre-
quency of distribution imposed by global clock interconnect and
jitter is global optical clock distribution. As both guided-wave
and free-space propagation media impose no restrictions on the
maximum frequency of modulation of an optical signal,global
distribution of the local clock frequency is possible. Optical
methods of clock distribution, therefore, allow for the elimina-
tion of global electrical clock interconnect, distributed global
buffers, and local clock multipliers. General properties of three
different approaches to optical clock distribution are provided
in the next section.
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V. GENERAL PROPERTIES OFOPTICAL CLOCK DISTRIBUTION

NETWORKS

Optical clock distribution was first suggested by Goodman in
1984 [35]. The main components of an optical clock distribution
network for interboard, interchip, or intrachip synchronization
are as follows:

a) the photon source, either on-chip or off-chip;
b) the propagation medium of the optical path, either free-

space or guided-wave;
c) a passive diffractive optics device for light redirection (de-

pending on the assumed optical propagation medium);
d) a photodetector for optical-to-electrical conversion that

is included through monolithic or hybrid attachment
methods;

e) a receiver circuit for amplification of low-level photocur-
rent.

In general, three different approaches exist for optical clock
distribution based upon the propagation medium between
the photon source and chip-level detectors: a) unfocused
free-space, b) focused free-space, and c) guided wave [35].
In unfocused free-space communication, an off-chip photon
source broadcasts to the entire chip, with detectors placed at
desired points for optical-to-electrical conversion. The main
weaknesses to this approach are the need for global masking
to avoid unwanted photoelectron generation in nondetector re-
gions (depending on the wavelength of light propagating within
the distribution), the reduction in the amount of optical power
incident to each detector, and the need for a three-dimensional
propagation volume. Focused free-space communication sends
optical power to the desired detector locations through the use
of a focusing element, reducing the need for global masking of
regions where no incident signal is desired.

A focused free-space optical clock distribution employing
holographic redirection of the optical signal is illustrated in
Fig. 3 [36]. Focused free-space propagation requires a trans-
missive or reflective diffractive optical element (DOE) as the
focusing medium, precise alignment of the source-DOE-chip
optical system to ensure proper detection of the focused
beams, and a three-dimensional propagation volume. Perhaps
most importantly, such distributions are not conducive to heat
removal and supply-of-power techniques that require the use of
area on both sides of a fully packaged chip.

Substrate-mode guided-wave distribution represents a com-
pact approach to focused free-space distribution by confining
the optical signal to a dielectric substrate. A substrate-mode
guided-wave distribution is illustrated in Fig. 4 [37]. Redirec-
tion of the optical signal within the dielectric substrate can
occur through multiple gratings, mirrors, and/or microlenses
located along individual optical pathways. High-performance
surface-relief gratings for beam-splitting and reflection re-
quire the use of advanced fabrication techniques such as direct
e-beam writing. In addition, the presence of multiple microoptic
components along each signal pathway results in increased
optical loss. Guided-wave distribution employing fiber-optic
or integrated optical waveguides allows for compact, planar
packaging of the optical/electrical system without the need

Fig. 3. Focused free-space optical clock distribution configuration [36].

Fig. 4. Substrate-mode guided-wave optical clock distribution configuration
[37].

for multiple diffractive components along individual optical
pathways. An integrated optical guided-wave distribution is
illustrated in Fig. 5. Unless a low loss guided-wave optical
interconnect technology employs a sufficient contrast in
refractive index between core and cladding materials, optical
loss inherent in bent waveguide arms can become significant
for small radii of curvature. In addition, efficient coupling of
optical power into a guided-wave distribution is inherently
more difficult, as only a finite number of optical modes are
involved.

Since Goodman [35], the majority of research on optical
clock distribution has been directed toward interboard and
interchip synchronization, with limited research focused on
intrachip distribution. To the authors’ knowledge, no work has
been reported in the literature on unfocused free-space distribu-
tions. Representative examples of optical clock distributions for
interboard, interchip, and intrachip synchronization based on
focused free-space and guided-wave distributions are discussed
in the following section.

VI. OPTICAL CLOCK DISTRIBUTION NETWORKSREPORTED IN

THE LITERATURE

A. Focused Free-Space Distributions

Research on the use of diffractive optical elements for trans-
mission or reflection of optical signals for interboard and in-
terchipdata interconnection is abundant in the literature [36].
Distribution of an opticalclocksignal by means of a diffractive
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Fig. 5. Optical clock distribution using integrated optical waveguides.

optical element can be thought of as a specialized case of op-
tical data interconnection, where the explicit need for chip-level
optical photon sources is eliminated and fewer chip-level de-
tector/receiver pairs are required. In both cases, a diffractive
optical element is responsible for directing the incident optical
power to the desired detector locations.

Holograms are a common diffractive optical element inves-
tigated in the literature for optical clock distribution networks
based on focused free-space distribution. Investigation of
the skew properties of an array of optical transimpedance
receivers associated with a hologram-based focused free-space
distribution has been presented by Goodman and Clymer
[38]. In this work, each receiver consists of a silicon p-i-n
detector to convert the incident optical power into a low-level
photocurrent. The generated photocurrent is subsequently
converted to a voltage by a transimpedance receiver, whereby
it is amplified by a chain of analog inverter amplifiers. Test
circuits comprised of 18 receivers each were fabricated in
3- m MOSIS technology. Each p-i-n detector was 2020

m , surrounded by a 100 100 m aluminum sheet derived
from the topmost interconnect metal layer to prevent unwanted
optical carrier generation within the silicon area surrounding
each detector. A mean maximum input frequency of 15.1
MHz was experimentally observed, along with an average of
13.5-ns skew using a novel skew measurement circuit. A major
contribution to the measured skew was the wide variation in
metal–oxide–semiconductor field-effect transistor (MOSFET)
threshold voltages inherent in the 3-m digital fabrication
process.

Focused free-space optical clock distribution requires intri-
cate alignment of the source-DOE-receiver system [39]. The
main drawback, however, is the need for a large three-dimen-
sional propagation volume.Large volume distributions prohibit
compact packaging of the optical/electrical system, thereby
inhibiting high volume manufacture.Focused free-space
distribution can be achieved in a compact, planar manner by
coupling optical power into a dielectric substrate and sub-
sequently redirecting it through monolithically incorporated
microoptic components. In this approach, the optical signal is
confined within the substrate along the transverse direction,
defined as normal to both the direction of propagation and the
surface of the substrate. Diffraction, refraction, and/or reflec-
tion of the optical signal at desired points within the substrate
can occur through monolithic integration of surface-relief or

volume gratings, microlenses, and/or dielectric or metallic
mirrors, respectively, within the top and/or bottom surface(s) of
the substrate. This approach to focused free-space distribution
is also known as substrate-mode guided-wave distribution. In
contrast to integrated optical waveguide propagation, confine-
ment of the optical signal does not occur in the lateral direction,
defined as normal to the direction of propagation and parallel
to the surface of the substrate.

Research investigating substrate-mode wave propagation
is presented in [37] and [40]. The optical substrate repre-
senting the central component of the distribution is depicted
in Fig. 4. Within this substrate, a normally incident optical
beam is diffracted by a beam-splitting surface-relief binary
phase grating into two separate beams. Each diffracted beam
propagates within the substrate by repeatedly impinging on
metallic mirrors until reaching a multiphase reflection grating,
where it is redirected normally to the next beam-splitting
diffraction grating. This process repeats until each optical wave
terminates onto a final reflection grating, where it is directed to
a chip-level detector for optical-to-electrical conversion.

Other examples of optical clock distributions employing sub-
strate-mode wave propagation can be found in [41]–[43]. Chal-
lenges facing substrate-mode guided-wave distribution include
the need for multiple diffraction gratings, mirrors, and/or mi-
crolenses along individual signal pathways, and the need for in-
tegration of an appropriate substrate technology into micropro-
cessor systems. With respect to the latter challenge, the integra-
tion of an appropriate substrate technology implies either hybrid
integration with or outright replacement of conventional printed
wiring board technology. The former approach implies placing
the substrate on either the top or bottom of a printed wiring
board, which, depending on the density of board-level electrical
components and/or the integration of components on both sides
of the printed wiring board, may not be feasible. The latter ap-
proach, where the optical substrate would serve to interconnect
both optically and electrically the printed wiring board compo-
nents, represents a significant shift from conventional low-cost
printed wiring board technology.

B. Guided-Wave Distribution

Both fiber-optic and integrated optical guided-wave distri-
butions have been reported in the literature for interboard and
interchip applications. An integrated optical guided-wave dis-
tribution network is depicted in Fig. 5. Guided-wave distribu-
tion of an optical clock signal in an interboard fashion man-
dates the use of fiber-optic waveguides to enable flexibility in
routing long-distance optical communication between source
and detector locations. The most aggressive approach reported
in the literature involves communication to 1024 separate ports
via fiber-optic waveguides for board-to-board synchronization
within telecommunications switching machines [44]. In this ap-
proach, a mode-locked femtosecond semiconductor laser diode
system feeds a single optical fiber through a collimating lens
with an input coupling efficiency of approximately 40%. Split-
ting of optical power is performed using an optical fiber splitter.
The system, operating at 302 MHz, delivers 1W of optical
power to each fanout port with 12 ps jitter.
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Research investigating interchip synchronization using fiber-
optic waveguides is reported in [45], where distribution of an
optical clock signal to 64 individual sites on a printed wiring
board is realized through a bundle of optical fibers routed in an
H-tree topology. In this approach, each receiver site is hand-fed
a single optical fiber through a via hole in the printed wiring
board. By passing individual fibers through the board at specific
via locations, the need for light-redirection through diffractive
optics components is eliminated. A measured skew of 23 ps was
observed within the distribution. Right-angle bend radii of 580

m experienced measured optical losses of 0.12 dB. Uniformity
of the optical output power across the 64 fibers communicating
with each point of fanout is distributed over an approximate
3.5-dB range due to the butt-coupling scheme used in coupling
optical power into the fiber bundle.

Interchip optical clock distribution can also be achieved using
integrated optical waveguides. A system-level design for an in-
tegrated optical waveguide H-tree distribution achieving inter-
chip optical synchronization is presented in [46]. To distribute
the clock signal, a silica glass material system is proposed for
the waveguide distribution with SiON introduced within desired
areas of optical power coupling. Optical power feeds the distri-
bution via butt-coupling of an optical fiber to the input of a mul-
timode waveguide. Fanout of the clock signal is performed via
3-dB directional couplers for power splitting at individual 12
junctions within the H-tree distribution. Outcoupling of the op-
tical clock signal is performed at each fanout through a binary
surface-relief grating with a theoretical coupling efficiency of
60%.

Research investigating distribution of a multigigahertz optical
clock signal within a Cray supercomputer multiprocessor board
is presented in [47] and [48]. In this approach, a polyimide op-
tical waveguide distributes the optical clock signal in an H-tree
distribution topology to 48 clock nodes over a 14.527 cm
printed wiring board area. Key features of this approach are:

a) the proposition of integrating thin-film vertical-cavity
surface-emitting-laser sources and metal–semicon-
ductor–metal silicon detectors within the printed wiring
board;

b) multimode polyimide waveguides and y-junction power
splitters;

c) the use of tilted binary surface-relief grating couplers
and/or 45 total internal reflection (TIR) mirrors etched
into optical waveguide arms for coupling of light into
and out of the distribution.

Fabrication of tilted surface relief couplers and 45TIR mirrors
is achieved through reactive ion etching (or laser writing for TIR
mirror fabrication), where grating coupler fabrication involves
a Faraday cage to achieve a tilted profile. Measured efficiencies
of the tilted binary surface-relief gratings and TIR mirrors are
reported as 35% and approximately 100%, respectively. The use
of TIR mirrors embedded within the printed wiring board allows
for highly efficient coupling of light in a direction normal to the
direction of propagation. The main drawback to this method of
outcoupling, however, is the lack of control over output beam
shape. The half-width at half-maximum is reported as 60m in
[48], requiring in turn a large detector area for full beam cov-

erage. The use of a TIR mirror requires that both source and
detector to be placed in close proximity of the mirror to ensure
efficient coupling.

A research effort featuring silicon-based microphotonics
is reported in [6] and [49]–[54]. In this approach, every
element of the optical system is fabricated at the chip level
from silicon-based materials. Monolithic light emission at an
optical wavelength of 1.54m is achieved using erbium-doped
silicon light-emitting diodes. Monolithic chip-level waveg-
uides are fabricated using polysilicon and silicon dioxide
as the waveguide core and cladding materials, respectively.
Submicrometer waveguide dimensions (0.20.5 m ) and
right-angle bend radii of 2 m radius have been fabricated
with less than 1 dB insertion loss due to the high refractive
index contrast between polysilicon and silicon dioxide
( ) [49]. Optical-to-electrical conversion is achieved
through heterojunction germanium-silicon detectors operating
in the 1.3–1.55 m wavelength range with responsivities
of 0.3 and 0.2 A/W at and m, respectively
[50]. Integration with chip-level waveguides is achieved by
butt-coupling of waveguide outputs to individual detectors
[51]. To date, the maximum measured optical output power of
the Er:Si diodes is tens ofWs at 1 output efficiency [52].
Design specifications enabling reduction of sidewall scattering
losses within optical waveguides to 0.1 dB/cm are presented in
[53], with the lowest reported values of measured propagation
loss measuring 0.8 dB/cm [54].

Table IV summarizes the target application, location of the
photon source, propagation medium(s) with respect to global
signal distribution, diffractive optical element(s), method of
photodetector integration, optical wavelength, distribution
fanout, system clock frequency, and reported values of skew
and/or jitter for select optical clock distribution networks
reported in the literature. Performance limitations facing
optical clock distribution networks summarized in Table IV are
presented in the next section.

VII. STRENGTHS ANDWEAKNESSES OFOPTICAL CLOCK

DISTRIBUTION

The two fundamental obstacles challenging the adaptation of
optical clock distribution within high-performance micropro-
cessor systems are: 1) realization of a manufacturable, efficient
optical distribution and 2) design of an appropriate chip-level
receiver. From Section VI, focused free-space distributions
employing diffractive optical elements located in a manner
separate from the optical/electrical system require a significant
three-dimensional propagation volume. Such architectures are
not compatible with volume microprocessor manufacture and
do not provide for concurrent use of projected heat removal
and supply-of-power techniques. Compact, planar packaging
is achieved within focused free-space distributions employing
substrate-mode propagation. It is unclear, however, whether
production of an appropriate substrate technology in a manner
integrated within or parallel to printed wiring board manufac-
ture represents a viable alternative to conventional practice.

Guided-wave distribution provides compact packaging of
the optical distribution in a manner that minimizes the use of
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TABLE IV
SUMMARY OF INTERBOARD THROUGH INTRACHIP OPTICAL CLOCK DISTRIBUTION NETWORKS

diffractive or reflective components. In addition, waveguide
technologies exist that offer immediate compatibility with
standard methods of printed wiring board [55], [56] and chip
[6] manufacture. The lack of an efficient means by which
optical power can be coupled into and out of a guided-wave
distribution was cited in [35] as the central argument against
waveguide-based optical clock distribution. As summarized
in Section VI, a variety of methods have been investigated for
achieving high-efficiency input and output coupling, including
butt-coupling of optical sources to waveguide input/output
regions, the use of TIR mirrors, or the use of diffractive
couplers. The optimum choice depends primarily on con-
straints imposed by device manufacture and the location of
optoelectronic devices with respect to coupling elements within
a particular system. Butt-coupling of source-to-waveguide or
waveguide-to-detector regions is possible only by locating each
component within the same physical plane, which implies the
integration of efficient chip level monolithic optical sources.
In addition, placement of optical waveguides at local levels
may be difficult due to routing constraints imposed by local
electrical device and interconnect and by via blockage. Total
internal reflection mirrors, typically defined through reactive
ion etching or laser ablation [57], require immediate proximity
between active device and waveguide to avoid excessive beam
diffraction. Surface-relief couplers rely on wet-chemical or
reactive ion etching for the definition of low-to-moderate-per-
formance devices, or e-beam writing for high-performance
devices. High-efficiency volume diffractive couplers, however,
are produced through a holographic process, thereby avoiding
fabrication-related errors in grating profile common to wet and
dry etch chemistries. In addition, the ability to integrate both
preferential coupling (i.e., directing the majority of optical
power into a single or finite number of orders in the substrate or
cover region) and focusing capabilities within a single device
is possible using standard holographic fabrication techniques.
The structure of a preferential-order volume focusing output
coupler reported in [58] and [59] that achieves 98% preferential
coupling into the cover region and 95% overall coupling effi-

Fig. 6. Preferential-order volume focusing grating coupler [58], [59].

ciency is depicted in Fig. 6. The importance of incorporating
diffractive grating coupler technology (either surface-relief or
volume) increases with the distance between active device and
waveguide. In the case of power coupling from waveguide to
detector, this allows for reduced detector area, and hence higher
operating frequency of the distribution.2 For high-efficiency
input coupling into a guided-wave distribution, a volume
focusing coupler with a Gaussian intensity profile could pro-
vide enhanced phase matching with Gaussian beams typically
generated by semiconductor lasers [59]. Depending on the
system-level architecture and associated design constraints,
application of one or more of the above technologies to an
optical waveguide clock distribution network can address the
challenge of optical power coupling.

One architectural uncertainty with respect to an optical wave-
guide distribution is the degree to which the distribution must
communicate with local latches. Implicit to each approach de-
scribed by Goodman [35] is the extension of the global op-
tical distribution to all latches via electrical interconnection. As-
suming a local optoelectronic latch structure could in fact be de-
signed to perform the required optical-to-electrical conversion
in a power and area efficient manner at gigahertz frequencies,
optically distributing a clock signal directly to each latch would

2The volume grating preferential-order focusing coupler reported in [58] pro-
duces a near-diffraction-limited focal line with a full width at half-maximum of
10.49�m
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require a highly nonsymmetrical routing geometry. For either
focused free-space or guided-wave distributions, the required
distribution fanout would need to correspond to the number of
local latches, which for architectures including million
transistors already amounts to approximately 10–10 elements
[11]. This fanout exceeds that of the highest fanout reported by
any optical clock distribution by one to three orders of mag-
nitude [44]. In addition, short electrical interconnection offers
high density, high speed, and low switching energy with re-
spect to the local distribution of a clock signal. The ability to
place and route automatically local clock interconnection using
computer-aided design tools additionally compliments the ad-
vantages of short electrical interconnection [60]–[62]. Thus, the
local portion of any optical clock distribution network will likely
be realized through electrical interconnect, and the requirement
for a global fanout on the order of the number of local latches
does not exist.

Optical waveguide technology does not allow for arbitrarily
high levels of distribution fanout, however. In contrast to elec-
trical interconnection, where a signal can be regenerated at peri-
odic points through the use of a repeater, an optical signal must
rely on the fixed amount of optical power available at the dis-
tribution input. This power must be sufficient for all individual
propagation paths stemming from the optical source to ensure
that adequate power is available at each receiver. In addition,
this power must be distributed in a uniform manner to all points
of fanout to ensure comparable receiver performance across an
entire fanout array. For any global waveguide distribution, the
maximum fanout is dictated by the available optical input power,
optical power loss mechanisms inherent in guided-wave dis-
tribution, the minimum optical power that can be detected by
chip-level receivers, and the area over which the distribution
must communicate. Optical input power is dictated by that avail-
able from the optical source. Optical loss mechanisms include:

a) input coupling loss from the optical source to the
guided-wave distribution network;

b) loss due to the tapering of waveguide dimensions from
wide multimode to narrow single-mode waveguide di-
mensions (if necessary);

c) power-splitting loss at each split junction due to reflection
and scattering losses;

d) bending loss incurred along curved waveguide arms due
to the difference in phase velocity of the guided mode(s)
and radiation mode(s) in the inner core and outer cladding
regions, respectively;

e) waveguide propagation loss due to absorption and scat-
tering losses;

f) output coupling loss going from the waveguide to detector.
The incorporation of volume couplers and/or TIR mirrors

(depending on system architecture) can address the challenge
of optical power coupling. Loss due to tapering of waveguide
dimensions can be minimized, provided that a sufficiently
long input taper can be realized. Assuming a fanout of two per
power-splitting junction, each junction incurs some amount of
optical loss due to reflection and scattering. Bending loss in-
curred along curved waveguide paths within curved waveguide
arms decreases with an increase in refractive index contrast
for small radii of curvature due to the strong confinement

within the core region. To realize the benefits of a high-contrast
waveguide technology, however, optically-smooth sidewalls
must be realized. Hence, if a low loss, high contrast waveguide
technology is available, optical loss inherent in the fanout of
optical power can be minimized, and the maximum global
fanout of an intrachip guided-wave distribution is left to depend
on the optoelectronic source and receiver technology.

Once an appropriate waveguide technology has been selected,
a system-level design advantage afforded through optical inter-
connection is the elimination of global clock interconnect re-
designs following enhancements in system operating frequency,
as no changes in cross-sectional waveguide geometry are re-
quired with an increase in the frequency of modulation. In ad-
dition, the integrity of clock pulse transitions is decoupled from
propagation delay along global optical clock lines communi-
cating over chip-level and board-level distances [63]. This is
in contrast to electrical clock interconnection, where the de-
sign of interconnect delay and the clock edge rate are strongly
interdependent due to constraints imposed by RLC parasitics
and jitter [10]. By removing the impact of interconnect delay
on clock edge integrity, global clock interconnect design can
be simplified. Design considerations with respect to operating
conditions are also simplified using global optical waveguides,
as currently available waveguide technologies (e.g., polymer
or poly-Si SiO ) exhibit acceptable fluctuations in refractive
index with changes in operating temperature over the temper-
ature range typically encountered during microprocessor opera-
tion [63]. Three design considerations paramount to global elec-
trical clock interconnect design can therefore be eliminated with
the use of global optical waveguides.

It should be noted that early incorporation within the design
cycle of both waveguide and receiver placement is important, as
optical waveguides cannot be arbitrarily routed to the same de-
gree as can electrical interconnections. In a similar fashion, the
optimal placement of global clock repeaters in microprocessor
design is not always possible due to area constraints imposed
by large functional units and memory arrays [10]. In this case,
nonoptimal buffer placement is compensated through tailoring
of the electrical interconnect distribution. Such tailoring would
be possible, although limited in comparison, within the context
of an optical waveguide distribution, with low-loss, high-con-
trast waveguide technology offering the greatest degree of flex-
ibility.

The second challenge facing mainstream integration of
optical clock distribution techniques is the design of a high-per-
formance optoelectronic receiver. Although a global waveguide
distribution network is capable of delivering a skew- and
jitter-free clock signal to each receiver through the use of equal
or near-equal length global pathways free from electrical clock
repeaters, optoelectronic receivers must be designed such that
negation of these gains does not occur through poor receiver
performance. A vast amount of research has been devoted to the
design of high-performance smart-pixel receivers for optical
data interconnection. Example CMOS smart-pixel receivers
include both NMOS [65] and CMOS [66]–[68] transimpedance
preamplifiers followed by single or multiple gain stages. The
majority of smart-pixel-based optical receiver research reported
in the literature consists of a photodetector to provide the
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optical-to-electrical conversion and an integrated amplifier,
which in its simplest form consists of a transimpedance am-
plifier for conversion of the detector-generated photocurrent
to an analog output voltage. The transimpedance front end
is followed by a series of small-signal voltage amplifiers to
raise the analog signal amplitude to a level sufficient for a
final digital voltage-level decision stage. A transimpedance
receiver was investigated by Clymer and Goodman for clock
distribution, which, as the authors discovered, did not result in
robust, stable performance when implemented within a digital
CMOS process [38]. Whether such high-gain receivers can
operate with acceptable levels of performance within future
gigascale microprocessors remains open to debate [63].

In addition, power dissipation associated with the receiver
array must be considered. It must be noted that the majority of
power dissipation in electrical clock distribution networks re-
sides within the local clock distribution, which in certain mi-
croprocessor families consumes at least an order of magnitude
more power than the global portion of the distribution network
[10]. As such, the use of optical clock techniques may not offer
significant power savings with respect to an intrachip clock dis-
tribution network unless a sufficient fanout can be achieved. To
date, the development of an optical receiver capable of high-
speed, low-jitter, and low-power operation that can drive a sig-
nificant clock load capacitance is still pending, and remains a
fundamental challenge to the mainstream integration of optical
clock techniques.

VIII. C ONCLUSION

A summary of electrical clock distribution networks imple-
mented within high-performance microprocessors has been
presented. Intelligent design of global distribution geometries
and the use of active compensation techniques have controlled
global skew, leaving short-term jitter and global interconnect
performance as the main obstacles to achieving multigigahertz
operation in future technology generations. Extrapolation of
present trends describing consumption of clock period by both
skew and short-term jitter predicts the need for an alternate
global clocking methodology for microprocessors fabricated in
the 32-nm technology generation of the 2002 ITRS.

Two fundamental challenges face the successful integration
of optical clock techniques into gigascale microprocessors. The
first challenge, realization of a compact, manufacturable optical
distribution scheme, can be addressed with the use of an optical
waveguide distribution employing volume diffractive couplers
and/or total internal reflection mirrors in conjunction with
an appropriate low loss, high-contrast waveguide technology.
Electrical interconnection will play a role in optical clock
distributions by connecting global optical pathways to local
latching elements, thereby reducing global fanout require-
ments. Optical waveguide clock distribution allows for global
propagation of the local clock frequency to optoelectronic
receivers in a manner free from power-supply-induced jitter,
thereby allowing for higher aggregate distribution performance
and increased margin with respect to the design of local clock
domains. Optical clock distribution mitigates global clock in-
terconnect design considerations for operating frequency, clock

edge integrity, and temperature of operation. Considerations
for reduced flexibility in waveguide routing in comparison
to electrical interconnection must be accounted for during
design. The second challenge, realization of a robust chip-level
receiver, remains an active topic of research.
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