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The structure, fabrication, and theory of a three-dimensional planarized optoelectronic clock signal
distribution device, based on a thin light-guiding substrate in conjunction with a two-dimensional
polymer holographic grating array, are described. We have demonstrated previously a 25-GHz 1-to-42
~6 3 7! highly parallel fan-out interconnect with a signal-to-noise ratio of 10 dB. We present theoretical
research that focuses on generating a globally uniform fan-out distribution. An objective function aimed
at equalizing the intensities among the fan-out beams is established. For an arbitrary M 3 N fan-out
distribution, there areM 1 N 1 1 sets of holograms needed to be recorded independently to provide the
required equal fan-outs. The efficiency of each hologram is determined precisely. The angular mis-
alignment, wavelength dispersion, and spot-size problems are discussed further, together with their
tolerance requirements on the size of the photoreceivers integrated on the multichip modules. Employ-
ment of 0.25-pitch gradient index ~GRIN! lenses as a collimator and as a focusing element is demon-
strated experimentally. Optical beam profile manipulation and packaging tolerance are enhanced
greatly with GRIN lenses. Finally, clock skew problems associated with the proposed system are
discussed, and schemes to minimize the skew are proposed. © 1997 Optical Society of America
1. Introduction

The evolution of the integrated circuit technology
from very large-scale integrated systems to ultra-
large-scale integrated systems has led to increases
in both the system size and the operation speed.
As a result, system clock skew and data transfer
rate become major concerns in the implementation
of high-speed systems.1 Multichip modules
~MCM! are employed to provide higher clock speeds
and circuit densities through minimizing the chip-
to-chip interconnection distance. It is still diffi-
cult, however, to electrically distribute synchronous
clock signals to the gigahertz region in intra-MCM
and inter-MCM levels due to the required large
fan-out, the associated skin effect, and the long in-
terconnection path.
Optical interconnections, on the other hand, out-

perform electrical interconnections in the above-
mentioned scenarios due to their performance
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advantages of speed and frequency-independent
loss features.2,3 Various applications using optics
for communications in very large-scale integrated
systems have been made, among which is the dis-
tribution of clock signals in a multiprocessor system
that we discuss in this paper. Clock signals are
used to synchronize the operations of various parts
of the processor, hence clock skew is one of the
measures of the performance of the system. Dif-
ferent schemes for providing optical clock signal
distribution have been suggested based on fiber
optics,4–6 integrated waveguide optics,7 and free-
space optics.8–10 For machine-to-machine inter-
connects, the fiber optics approach is usually
adopted due to its flexibility and advantages in
transmitting high-speed signals over large dis-
tances. However, on a chip-to-chip level, this ap-
proach is not suitable because of its bulkiness and
associated packaging problems resulting from its
point-to-point connection feature. Instead, the in-
tegrated waveguide interconnection approach is
more adequate on this level. The free-space clock
signal distribution, compared with the waveguide
approach, allows higher connection density, a
larger degree of freedom for the direction of inter-
connects, and often lower propagation delays. One
of the major problems in applying the free-space
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approach in a real system lies in its difficulties in
realizing a reliable packaging when massive fan-in
and fan-out interconnects are required.
Recently we reported on a unique three-

dimensional ~3-D! free-space compact optical parallel
fan-out interconnect for massive clock signal distri-
bution, which, when integrated with vertical cavity
surface-emitting lasers ~VCSELs! and photoreceiv-
ers, can be used for intra-MCM and inter-MCM in-
terconnects.1 In Ref. 1 it was reported that as much
as 25 harmonics can be transmitted with a system
clock speed of 1 Gbitys. This feature significantly
reduces the clock jittering problem. Because of the
3-D interconnection feature of the reported device, it
minimizes the employment of the real estate of semi-
conductor wafer surface, which is pivotal for a min-
iaturized, massive fan-out interconnect system with
planar integration technology. More important, the
parallel feature of the fan-out beams and the pla-
narized compact device structure convert the un-
solved 3-D spatial and angular multiple alignment
problem into a single 2-D planar step, which greatly
eases the packaging difficulties. For a high-speed
electrical clock signal distribution, an H-tree fan-out
structure has been employed frequently. Such a
structure provides an equivalent delay and mini-
mizes the reflection losses that are due to fan-out-
induced impedance mismatch. It is impractical,
however, from the optical interconnects point of view,
to employ an equivalent optical H-tree structure with
cascaded substrate-mode holograms as suggested by
Yeh et al.10 There is no intrinsic index mismatch
~optical equivalence of impedancemismatch! problem
affiliatedwith the 1-to-many fan-outs. Consequently,
we can provide a large number fan-outs using a single
substrate-mode hologram.11 Furthermore, the im-
plementation of a cascaded H-tree substrate-mode
hologram array significantly increases the system in-
sertion loss. For example, to provide 1-to-16 fan-out
with the structure suggested in Ref. 10, the input clock
signal has to interact with eight discrete holograms.
With each hologram having an average of 75% diffrac-
tion efficiency, each output clock detector receives only
0.6% of the input power, which puts the system power
budget in jeopardy. In this paper, we explore a dif-
ferentmesh structure of implementing the clock signal
distribution system to reduce significantly the system
insertion loss that is due to massive fan-outs. The
fluctuations among all the output channels are mini-
mized for the demonstrated 6 3 7 case1 to obtain an
equalized fan-out distribution. Limitations on the
power and the allowable power ranges of the clock
lasers that are due to the dynamic range of the avail-
able photodetectors are discussed further. The sys-
tem requirement on the design of the clock lasers,
especially their wavelength stability, are also dis-
cussed. The system alignment and spot size from the
clock distribution device, which impose limits on the
active area of the photodetector, are studied. System
design aimed at reducing the size of the spot is ana-
lyzed further. Finally, clock skews of the sys-
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tem are discussed and schemes to minimize the skew
are proposed.

2. Optical Clock Signal Distribution System

Figure 1 shows how the 3-D planarized optoelectronic
clock signal distribution device can be applied in a
MCM system. The input clock signal is generated
from a VCSEL. The optical clock signal is split and
distributed by the clock signal distribution device.
On the integrated circuit chip, the output clock signal
is detected with an avalanche photodiode ~APD! pho-
todetector. In the previous experiment, a thin glass
plate was used as the light-guiding medium. Fabri-
cation of this device requires the formation of a pho-
topolymer layer11 on the surface of the wave-guiding
plate. Arrays of holographic gratings are recorded
afterward.12 The structure of the clock signal dis-
tribution device1 employs a thin light-guiding plate
integrated with a 2-D holographic grating array on
its surface. The configuration of the optical clock
signal distribution device is described in Section 3.
One of the most pivotal issues to make this device
useful for a high-performance system is to provide the
1-to-many ~many 5 42 in Ref. 1! fan-outs with equal
power. The power fluctuation among the 42 fan-out
beams in Ref. 1 is as high as 25 dB, which makes the
subsequent optical-to-electrical conversion impracti-
cal when considering the preset logic levels associ-
ated with it.

3. Power Budget Consideration: Minimization of
Output Fluctuation

A. Clock Signal Propagation Analysis

Figure 2 shows a portion of the configuration of the
clock signal distribution device containing a section of
the microstructure of the holographic grating arrays
attached to the wave-guiding plate.1 The optical sig-
nal propagation inside the device is also shown. In
this figure, the Kij

v’s ~v 5 x or y; i 5 1, . . . , 6; j 5 1
for v 5 x and j 5 1, . . . , 7 for v 5 y! are the grating
vectors recorded in the photopolymer, the k and k’s
are the incident and diffracted wave vectors, and the

Fig. 1. Three-dimensional planarized optoelectronic clock signal
distribution device in a multichip-module ~MCM! system.



Fig. 2. Device configuration for free-space optoelectronic interconnection. The enlarged portions show the phase-matching conditions at
three typical holographic grating sites.
subscript or superscript x’s ~y’s! represent light
beams or grating vectors along the x ~y! direction.
For Bragg diffraction, we have

k* 5 k 2 K. (1)

The phase-matching condition for the three represen-
tative planarized gratings of the device are shown
clearly in Fig. 2, where we labeled the locations of the
planarized gratings using two subscripts. The first
is the position in the x direction and the second in the
y direction. The sites with denotation ~i,1! ~i 5
1, . . . , M, where M is the number of rows of pla-
narized grating sites on the device! have two multi-
plexed holograms with grating vectors Ki1

x and Ki1
y,

respectively, whereas the subscript ~i, j! ~i 5 1, . . . ,
M; j 5 2, . . . , N, and N is the number of columns!
represents location with only one planarized grating
vectorKij

y. The first planarizedmultiplexed grating
~1,1! is designed as an input coupler that couples the
surface-normal input laser beam k into two substrate
guided beams kx9 and ky9, with bouncing angles ux
and uy greater than the total internal reflection angle,
and propagating along the x and y directions, respec-
tively.
Once it propagates to the subsequent planarized

grating at site ~1,2!, the input substrate-guided
beam ky is partially coupled surface normally out of
the device into k* by the grating K12

y. At location
~2,1!, the input substrate-guided beam kx is first
partially coupled into a surface-normal light beam
k* by the gratingK21

x, and then k* is cross coupled13
partially into ky9 by grating K21

y, and then propa-
gates along the y direction. Similar consideration
is applicable to the remaining holographic grating
sites. Each time, the coupling efficiency is not de-
signed at 100%. It is clear from the above analysis
that a 3-D free-space surface-normal parallel fan-
out interconnect is constructed by the 2-D pla-
narized grating arrays.

B. Minimization of Output Fluctuation

The system power budget for such a high-speed fan-
out device is limited by the channels with the stron-
gest and weakest fan-out intensities. Power
uniformity is therefore crucial in the system design
involving massive cascaded fan-outs. From the sys-
tem implementation point of view, a uniform fan-out
distribution can ease the design and fabrication of the
very large-scale integrated circuit. For the optical
clock signal distribution described herein, the mini-
mum power of input optical signal is always limited
by the output channel with the lowest fan-out inten-
sity among the M 3 N fan-out beams. To optimize
the performance of our device, aimed at providing a
uniform fan-out intensity distribution, we define a
transmission function as the power of the substrate-
guided light beam transmitted from one hologram to
the next. To simplify our calculation, we assume a
unit input power. The transmission functions asso-
ciated with the first column of multiplexed holo-
graphic gratings shown in Fig. 2 can then be
represented by

T2
x 5 h1

x,

Ti
x 5 Ti21

x~1 2 hi21
x!~i 5 3, . . . ,M!, (2)

where Ti
x ~i 5 2, . . . , M! is the power of light beam

transmitted onto grating ~i,1! from grating ~i 2 1,1!
along the x direction, and hi21

x ~i 5 1, . . . , M! is the
diffraction efficiency of the planarized gratings that
couple the light beam out of or into the device along
direction x. The multiplexed planarized gratings in
column 1 couple the light beams propagating in di-
rection x onto the second column, so the transmission
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functions can be written as

T12
y 5 h11

y,

Ti2
y 5 Ti

xhi
xhi1

y ~i 5 2, . . . ,M!. (3)

Similar to the above, here Ti2
y ~i 5 1, . . . ,M! means

the intensity of the light beam transmitted to location
~i,2!, and hi1

y ~i 5 1, . . . , M! is the diffraction effi-
ciency of the grating at location ~i,1!. Finally, for the
rest of the planarized gratings, the transmission
functions can be written easily as

Tij
y 5 Ti, j21

y~1 2 hi, j21
y!~i 5 1, . . . ,M; j 5 3, . . . , N!.

(4)

After we derive the transmission functions, the ex-
tions is generated. By optimizing the objective
function, we can reach a uniform fan-out intensity
distribution. For our problem, an obvious objective
function is the sum of the square values of the differ-
ences between the fan-out intensities and their aver-
age.14 Based on the above assumption, for our
device withM 3 N fan-out beams, the average inten-
sity is

P# 5
1

M 3 N
. (6)

The objective function is then expressed as

E 5 E1 1 E2, (7)

where
5E1 5 (
i51

M

(
j51

N SPij

P#
2 1D2 for Pij $ P# ~i 5 1, . . . ,M; j 5 1, . . . , N!,

E2 5 (
i51

M

(
j51

N S P#Pij
2 1D2 for Pij , P# ~i 5 1, . . . ,M; j 5 1, . . . , N!.

(8)
pressions for the fan-out intensities Pij’s ~i 5 1, . . . ,
M; j 5 1, . . . , N! can be obtained by tracing the flow
of optical energy from the input coupler ~1,1! to the
desired location ~i, j!, which are

P11 5 1 2 h1
x 2 h11

y,

Pi1 5 Ti
xhi

x~1 2 hi1
y!~i 5 2, . . . ,M!,

Pij 5 Tij
yhij

y ~i 5 1, . . . ,M; j 2 2, . . . , N!. (5)

Optimization of the performance of our device is to
find an optimized distribution of diffraction efficien-
cies that will lead to a fan-out intensity distribution
with a minimum power fluctuation and therefore an
optimized power budget. For this purpose, an objec-
tive function14 relating all terms of power fluctua-

Table 1. Optimized Diffraction Efficiency for Uniform Fan-Out
Distribution for the Case M 5 6, N 5 7.

2 x
hij

y

3
y

1

2
Yj

3
Yj

4
Yj

5
Yj

6
Yj

7
Yjhi

x Xj hi1
y 3j

1 0.833 0.143 0.167 0.200 0.250 0.333 0.500 1.000
2 0.200 0.857 0.167 0.200 0.250 0.333 0.500 1.000
3 0.250 0.857 0.167 0.200 0.250 0.333 0.500 1.000
4 0.333 0.857 0.167 0.200 0.250 0.333 0.500 1.000
5 0.500 0.857 0.167 0.200 0.250 0.333 0.500 1.000
6 1.000 0.857 0.167 0.200 0.250 0.333 0.500 1.000

Note: The symbol Xj means that the holographic gratings in
that column couple the light beam propagating along the
x-direction surface normally out of the substrate, Yj means that
gratings in that column couple the light along the y-direction sur-
face normally out of the substrate, and3jmeans that the gratings
in that column couple the light into the y direction.
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To minimize the power consumption of our device,
we must have

hM
x 5 1, hiN

y 5 1 ~i 5 1, . . . ,M!, (9)

for the outermost linear arrays where all energy is
coupled out surface normally. To this point, the to-
tal number of unknown h’s is ~M 2 1! 1 ~M 3 N 2 M!
5 M 3 N 2 1. We carried out the optimization
process by minimizing the objective function E with
respect to these M 3 N 2 1 h’s. Note that the re-
sults derived through this calculation can be applica-
ble to any integer combination of M and N. In
accordance with our previous work,1 we provide the
result for M 5 6 and N 5 7. In Table 1 we summa-
rize the optimized diffraction efficiency distribution
for an equalized fan-out intensity of 0.0238 ~1y42! per
channel @Eq. ~6!#. This result is further illustrated
in Fig. 3, where the black bars are for hi

x’s ~i5 1, . . . ,
M! and the other bars are for hij

y’s ~i 5 1, . . . ,M; j 5
1, . . . , N!. The two-section structure at y 5 1 and
x 5 1, . . . , 6 clearly shows the diffraction efficiencies
of a linear array of multiplexed holographic gratings.
The diffraction efficiency of the polymer holographic
gratings can be accurately controlled experimental-
ly,12 and diffraction efficiencies as high as 100% can
be reached.15 It is clear from Table 1 and Fig. 3 that,
for arbitrary M 3 N fan-outs, there are M 1 N 1 1
sets of hologramswith different diffraction efficiencies
along the x and y directions, respectively. For the
specific case demonstrated,1 M 5 6 and N 5 7, we
need 14 sets of holograms to provide the required
equal fan-outs. Table 1 also indicates that, for an
arbitrarymatrix ofM3N, beginning from the second



row, the values of hi
x’s ~i 5 2, . . . , M! varies as

hi
x 5

1
M 1 1 2 x

~i 5 x 5 2, . . . ,M!, (10)

where x is the location of the hologram along direc-
tion x. The same reciprocal relation is also valid for
hij

y’s ~1 5 1, j 5 1, and i 5 1, . . . , M; j 5 2, . . . , N!
along direction y, i.e.,

hij
y 5

1
N 1 1 2 y

~i 5 1; j 5 y 5 1;

i 5 1, . . . ,M; j 5 y 5 2, . . . , N!. (11)

The above observation can be used experimentally in
the recording of the holographic grating to greatly
reduce the degree of complexity. By precisely con-
trolling the diffraction efficiencies of the holographic
grating arrays according to our optimized result, one
can obtain a uniform fan-out intensity distribution.
For an optimized optical clock signal distribution

device without significant reflection and propagation
losses inside the substrate, the intensity per output
channel with an input intensity Pin and a total ofM3
N channels can be written as

Pout 5
~1 2 R!Pin

M 3 N
, (12)

where R is the reflectivity of the input grating cou-
pler. Without any antireflection coating mecha-
nism, experiments showed R ' 11%. For the
detection of the optical clock signal, APD receivers
are more suitable than p-i-n receivers for our system.
This is because of their relatively better sensitivity
and higher input power dynamic range. Higher dy-
namic range can be obtained with APD receivers.
For short-wavelength ~0.8–0.9-mm! detection, silicon
APD receivers are used mostly, and a dynamic range
of approximately 40–50 dB has been obtained. In

Fig. 3. Optimized diffraction efficiency distribution for uniform
fan-out for the caseM 5 6 andN 5 7. The solid black bars are for
hi

x’s ~i 5 1, . . . ,M! and the other bars are for hij
y’s ~i 5 1, . . . ,M;

j 5 1, . . . , N!.
the long-wavelength ~1.1–1.6-mm! region, germa-
nium and III-V alloys such as InGaAsP and
GaAlAsSb give better performances, and a dynamic
range of 25–40 dB has been reported.16 The sensi-
tivity of the receivers, that is, the minimum optical
signal power required at the optical detector input for
a desired receiver performance, determines the min-
imum power requirement of an optoelectronic sys-
tem. For a bit error rate of 1029, operating at 500
Mbitys and amultiplied primary dark current of 1000
nA, the sensitivity of silicon APD’s at 0.85 mm is
around245 dBm; for germanium and InGaAs APD’s,
the sensitivities at 1.3 mm are approximately 241
and 242 dBm, respectively.16 All the above sensi-
tivities would result in a minimum signal power of
around 0.04 mW at the input of the detectors. On
consideration of the reflection from the input port,
Eq. ~12! gives a minimum input power onto the clock
device of 1.89 mW, which can be achieved easily with
state-of-the-art VCSEL technology.17,18 With an av-
erage dynamic range of 30 dB, the input power range
over which the receivers can perform properly with-
out distortion and saturation lies between 1.89 mW
and 1.89 mW.

4. Alignment Consideration of the Optical Clock Signal
Distribution System

Several factors would affect the packaging of the op-
tical clock signal distribution systemwhen integrated
with clock lasers and receivers. Among others, the
most important ones that are discussed in this sec-
tion are lateral and angular misalignment and wave-
length instability and divergence of spot size.

A. Lateral and Angular Misalignments

Lateral misalignmentmeans themisalignment of the
device position, which is due to the inaccuracy in its
x and y directions ~Fig. 1!. It can be divided into
absolute and relative misalignments. With the cur-
rent self-aligned, flip-flop solder bump bonding pro-
cess,19 the absolute lateral misalignment can be
controlled with an accuracy of;1 mm. Once coupled
into the substrate, the signal beam travels toward the
photodetector. A lateral misalignment in the clock
laser results in an equivalued spatial shift of the
output signal beam.
The influence of the angular misalignment on the

lateralmisalignment arises from the phasemismatch
between the input signal beam and the grating vector
when the incident angle deviates from the Bragg an-
gle. Figure 4 shows the phase-matching condition of
a hologram for surface-normal coupling. For Bragg
diffraction, we have20

S2sin g
cos g D 5 1

sin u

n
2
K
b
sin f

Î1 2
sin2 u

n2 2
K
b
cos f2 , (13)

where n is the refraction index of the hologram, b 5
2pnyl is the propagation constant of light with wave-
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length l, and the meanings of g, u, and K are as
shown in Fig. 4. After eliminating f from Eq. ~13!
and differentiating the resulting equation, we obtain

Dg 5

Fsin u 2 nSK2

2b2 2 1Dsin gGcos u

FSK2

2b2 2 1Dsin u 2 n sin gGn cos g

Du. (14)

If the number of total internal reflection of the spe-
cific light beam shown in Fig. 4 is m, then the corre-
sponding device length is

L 5 md tan g. (15)

FromEqs. ~14! and ~15!, a variation of the angle of the
input light beam will lead to a spatial shift of the
fan-out beam on the device surface of

DL 5
@tan~g 1 Dg! 2 tan g#

tan g
L, (16)

and Dg is given by Eq. ~15!. This relation is shown
schematically in Fig. 5. In our calculation, we as-
sumed the wavelength of the VCSEL as l 5 850 nm,
n 5 1.512 ~polymer waveguide!, u 5 0° ~surface nor-
mal!, g 5 45°, and L is taken as the longest distance,
that is ~2d tan g! 3 @~6 2 1! 1 ~7 2 1!# 5 2.2 cm. It

Fig. 4. Phase-matching diagram correlating the grating vectorK,
the incident beam k, and the diffracted beam k* for a 1-D array of
slanted holographic gratings. d, substrate thickness.

Fig. 5. Variation of the spatial position of the fan-out beam on the
device surface with respect to the angular misalignment of the
input signal beam.
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can be seen from Fig. 5 that, within a small angular
misalignment of the input light beam, DL changes
linearly with Du, which can also be seen from Eqs.
~14! and ~16!. However, Fig. 5 also shows that the
control of the angular alignment should not be so
easy a task. To keep the spatial shift of the output
signal beam below an error range of 650 mm ~for a
silicon APD, the typical size of an active area is of the
order of ;100 mm at 1 GHz!, the angular misalign-
ment should be within 60.1°. This stringent re-
quirement is relaxed significantly by applying a
gradient index ~GRIN! lens, which is addressed in
Subsection 4.B.

B. Wavelength Instability of the Clock Laser

Variation of lasing wavelength from the clock laser
influences the spatial shift of the output signal beam
by the same mechanism as does the angular mis-
alignment. In fact this mechanism has been used in
the design of a wavelength division demultiplexing
device.21 The theory behind this mechanism is that
a deviation in wavelength of the input signal beam
will lead to an angular deviation of the diffracted
beam from the Bragg angle. This comes out as the
spatial shift of the output beam.
In general, the emission line width from VCSEL’s

can be as narrow as less than 1 Å. The misalign-
ment that is due to this spectral width factor can thus
be determined to be 0.17 mm, which can be ignored
when one considers that the normal size of the pho-
todetector active area is of the order of ;100 mm.
For a VCSEL with three-quantum well InGaAsy
GaAs active region, the lasing wavelength varies
with temperature in a rate22 of ;0.5 ÅyK. To main-
tain a spatial shift within 650 mm, the allowable
temperature variation is 65.8 K, which is within the
limit of the contemporary optoelectronic temperature
stability control level.23
For the VCSEL’s discussed above, the active light-

emitting window has a diameter of 5 mm and a lasing
divergence angle of 5°. After propagating 2.2 cm in
the substrate, the spot size becomes 615 mm, which
renders the detector impossible to respond in com-
parison with the ;100-mm size of the detector active
region for an 1-Gbitys system. To make the system
practical, precise beam profile manipulation is re-
quired. Here we introduce GRIN lenses into our
system. A 0.25-pitch GRIN lens is suitable for our
application. The simple architecture of the clock
distribution system with GRIN lenses is depicted in
Fig. 6~a!. After the signal beam from the VCSEL
travels through the GRIN lens, it will become colli-
mated. Theoretically, as long as the collimated
beam keeps surface-normally incident onto the GRIN
lens at the output end, it will be focused into a
diffraction-limited spot. Figure 6~b! shows the out-
put near-field beam pattern at the end facet of the
0.25-pitch output GRIN lens that functions as a fo-
cusing element. If the input signal beam has a mis-
alignment Du in its input angle as shown in Fig. 7,
then the ray matrix24 gives the spot shift at the fo-



cusing end as

Dr 5
Du

N0ÎA
, (17)

whereN0 is the refractive index on the central axis of
the GRIN lens and =A is the index gradient con-
stant. At l 5 0.85 mm, N0 5 1.6457 and =A 5
0.423. With a misaligned angle of 2°, the shift of the
output spot from the central axis of the GRIN lens is
Dr ' 50 mm, whereas without the GRIN lens this
same angular misalignment would give ;1 mm from
Fig. 5. Thus the use of a GRIN lens in our clock
signal distribution system greatly eases the angular
tolerance. The current commercially available
GRIN lenses have a minimum diameter of 1 mm.
For the photodetectors to collect all the output energy
and to tolerate the spatial shift induced by the mis-
alignment of the input port, the diameter of the GRIN
lenses at the output port should be larger than that at
the input port. The spot size shown in Fig. 6~b! is 70
mm ~3 dB!, which is less than the diameter of the
photodetector employed. The enlargement is due to
the Gaussian beam effect.

5. Clock Skew Analysis

Clock skew is another important factor limiting the
performance of the optical clock distribution system.
It can be divided into deterministic and undetermin-
istic5 skew. Actually, the deterministic skew can be
eliminated by properly adjusting the transmission
line paths of the clock signal distribution.

Fig. 6. ~a! Side view of the proposed system architecture involving
GRIN lenses as collimating and focusing elements. ~b! Near-field
profile of the focal spot shown at the output facet of the 0.25-pitch
output GRIN lens with a spot size of 70 mm.

Fig. 7. Parameters in the ray-tracing solution of the 0.25-pitch
GRIN lens with an incident angle deviation of Du.
The deterministic clock skew associated with the
device we investigated here can be calculated by con-
sidering the longest path the clock signal travels in-
side the wave-guiding plate, which is the path
between the input coupler at location ~1,1! and the
output coupler at ~6,7! ~see Table 1!. If we assume a
light beam bouncing angle of g 5 45° and a substrate
thickness of d 5 1 mm as shown in Fig. 4, this longest
light path would be

L 5 2d tan g 3 @~6 2 1! 1 ~7 2 1!# 5 2.2 cm. (18)

So the largest clock skew incurred by the planar clock
distribution of the device is

tskew 5
L
cyn

5 110 ps, (19)

where n 5 1.5 is the refractive index of the glass
substrate. This corresponds to a speed of 9.1 GHz.
To eliminate the clock timing jitter, higher-order

harmonics will be needed to maintain the edges of
binary signals. The present system goes as high as
the ninth harmonic with a system clock speed of 1.1
GHz. The above device-induced clock skew can be
reduced further by employing the architecture as in
Fig. 8. In Fig. 8 we input the light signal from the
central pixel on which four multiplexed holograms
are recorded to provide a 1-to-4 fan-out. With this
scheme, the clock skew of the above-the-clock distri-
bution device can be reduced by half of what we ob-
tained above.
Undeterministic clock skew mainly comes from re-

ceivers. This can be subdivided into static and tem-
poral skews.25 The static skew is due to a finite
response time of the receiver to a binary pulse edge.
It is fixed for a given detector but varies for different
receivers because of uncertainties that exist in fabri-
cation processes and power supply. The temporal
skew is due to the noise coming from the receiver
itself or the jitter of clock laser. This noise will raise
the overall level of the waveform, increase the thresh-
old crossing time of the optical receiver, and therefore
worsen the clock jittering problem.

6. Conclusions

In summary, we presented the theory of the intensity
optimization of a massive fan-out optical clock signal
distribution, based on a 1-mm light-guiding substrate

Fig. 8. Proposed structure to eliminate clock skew of the clock
distribution device that is due to path differences.
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in conjunction with 2-D planarized holographic grat-
ing arrays. The theoretical result shows that a uni-
form fan-out intensity distribution exists. Such an
optimized condition among M 3 N fan-outs can be
attained by precisely controlling the diffraction effi-
ciencies of the holographic gratings according to the
optimized results. A reciprocal relationship of the
diffraction efficiencies with their position along the x
and y directions are observed, which, if applied in the
process of recording the holographic gratings, would
reduce greatly the degree of complexity. Power bud-
get consideration is discussed based on the optimiza-
tion results, and a minimum input power of 1.89 mW
is found to ensure the normal operation of the system
with 42 fan-outs. Packaging-related issues, such as
the angular misalignment and wavelength toleration
are considered. GRIN lens collimating and focusing
mechanisms are introduced into the clock distribu-
tion system with the proven experiment result. It
was found that not only can the GRIN lens function
as the collimating and focusing elements for optical
signals, but also as a packaging reliability enhancer
that makes the angular misalignment tolerance an
order of magnitude larger than that without the use
of a GRIN lens.

This research was sponsored by Cray Research,
State of Texas, and the Defense Advanced Research
Project Agency Center of Optoelectronics, Science,
and Technology.
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