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The spatial coherence of a laser beam depends on the number and the relative weights of the spatial
modes supported by the laser waveguide. By electro-optic modulation of the cavity geometry, the
spatial-coherence function can be modulated between zero and one at predictable locations across the
beam and thus carry information. A simple integrated-optic interferometer is used to decode the
signal. Spatial coherence can be modulated independently of the beam intensity and can be used as
another level of multiplexing in addition to amplitude modulation, wavelength-division modulation,
etc. One can implement a free-space optical interconnection scheme by carrying data on the intensity
and address information on the spatial coherence. r 1995 Optical Society of America
1. Introduction

Free-space optical interconnections promise high-
speed data transfer in a variety of applications,
including internal communications within main-
frame computers and board-to-board or interchip
data transfer. A significant problem is that of how to
carry the data and the address on the same signal and
allow for changing addresses, all at high speed with
little cross talk. For example, carrying the data and
the address on different polarizations has been pro-
posed.1,2 Reconfigurable holograms have also been
discussed to allow changing addresses in a system.3,4
Another area for development in free-space communi-
cations is that of increasing capacity of existing
optical data links, for example, by addition of in-
creased levels of multiplexing.
Coherence multiplexing can add this dimension.

Temporal-coherence multiplexing 1sometimes called
path-difference multiplexing2 has been demon-
strated.5–8 It exploits the finite temporal coherence
of a source and uses various delays to remove the
coherence between signals. The signals are then
decoded bymultiple power splitters and another set of
delay lines.
Here, however, rather than temporal coherence, we

discuss using spatial-coherence multiplexing, which
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is based on entirely different principles. Whereas
temporal or longitudinal coherence compares the
correlation of a beam with a time-delayed version of
itself, spatial coherence measures the correlation
between two points on the same wave front, i.e., at the
same point in time, thus eliminating the optical delay
lines. In a nutshell, the principle used here is based
on the fact that the spatial-coherence function 1SCF2
of a source is directly determined by the number and
the weights of the spatial modes supported by that
source. By modulating the amount of energy in
these spatial modes, one can make the spatial coher-
ence vary between zero and one, providing 1ideally2 a
perfect extinction ratio.

2. Theory

We begin by briefly reviewing the definition of spatial
coherence, the correlation between two points 1x1, x22
on a particular wave front 1as opposed to temporal
coherence, which measures correlation between two
different wave fronts2. The relationship between the
cross-spectral density W1x1, x2, v2 and a set of natural
modes of a system has been explored in the space
frequency domain.9–11 We choose, however, to de-
scribe the system in the time domain, in terms of its
spatial coherence g1x1, x2, t2 and its spatial modes,
where t is a time delay. The classical way to mea-
sure spatial coherence is to use Young’s double slits
1Fig. 12, which we use for a moment to illustrate the
physics. The slits sample the beam at two points,
and a fringe pattern is produced on the observation
screen because of the path difference d. This path
difference between the two diffracted beams is as-
sumed to be much less than the temporal-coherence
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length. The visibility of the fringes is a measure of
the spatial coherence.
If we call the field arriving at point P from slit 1

E1x1, t12, and if the field arriving from slit 2 is E1x2, t22,
where t is arrival time, then the total field arriving at
P is E1x1, t12 1 E1x2, t22. A detector at point P would
measure the intensity

I1P25 73E1x1, t121E1x2, t224*3E1x1, t121E1x2, t2248, 112

where

E1x1, t12 5 A1x12exp12ivt2exp12ivt12,

E1x2, t22 5 A1x22exp12ivt2exp12ivt22. 122

Combining Eqs. 112 and 122, we obtain 3lettingA1 5 A1x124

I1P2 5 7A1
2 1 A2

2 1 2A1A2 cos vt8

5 I1 1 I2 1 21I1I221@2Re3g121t24, 132

where t 5 t1 2 t2 5 knd is the relative time delay
between the two beams, I1 is the intensity at the slit
located at x1, I2 is the intensity at the slit located at x2,
n is the refractive index, and g1t2 is the normalized
mutual-coherence function

g121t2 5
7E*1x1, t2E1x2, t 1 t28

1I1I221@2
. 142

The quantity g121t2 measures the correlation be-
tween the fields at the two slits, or two specific spatial
points on the wave front. The visibility of the inter-
ference fringes V is defined as

V 5
Imax 2 Imin
Imax 1 Imin

, 152

where Imax is the peak intensity of the fringes and Imin
is the lowest intensity. It can then be shown that12

V 5
21I1I221@2

I1 1 I2
0g121t2 0 , 162

or, if I1 5 I2, the fraction in Eq. 162 goes to 1, and the
visibility is directly equal to the spatial coherence
g121t2.
It turns out that the spatial coherence relates

Fig. 1. Young’s double-slit geometry for measuring spatial coher-
ence.
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directly to the spatial mode structure of a beam.
Consider a waveguide that supports some set of n
orthonormal modes fn1x2, where x is one of the two
directions across the wave front, perpendicular to the
direction of propagation z. If eachmode has a particu-
lar weight an, the total field distribution across the
waveguide can be written as 1neglecting the y depen-
dence2

E1x, z, t2 5 o
n
an fn1x2exp3iwn1x, z, t24. 172

For example, a waveguide supporting Hermite–
Gaussian modes has, as its fn values,

fn1x2 5 3 2

pw21z24
1@4

3 1

12nn!21@24Hn1Œ2xw1z22exp
2x2

3w21z24
, 182

where the factors in front are normalizing coeffi-
cients, Hn is the Hermite polynomial of order n, and
w1z2 is the beam’s spot size. If n 5 0, then Hn1a2 5 1,
and the lowest-order mode has a pure Gaussian
distribution.
The interference pattern resulting from two sym-

metrically chosen points x and 2x on the beam is
given by

I1x, 2x, t2 5 73E1x, t2 1 E12x, t 1 t24*

3 3E1x, t2 1 E12x, t 1 t248, 192

5 o
n
an
2 f n

2 1 o
n
an
2 f n

212x2

1 2 Re3o
n
an
2 fn1x2 fn12x2exp12ivt24 .

1102

The third term in Eq. 1102 is the 1unnormalized2
mutual coherence. If we arrange our experiment
such that the time difference t is zero, for example, by
placing point P in Fig. 1 on the optical axis, then13

g1x, 2x, 02 5 0o
n
an
2 fn1x2 fn12x20

3 3o
n
an
2 f n

21x2 o
n
an
2 f n

212x2421@2
, 1112

which varies with themeasurement points 1x, 2x2, i.e.,
the spacing of the slits. This can be rewritten as

g1x, 2x, 02 5 3Imax1x2 2 Imin1x2

Imax1x2 1 Imin1x24
I1x2 1 I12x2

23I1x2I12x241@2
, 1122

where I1x2 5 o
n
an
2 f n

21x2, I12x2 5 o
n
an
2 f n

212x2, and Imax1x2
and Imin1x2 are the maximum and the minimum inten-
sities obtained on the interference pattern.
When functions describing the transverse-mode

structure satisfy the symmetry condition f n
21x2 5

f n
212x2 1as do Hermite–Gaussian modes2, Eq. 1122



takes the simple form

0g1x, 2x, 02 0 5
Imax1x2 2 Imin1x2

Imax1x2 1 Imin1x2
5 V. 1132

For a beam containing only one spatial mode, the
spatial coherence g is unity everywhere. When a
second mode is present, however, the SCF has well-
defined zeros, whose positions can be shown to be at14

x 5 6
w1z2

2

a0
a1
, 1142

where, again, a0 and a1 are the relative field strengths
of modes 0 and 1, and w1z2 is the beam spot size at
some location z 3Eq. 1824. For example, Fig. 21a2

Fig. 2. 1a2 Field distributions for first two modes as a function of
distance across the beam. Ninety percent of the total energy is
carried in the fundamental mode. 1b2 Two intensity distributions,
one with all energy carried in the zeroth mode, the other with a
90:10 energy distribution as in the first graph. 1c2 SCF’s for the
same two cases.
shows the field distributions for the zeroth and the
first modes individually. Figure 21b2 shows the inten-
sity distribution for a source that has 1i2 only the
fundamental mode and 1ii2 both modes, with the
zeroth mode supplying 90% of the energy and the first
mode 10%. Note that these two intensity distribu-
tions are virtually indistinguishable and that the
total intensities are identical. Figure 21c2 shows that
a dramatic change occurs in the SCF, however.
When only one mode is present, the fringe visibility is
perfect 1unity2 for any two symmetrically chosen points
1i.e., any slit spacing2. When the second mode is
present, even in very small amounts, the SCF and
thus the fringe visibility go to zero for certain posi-
tions on the beam 1a particular slit spacing2. One can
control the positions of these zeros by controlling the
relative energy in the higher-order mode, according to
Eq. 1142.
Some care must be taken in choosing where the

zeros fall. The lower the relative weight of the
higher-order mode, the farther from beam center the
zeros occur. These can occur so far from beam center
so as to be not directly measurable because the
intensity drops off to an infinitesimally small value.
Figure 3 shows the SCF’s for varying values of a0

2@a1
2

Fig. 3. 1a2 SCF’s and 1b2 intensity distributions for various
percentages of the total energy in fundamental@first modes.
10 November 1995 @ Vol. 34, No. 32 @ APPLIED OPTICS 7445



1we are expressing energy ratios rather than field-
strength ratios2 along with the corresponding inten-
sity profiles. For example, to have the zeros appear
at a point on the beam where the intensity is still at
least 1@e of the fundamentalmode’s intensity distribu-
tion, a0

2@a1
2 should be at least 0.65@0.35. The draw-

back is that for this ratio of a0
2@a1

2, the intensity at 6x,
where x is the location of the SCF zero, varies by 27%
between the single-mode and the two-mode cases.
The only case for which the intensity remains un-
changed at these two points 6x 1as opposed to the
total intensity, which does remain constant2 is the
case in which each of the twomodes carries 50% of the
total energy. In the modulator discussed below, how-
ever, the waveguide geometry, and therefore the
intensity distribution, changes slightly between the
single-mode and the dual-mode cases, so the 50@50
ratio also needs to be adjusted slightly.
A laser that emits the zeroth and the first modes in

these weights may, however, also support additional
higher-order modes. When these additional modes
are present, the spatial coherence does not necessar-
ily go to zero, but rather can have maxima and
minima, ormultiple zeros. Several examples of SCF’s
are shown in Fig. 4, in which three or more modes are
allowed, again assuming Hermite–Gaussian modes.
The locations of the minima, the maxima, and the
zeros can be found by determination of the inflection
points of Eq. 1112.
Some discussion of these cases is necessary. For

example, for reasonable values of a0, a1, and a2,
maxima and minima appear in the SCF. A pair of
interferometers looking at 6x1 and 6x2, respectively,
might each look for the coherence to be within a
certain range, producing a 2-bit code that identifies
the particular mode structure.
Another possibility is to vary a structure from

supporting a single spatial mode to one supporting
three modes, of weights such as those in Fig. 41b2.
Then the SCF is close to zero over a somewhat wider
range of 6x values than for a case with only one
pronounced SCF zero, possibly easing design con-
straints at the receiver. This possibility is also attrac-
tive because of relatively high intensity at the 6x
locations of the zeros.

3. Modulation of the Spatial Coherence

We have shown that the spatial-coherence function
depends directly on the spatial modes. The number
of spatial modes supported by a laser or some other
waveguide depends on the refractive-index profile
and the waveguide dimensions. Therefore one can
modulate the existence and the strength of specific
spatial modes by modulating either the cavity refrac-
tive-index profile or the cavity dimensions, or both.
Because it is difficult in practice to vary the refractive-
index profile of a laser cavity electrically without
affecting the gain and therefore the intensity, we
consider the case of an external modulator of a
structure similar to that in Fig. 51a2. The center
waveguide is passive and supports a single lateral
7446 APPLIED OPTICS @ Vol. 34, No. 32 @ 10 November 1995
mode. 1We use the convention of the semiconductor
field, in which lateral refers to the direction parallel to
the junction plane or surface, and transverse the
direction perpendicular to the surface. These can, in
principle, be modulated independently, but we con-
sider only lateral-mode modulation here.2 There are,
in addition, electro-optically controllable outrigger
waveguides, whose index can be varied to match
either that of the substrate, in which case the device
supports only the fundamental mode, or that of the
center waveguide, effectively widening it enough to

Fig. 4. Examples of arbitrary cases in which more than just the
first two modes are present: 1a2 The first three modes are present
in the energy ratio of 70:20:20 1zeroth:first:second2; 1b2 the relative
strengths of the first three modes are 40:30:30; 1c2 the first five
modes present in equal weights.



support the first higher-order mode. By varying the
control voltage, one alternately cuts off or allows this
second mode to propagate, which in turn causes the
SCF to vary from unity everywhere to some function
such as those in Fig. 3. Electro-optic modulators
that intensity modulate a signal by electro-optically
varying the refractive index to cut off or to allow the
fundamentalmode have already been demonstrated.15
An alternative SCF modulator structure is shown

in Fig. 51b2 and contains a single waveguide core,
whose refractive index is electro-optically controlled.
In this geometry, the refractive-index difference
1D 5 1 2 ncladding@ncore2 is varied, resulting in a change
in the number of allowed modes.
The amount of energy in each mode depends not

only on the waveguide itself but also on how the input
beam is coupled to the waveguide, as well as any
opportunities for mode coupling as the beam travels
the waveguide. However, these remain constant in a
particular system, and the input coupling can be
adjusted to fine tune the SCF zero locations.
Electro-optic materials such as lithium niobate

may be used, but to integrate the source and the
modulator on one semiconductor chip, one can imple-
ment the modulator section in reverse-biased mul-
tiple quantum wells, which are known to have strong
electro-optic effects.16,17
These perfectly symmetric rectangular geometries

exhibit close approximations to Hermite–Gaussian
modes. It must be realized, however, that the shape
of the fundamental mode 1its width2 changes when
the waveguide is changed. Figure 4 was generated
assuming the fundamental mode remains the same,
and higher-order modes are added to the same wave-
guide. To accurately determine the change in local
intensities at 6x, one must take into account the
change in mode shape from one case to the other.

Fig. 5. Two proposed external modulator structures: 1a2 center
passive core, with electro-optically controlled outrigger wave-
guides; 1b2 single core, where waveguide D is electro-optically
controlled.
For example, consider the case of a symmetric
dielectric slab waveguide, of the configuration shown
in Fig. 51b2. Assume that the waveguide is x-cut
LiNbO3, whose r33 is 30.9 3 10212 m@V.18 The index
of the waveguide core is 2.208 1no voltage applied2,
that of the substrate is 2.2075 1D 5 0.00052, and its
width is 5 µm. Then at a wavelength of 633 nm the
first higher-order mode is cut off. When the wave-
guide’s index is changed electro-optically to a D of
0.001, two modes are allowed. The voltage neces-
sary to do this depends on the placement of the
electrodes and the depth of the waveguide but is of the
order of 20 V or less. Figure 6 shows the calculated
field distributions for the supported modes for each
case.19 Note that there is a difference between the
two energy distributions, and there is a difference
between the fields of the fundamental modes as well.
Also shown are the spatial-coherence functions for
each case, assuming a 50@50 energy distribution
between the fundamental and the first modes for the
two-mode case. At the point at which the SCF zeros
appear 1dashed curves2, the intensity change is negli-
gible between the two cases.

4. Detection

To detect themutual coherence between the points6x
on the beam, one needs an interferometer that

Fig. 6. Mode shape of the fundamental mode changes slightly
when the waveguide geometry is electro-optically altered: 1a2 The
thick curve is the mode-field distribution when only one mode is
allowed. The thin curves are the fields of two allowed modes
1equal weights2. 1b2 SCF’s and overall intensity for the single-mode
and the dual-mode cases. Despite modes not being exactly Her-
mite–Gaussian and that mode shapes change slightly between the
two cases, a 50@50 ratio of mode energies for the two-mode case
still gives a negligible intensity change at the interferometer arms
16x located at the dashed curves2.
10 November 1995 @ Vol. 34, No. 32 @ APPLIED OPTICS 7447



samples the beams at those two points. Slits are not
practical because of alignment problems, because
they rely on diffraction, which spreads the small
energy from each samples across the entire observa-
tion plane necessitating high-energy signals, and
because it would be difficult to measure the fringe
visibility at high speeds.
A technique for measuring spatial coherence with a

twin-fiber interferometer has been demonstrated,20 in
which two arms of a directional fiber coupler are
placed at the sample points 6x. The fields at 6x are
summed in the coupler. One fiber is physically trans-
lated a short distance, much shorter than the tempo-
ral-coherence length of the source, introducing a
varying phase delay. This causes fringes to appear if
the fields at 6x are mutually coherent.
Here, however, one avoids the slowness of the

mechanical motion by substituting a rigid, integrated
optic directional coupler 1Fig. 72, whose arms are fixed
at the spacing 6x of the expected zeros in the SCF.
The fields are summed in the coupler, and one intro-
duces the phase difference by electro-optically vary-
ing the optical path length through one arm. The
visibility of the resulting fringes yields the magnitude
of SCF for 1x, 2x2. If a voltage ramp with a high slope
is applied to the receiver’s electro-optic arm, the
refractive index can vary rapidly, resulting in fringes
whose temporal frequency is faster than that of the
other signals in the system, for example, the data.
Therefore several fringes per clock cycle might be
achieved. To determine the state of the spatial coher-
ence, one needs to look for the presence or the absence
of energy at this very high frequency. For example,
the fastest photodetectors available at the time of this
writing have a speed of 60 GHz.21 Assuming several
fringes are wanted per data bit, a signal rate of 20
GHz is reasonable and achievable with today’s lithium
niobate devices as well as semiconductor multiple-
quantum-well modulators.
Let us consider several ways to exploit the modula-

tion of the spatial coherence. In the simplest case,
let us suppose that only the intensity 1and not the

Fig. 7. The receiver distinguishes between zero coherence 1two
modes present2 and perfect coherence 1one mode present2.
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SCF2 is being modulated but that the detector is one
such as that in Fig. 7 rather than a conventional
intensity detector. The source is made, in this case,
to support only the fundamental spatial mode, so that
the SCF of the signal is unity regardless of the chosen
spacing of the detector arms. The ambient light,
assumed to be incoherent 1room lights, sunlight, etc.2,
has the effect of adding a dc component to the fringes,
which can be removed electrically with a high-pass
filter. The amplitudes of the fringes themselves carry
the information. The signals for such a case are
shown in Fig. 8. Note that it is probably not practi-
cal to use spatial-coherence modulation for ambient-
light filtering, as there are easier ways to do this, for
example, with a high-frequency carrier. We give
some numbers here, however, to show the relative
optical powers: for a reasonable power level emanat-
ing from the modulator 11 mW2, a reasonable beam
size 1collimated elliptical Gaussian with intensity spot
sizes of 0.25 and 0.35 mm in the two orthogonal
directions2, and practical detector arm sizes 10.3 µm
square2, the power density at the receiver arms is
,20% that of the ambient light in bright sunlight.
Ahigh-pass filter should easily be able to separate the
coherent and the incoherent components.
Another possibility is to modulate the spatial coher-

ence without modulating the intensity. In this case
the detected signal would appear as in Fig. 9. When
the modulator supports only the fundamental spatial
mode, the coherence between the two interferometer
arms is perfect, and fringes of unity visibility result
1the first bit in Fig. 92 as the phase in the interferome-
ter is varied. When the modulator is altered electri-
cally to support the second mode, the SCF goes to
zero at the prescribed locations x and 2x, determined
by the weights of the modes. In this case, for the
proper choice of interferometer arm placement 6x,

Fig. 8. Intensity is modulated, but spatial coherence is detected.
Ambient 1incoherent2 light adds a uniform dc offset to the fringes.

Fig. 9. Spatial coherence 1but not intensity2 is modulated; spatial
coherence is detected. Energy found at the fringe frequency gives
a one or a zero.



the coherence is zero, which results in no fringes, just
a constant intensity 1second bit in the figure2.
This application leads one to the idea of multiplex-

ing the data and the address onto the same beam by
using intensity to carry data and the spatial coher-
ence to carry address information 1Fig. 102. In this
application, one might split the beam onto two detec-
tors, one conventional intensity detector to retrieve
the data and the other of the type in Fig. 7 to gather
the address. Note that this also can be done electri-
cally after the photodetector. For recovery of the
address information, only the presence of fringes
needs to be detected, not their amplitude, at least in
the binary system as proposed here. 1One could vary
the spatial coherence continuously between 0 and 1,
assigning various intervals to separate addresses, in
which case the magnitude of the fringes compared
with their average value must be computed. One
could also, as mentioned earlier, have two interferom-
eters, looking at 6x1 and 6x2, and the combination of
these two values could carry the address informa-
tion.2
In the SCF multiplexing scheme, a given detector,

with a given arm spacing, is in effect asking, ‘‘Is this
data signal intended for me?’’ by looking for a signal
with no fringes. To allow for a variety of possible
addresses, one can stack an array of interferometers,

Fig. 11. Stack of interferometers. Data in this case are intended
for the receiver that is second from the bottom. Others can detect
but are programmed to ignore the data.

Fig. 10. Example of signals in a multiplexed system, in which
data are carried by intensity modulation and the address is carried
on the same beam on the spatial-coherence modulation.
each with different arm spacing, as in Fig. 11. Each
detector looks for zero coherence 1no fringes2 at its
particular 6x. Despite the fact that the beam’s
intensity falls off away from beam center, the spatial
coherence between 6x is independent of the value of y
on a wave front traveling in the z direction. A beam
can be expanded in the y direction, for example, with a
cylindrical lens, without affecting the spatial-mode
structure in the x direction.

5. Discussion and Summary

There are three additional points to be made about
use of the SCF to carry information. One is that the
technique can be used only for free-space inter-
connections because coupling the light into any other
waveguide, such as a fiber, imprints this waveguide’s
spatial modes onto the signal, obliterating the
information. The second is that this system is not
practical for long-distance applications, such as inter-
satellite communications. The reason that spatial-
coherence modulation cannot be used is that the
locations of the zeros are a function of relative posi-
tion across the beam; as the beam expands, the zeros
also move farther apart, making the construction of
an interferometer with correctly spaced arms imprac-
tical for very long haul systems. If the interferome-
ter is to be monolithic 1i.e., arm spacing is not greater
than 1 cm2, the upper limit on the distance between
the source and the receiver is of the order of a
kilometer, assuming a wavelength of 633 nm. This
is based only on beam spreading; atmospheric pertur-
bations would reduce this distance considerably.
The final point is that the coupling efficiency is low
because the interferometer arms sample only a small
quantity of the optical energy. In short-haul intercon-
nections or communication links for which this tech-
nique is applicable, this would be less of a problem
than it might otherwise be because there are no
lengths of attenuating fiber, for example. The source
power can be high but in fact need not be unusually
high. We routinely measure the spatial coherence of
laser beams having overall powers of the order of a
few milliwatts using single-mode fiber 1core diameter
5 µm2when the total energy per interferometer arm is
as little as 2 pW.
Despite the points made above, the method de-

scribed here of exploiting the spatial coherence as a
carrier of information is still potentially useful. The
SCF can be modulated instead of intensity to commu-
nicate data, or both intensity and spatial coherence
can be modulated independently for added depth of
multiplexing. These can be used in addition to other
conventional types of multiplexing, such as frequency-
division multiplexing and wavelength-division multi-
plexing. By imprinting the data on a beam’s inten-
sity and the intended receiver address on the SCF, one
can broadcast a signal from a given source to a
number of detectors, only one of which recognizes the
data as intended for it. This results in a high-speed
all-optical interconnection in which the address and
the data can both be changed electronically with no
mechanical movement or bulk optics.
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