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It has been shown previously that the spatial coherence of a source can be modulated and demodulated;
hence it can be used as the basis for a new dimension of multiplexing in high-speed optical communication
links. We address the sensitivity of such a system to misalignments of the receiver with respect to the
beam and examine how changing transverse modes affect the spatial coherence in the lateral direction.
Specifically, we show that such a system is surprisingly robust for both lateral offsets, in which the
receiver is not properly aligned on the beam center, and rotational offsets, in which the receiver is tilted
with respect to the plane of the spatial coherence modulation. The presence of higher-order transverse
modes or changes in the transverse-mode structure are also shown to have little effect on the system
operation. © 1998 Optical Society of America
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1. Introduction

There is always a need for increased speed and capac-
ity for optical communication links. One approach to
increasing link capacity is to superimpose various or-
thogonal types of multiplexing, for example, combining
intensity modulation with wavelength-division multi-
plexing to use the full capacity of a channel. Photonic
systems can also use polarization and coherence mul-
tiplexing. Coherence multiplexing can use temporal
coherence,1–4 and recently a scheme for exploiting the
spatial coherence was proposed.5 The spatial coher-
ence is modulated by varying of the spatial modes of a
light source.

In this paper we examine the effects of receiver
misalignment on the reliability of a spatial-coherence
multiplexed link, as well as the effect of any un-
wanted or changing modes in the direction perpen-
dicular to that of the modulation. For misalignment
the effect of lateral offset of the receiver with respect
to the beam center is examined, as well as the impact
of rotation of the receiver input plane with respect to
the transmitter’s modulation plane. Then we study
the effects of the existence of higher-order modes in a
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direction perpendicular to the direction of interest:
For example, if the x-dependent ~lateral! modes are
the ones that are modulated, what is the impact if the
y-dependent ~transverse! modes are also changed?

We begin with a brief summary of the spatial-
coherence modulation technique in Section 2. The
attending theory is reviewed in Section 3. In Sec-
tions 4 and 5 we address the effects of lateral and
rotational offsets. In Section 6 we discuss the effects
of the higher-order transverse modes. We summa-
rize our conclusions in Section 7.

2. Spatial-Coherence Modulation

The spatial-coherence properties of a laser beam are
determined directly by the transverse-mode struc-
ture composing that beam. To see the effect of the
spatial-mode structure on the spatial coherence of a
light beam, consider a laser or waveguide carrying
monochromatic light emitting in a single spatial
mode. There is unity ~perfect! spatial coherence ev-
erywhere across the beam. When one or more
higher-order spatial modes are also present, the
spatial-coherence function ~SCF! exhibits maxima
and minima at predictable locations.6,7

The effect of the spatial modes on the spatial coher-
ence can be exploited. It follows that, by intentionally
modulating the spatial-mode structure of a source, one
can also modulate the SCF. A spatial-mode modula-
tor was proposed to perform this function. Informa-
tion encoded onto the spatial-coherence state of the
beam is demodulated with a simple interferometer.5

The transmitter or modulator was taken in Ref. 5
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to be an electro-optic waveguiding device. In one
configuration a single passive waveguide is flanked
on either side by adjacent electro-optically controlled
waveguides, as shown in Fig. 1. When no voltage is
applied, the light effectively reaches only the center
passive waveguide, which supports a single spatial
mode. When the outrigger waveguides are acti-
vated, their refractive indices change to match that of
the passive central waveguide, making the effective
waveguide wider and able to support the next higher-
order mode.

One measures the spatial coherence by interfer-
ing the electric fields at two points on the beam
~x, 2x! chosen symmetrically about the beam cen-
ter. The visibility of the interference fringes is a
direct measure of the spatial coherence umu if the
beam is symmetric.8 Figure 2 shows the calcu-
lated effect of the changing spatial modes on the
SCF.6 When a single spatial mode is present, the
spatial coherence is unity everywhere, i.e., the in-
terferometer would produce high-visibility fringes.
When the next-higher-order mode is present as
well, the SCF goes to zero at some particular value
of 6x. The plot shows this point as a function of
the spot size s, which is the 1ye2 intensity point of
the fundamental mode. The location of that zero is
determined uniquely by the proportion of the total
energy carried in each of the spatial modes.

The receiver therefore is an interferometer that is
designed to combine the fields from the particular 6x

Fig. 1. Electro-optic modulator used to change the number of
spatial modes of a beam.

Fig. 2. SCF um~x, 2x!u as a function of x, the distance from the
beam center. Solid line: Only one spatial mode is present.
Dashed curve: Two modes are present in equal weights. The
spot size s is measured at the 1ye2 intensity point of the funda-
mental mode.
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at which the SCF will go to zero. As mentioned
above, that location depends on the modal weights.
It has been shown that a 50:50 ratio of the funda-
mental to the first higher-order lateral mode is opti-
mum for communication purposes because, at the
locations of zeros of the SCF for this particular modal
distribution, the intensity of the beam does not
change whether there is one mode or two present.5
An electro-optic SCF demodulator or receiver is
shown in Fig. 3. The receiver is a waveguide version
of Young’s classical two-pinhole interferometer.9
The two arms sample the beam at 6x. For meas-
uring the spatial coherence some optical path dif-
ference must be introduced to produce constructive
and destructive interference. One can accomplish
this by electro-optically varying the refractive index
of one arm. As one beam is delayed with respect to
the other, the interferometer output intensity goes
through minima and maxima. We refer to these
peaks and valleys as fringes, although they are not
manifested in space but rather in time, as a func-
tion of the applied voltage. The amplitude of the
fringes directly measures the state of coherence,
whereas the intensity of the beam remains un-
changed.

Operation of the link is as follows: When the mod-
ulator is OFF, that is, no voltage is applied, the
waveguide supports a single spatial ~let us say, lat-

Fig. 4. Signals of a spatial-coherence-multiplexed link. The
voltage applied to the receiver increases linearly, so that fringes
~top signal! appear at the receiver output when there is coherence
~first half of SCF signal!. The intensity varies from high to low
~not zero!, as shown in the second line of the figure. The resulting
detected signal shows bright and dim fringes when the SCF equals
1, and it shows bright and dim light with no fringes when the SCF
equals zero.

Fig. 3. Electro-optic demodulator device as an interferometer
that measures the visibility corresponding to the SCF um~x, 2x!u.



eral! mode. The beam is incident on the receiver,
which samples it at 6x. The fields at 6x propagate
through the interferometer and are combined at the
detector. A ramp voltage is applied to one arm, how-
ever, so the refractive index of the material in that
arm changes linearly, thus introducing a phase delay
for that part of the field. The frequency of the
fringes is determined by the slope of the ramp and the
electro-optic coefficient, and it can thus be extremely
fast.

When voltage is applied to the modulator, two lat-
eral modes are supported, the SCF goes to zero at
~x, 2x!, and no fringes are observed at the detector
since there is no longer any coherence between the
fields at these two points. Examples of the signals of
a spatial-coherence multiplexed link are shown in
n m
point ~x, y!, which is the sum of the fields of each of
the modes, in the form
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where an,m is the amplitude of the nth x-dependent
and mth y-dependent mode, fn~x! is the functional
form of the nth lateral mode, fm~y! is the functional
form of the mth transverse mode, v is the central
angular frequency, and fn,m~t! are the phase depen-
dencies. In general, there will be a time delay t
between the fields arriving from the two arms of the
interferometer. The total intensity measured at the
detector is
I~r1, r2! 5 ^@E~x1, y1, t! 1 E~x2, y2, t 1 t!# p @E~x1, y1, t! 1 E~x2, y2, t 1 t!#&

5 7((
n

(
m

anamfn~x1! fm~y1!exp$i@vt 1 fn~t! 1 fm~t!#%

(
n

(
m

anamfn~x2! fm~y2!exp$i@v~t 1 t! 1 fn~t 1 t! 1 fm~t 1 t!#%)c.c.8
5 (

n
(
m

an
2am

2fn
2~x1! fm

2~y1! 1 (
n

(
m

an
2am

2fn
2~x2! fm

2~y2!

1 2 ReF( ( an
2am

2fn~x1! fn~x2! fm~y1! fm~y2!exp~ivt!G , (2)
Fig. 4. We assume that the modal weights have
been chosen properly such that the intensities at the
points 6x do not change. Therefore the intensity
can additionally be modulated independently of the
spatial coherence. In this way an extra degree of
multiplexing is achieved. For example, as shown in
Fig. 4, data could be modulated onto the intensity and
address information could be encoded onto the
spatial-coherence state.

For information carried on the beam intensity to be
distinguished completely from information carried on
the spatial coherence, the two arms of the receiver
interferometer must be at exactly the correct loca-
tions ~x, 2x!. If the receiver is misaligned, cross talk
will occur. The sensitivity of such a system to var-
ious types of misalignment is the subject of this pa-
per. We begin in Section 3 by reviewing briefly the
equations governing this system; then in the subse-
quent sections we perturb those equations to allow
for misalignment.

3. Brief Review of the Theory

The relation between spatial coherence and the spa-
tial modes has been developed in Ref. 6, and expres-
sions for predicting the locations of the zeros are
given in Ref. 7. Using the coordinate system shown
in Fig. 1, let us write the total electric field at some
where r1 and r2 represent points ~x1, y1! and ~x2, y2!,
respectively. In the last step we assumed the time
averaging to be over a sufficiently long time so that
terms of the form fn~t! 2 fn~t 2 t! average to zero.
The first two terms in the last line of Eq. ~2! are the
intensities in arms 1 and 2, respectively, of the inter-
ferometer. The last term can be written in the form8

2ÎI1ÎI2 um~r1, r2!ucos~vt!, (3)

where I1 and I2 are the intensities at r1 and r2 and m
is the magnitude of the complex degree of spatial
coherence. The cosine function is the origin of the
fringes that appear as the time delay t is varied,
while the amplitude of these fringes depends on umu.

Assuming the fields are symmetric about the beam
center, we can then define the magnitude of the de-
gree of spatial coherence as
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The detection circuitry will not measure the state
of spatial coherence directly but rather will measure
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the strength of the signal at the fringe frequency.
When the coherence is high the amplitude of the
fringes is high, and when the coherence is zero the
energy at the fringe frequency is zero, even though
there is light present. By measuring the fringe am-
plitudes relative to the total power, the receiver in
effect measures the fringe visibility V, given by

V 5
Imax 2 Imin

Imax 1 Imin
5

2ÎI1~r1! ÎI2~r2!

I1~r1! 1 I2~r2!
um~r1, r2!u. (5)

4. Effects of Translational Offset

The receiver can be offset from the beam center owing
to a translational misalignment. We assume for this
discussion that the modal structure under modulation
is the lateral direction; the transverse modes, what-
ever they are, do not change. The receiver inter-
ferometer arms are in the x–z plane.

First, consider a translational offset of the receiver
in the y direction only, such that the sampling points
are ~x1, y1! and ~2x1, y1! instead of ~x1, 0! and ~2x1, 0!.
For these sampling points the spatial coherence given
in Eq. ~4! becomes
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In other words, the spatial coherence in the x direc-
tion is independent of the choice of y. This result
follows directly from the assumption that the x and y
dependencies are separable, as is the case, for exam-
ple, with Hermite–Gaussian modes. This result
confers the advantage that several interferometers of

Fig. 5. Geometry for lateral misalignment of the receiver.
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different arm spacings can be stacked in the y direc-
tion, and each looks for zeros in the x direction at
different places on the same beam. In other words,
they look for different modal weights for the coding of
complex addresses.5

For offsets in the x direction, as shown in Fig. 5, we
evaluate Eq. ~4! at the points ~x0 1 Dx, y0!, ~2x 1 Dx0, y0!
for the two cases of interest: a single lateral mode and
two lateral modes of equal modal weight. When there is
a single lateral mode Eq. ~4! tells us there is no difference
in the spatial coherence; it is unity for any two sampling
points ~x1, x2!. However, the visibility of the fringes
does change, according to Eq. ~5!, because the intensities
at the two interferometers arms are not equal when they
are offset laterally from the beam center. Figure 6~a!
shows the coherence and the visibility for the single-mode
case ~call it a logic 1! as a function of lateral misalignment
in units of s, the intensity’s 1ye2 beam radius, and the
assumption of Hermite–Gaussian modes. For the two-
mode case the spatial coherence and the visibility are
shown in Fig. 6~b!. The visibility reaches a maximum
and then decreases again with increasing misalignment,
even though the coherence constantly increases. This is
due to the fact that the intensities at the two interferom-
eter arms differ increasingly from each other as the re-
ceiver is increasingly misaligned laterally.

The extinction ratio e can be defined as the signal
strength of a logic 0 divided by the signal strength of
a logic 1. Here the signal is the visibility, and the
extinction ratio is

e 5
V0

V1
, (7)

where V0 and V1 are the visibilities of the fringes for
the logic 0 and logic 1 cases, respectively. For an
ideally aligned system the extinction ratio is 0. Fig-
ure 6~c! shows the change in extinction ratio as a
function of lateral offset, Dx. The extinction ratio
usually varies between 0 and 1, but here it is possible
for the signal strength of a logic 0 to exceed the signal
strength of a logic 1. That is, for some lateral offsets
the visibility of the fringes for the two-mode case
actually exceeds the visibility for the one-mode case,
a clearly undesirable result. If we set an extinction
ratio of 0.1 as an arbitrary tolerable limit, the lateral
offset can be up to 0.21 s, or 21% of the beam radius.

5. Effects of Rotational Misalignment

The geometry of the rotational misalignment is
shown in Fig. 7. Here we address the question of
what happens when the interferometer arms do not
lie precisely in the x–z plane. If the rotation angle is
u, the intended measurement points ~6x1, 0! become
~1x2, 1y2! and ~2x2, 2y2!, where

x2 5 x1 cos u, (8)

y2 5 x1 sin u. (9)

In this case the problem becomes more complicated,
since we must take into account the y variation in the
field as well as the x.



Unlike the case of translational offset, rotation has
no effect on the measured visibility, since under ro-
tation the sampling points are still symmetric about
the beam center. For the single lateral-mode case,
the visibility remains unity at all angles of misalign-
ment. For the case when two lateral modes are
present, as usual in equal weights, the coherence and
visibility do change. Figure 8 shows the resulting
change in extinction ratio as a function of rotational
misalignment, again assuming Hermite–Gaussian
modes. We assume there is always a single trans-
verse mode. At 10° of tilt the extinction ratio is ap-
proximately 0.01, and it does not reach 0.1, our
arbitrary limit of acceptability, until the tilt angle is
27°, a very serious misalignment indeed.

Fig. 6. Effect of lateral offsets on the spatial coherence and visi-
bility ~a! when one lateral mode is present and ~b! when two lateral
modes are present in equal weights. ~c! The resulting extinction
ratio. The extinction ratio exceeds 1 for some misalignments be-
cause the visibility for logic 0 can exceed the visibility for logic 1 for
some misalignments.
6. Effect of Higher-Order Transverse Modes

Because the modulator device is likely to be less than
ideal, we should consider the possibility that, when the
voltage is applied to permit higher-order lateral
modes, the waveguide may also support some small
amount of energy in a higher-order transverse ~y!
mode.

We assume, as usual, Hermite–Gaussian modes.
We are expecting to modulate the source beam be-
tween the two states: ~1! all energy in TEM00 and
~2! energy equally divided between TEM00 and
TEM10. If we assume that the energy is equal in the
two lateral modes ~for the second state! but that some
energy is also now present in TEM01, what is the
effect on the communication link?

We have already shown in Section 4 that the spatial
coherence, when measured in the x direction, is inde-
pendent of the modal structure in the y direction.
This is true whether or not there is a lateral offset.
Under rotation misalignment, however, the transverse
modes start to play a role. Figure 9 shows the chang-
ing SCF in the neighborhood of one of the zeros as the
strength of the TEM01 mode is increased, keeping
TEM00 and TEM10 in equal strengths. The curves
are plotted for an angular misalignment of 10°. The
left-most curve is for the case in which there is no
energy in the higher-order transverse mode, and the
subsequent curves to the right are for 10%, 20%, 30%,

Fig. 7. Rotational misalignment geometry. Open circles indi-
cate the locations of intended measurements; filled circles indicate
the actual measurement locations.

Fig. 8. Effect of tilt misalignment on the extinction ratio.
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40%, and 50%, respectively, of the total beam energy
that is present in TEM01. If the interferometer arms
are set at 6x 5 0.5s, where the SCF zero is expected
for the ideal case, then the measured fringe visibility
will change from the expected value of V 5 0 to only
V 5 0.02, even when as much as 50% of the total beam
energy is in a higher-order transverse instead of the
lateral mode. It is also interesting to note that, if the
weights in TEM00, TEM10, and TEM01 are all equal
~33% of the energy in each!, then the spatial coherence
is invariant with the rotation angle.

7. Summary and Conclusions

We have examined the robustness of a proposed com-
munication link based on modulating the spatial-mode
structure and therefore the spatial coherence of a laser
beam. The modulator is a waveguide that is electro-
optically controlled to support either one lateral mode
~spatial coherence is unity! or two lateral modes ~spa-
tial coherence is zero at certain positions on the beam!.
The state of coherence is detected by an electro-optic
interferometer that produces extremely high-speed
fringes ~temporal fringes, not spatial ones! when the
modulator is in one state and no fringes in the other
state. The coherence is independent of the light in-
tensity for properly chosen operating conditions, so the
spatial coherence can be modulated independently of
the intensity and thus a single beam can be made to
carry two signals instead of one.

We have shown the link to be completely insensi-
tive to transverse misalignments when the modes
that are modulated are in the lateral direction. For
lateral offsets, that is, in the same plane as the mod-
ulation, there is a degradation of the extinction ratio.
If we set e 5 0.10 as an upper limit of acceptability,
the system can tolerate a lateral displacement of the
interferometer arms of up to 21% of the 1ye2 beam-
spot size s. If the interferometer was rotated rather
than translated, we found that, with the same upper

Fig. 9. Close-up of the effect of higher-order transverse ~y-
dependent! modes on one of the SCF zeros. The tilt angle is 10°;
the strengths of the TEM00 and TEM10 modes are equal in all
cases. The left-most curve is for the case in which none of the
energy is in the TEM01 mode.
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limit of 0.1 for the extinction ratio, the rotation can be
as much as 27° from the correct plane.

Finally, if higher-order transverse modes are inad-
vertently permitted in addition to the intended
changes in lateral-mode structure, we have shown that
there is no effect on the proper detection of the coher-
ence state for either a perfectly aligned receiver or for
a translational offset in either the lateral or the trans-
verse direction. The presence of higher-order trans-
verse modes affects the intended measurement if there
is a rotational misalignment; this effect was found to
be negligible at reasonable tilt angles ~10°!, as long as
the weights of the lateral modes are still kept equal.

We have examined the effects of misalignments only
for cases in which the lateral-mode structure is 50% of
the energy in each of the lowest two lateral modes.
This particular condition was examined because it is
the optimum place to operate a spatial-coherence-
modulated link, as was demonstrated in Ref. 5. The
link is surprisingly robust, particularly under rota-
tional as well as transverse offsets, where the trans-
verse direction is defined as the direction
perpendicular to the direction in which modes are
modulated. The link is also fairly insensitive to spu-
rious higher-order spatial modes in the plane perpen-
dicular to that under modulation. Because of these
insensitivities and the high speeds that are attainable,
spatial-coherence modulation appears to be an attrac-
tive method for increasing the information-carrying
capacity of optical free-space communication systems.

This study was supported in part by National Sci-
ence Foundation grant ECS-9108425.
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