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An interferometric alignment technique developed for the assembly of microchannel relay systems is
described. The method uses pairs of diffractive lenslets that are arranged to form compact in situ
interferometers. The relative transverse, longitudinal, and rotational alignment of the two lenslet
arrays can be quantitatively determined from the resulting interference patterns. The theoretical
analysis is compared with the experimental performance. © 1997 Optical Society of America
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1. Introduction

One of the key problems affecting the implementa-
tion of practical free-space microchannel relay sys-
tems is that of alignment. Several methods for
prealigning lenslet arrays with respect to
optoelectronic-device arrays based on the imaging of
fiducial alignment marks,1 Moiré patterns,2 or flip
chip bonding3 have been demonstrated. These tech-
niques are typically employed when the two align-
ment planes are close together. When the two
planes are separated by several millimeters, active
alignment or Fresnel zone plates fabricated on the
device arrays4 can be used to aid alignment. Here an
interferometric alignment technique developed for the
assembly and manufacture of microchannel relay sys-
tems is described. The approach uses in situ inter-
ferometers formed from pairs of low-efficiency
diffractive lenslets. The resulting interference pat-
terns can be used to calculate the relative alignment of
two relatively widely separated lenslet arrays. We
present a theoretical analysis of this technique and
describe the performance of a prototype interferomet-
ric alignment system developed for use within a free-
space photonic back plane.
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2. Description of Alignment Technique

The operation of the interferometric alignment sys-
tem is described in Fig. 1. Additional interferomet-
ric alignment lenses LA1 and LA2 are fabricated
around the edge of the signal lenslet arrays. Colli-
mated light incident on the first interferometric
alignment lenslet, LA1, is diffracted into a series of
wave fronts as shown in Fig. 2. For the purposes of
this analysis the light diffracted into the mth diffrac-
tion order by lenslet LA1 is represented by the term
L~A1, m!. In addition, we assume that only the un-
diffracted zeroth order, L~A1, 0!, and the 11 diffrac-
tion order, L~A1, 11!, are of interest. This
assumption is based on the fact that only a small
amount of the light diffracted into the other orders
@L~A1, 21!, L~A1, 12!, L~A1, 22!, etc.# reaches the
second lens facet owing to the high divergence of
these beams when compared with the m 5 0 and m 5
11 diffraction orders. The generation of interfer-
ence fringes by two parallel zone plates was described
by Chau,5 Koronkevich and Lenkova,6 and Stevens.7

When the m 5 0 and m 5 11 wave fronts are
incident on the second lenslet, LA2, they generate a
series of overlapping diffracted orders as shown in
Fig. 2. For this analysis only the zeroth diffraction
order ~interference between the undiffracted light in
wave front L~A1, 0! and the light originally in the
L~A1, 11! order, which is diffracted by LA2 back into
the zeroth order! are considered. At the second lens-
let plane the various beams overlap to produce a
complex interference pattern; however, the effect of
the higher orders lessens as the light propagates
away from the second lenslet array because of the
divergence of these wave fronts.
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Fig. 1. Schematic outline of lenslet array alignment with in situ interferometers.

Fig. 2. Incident light diffracted by LA1 into m 5 12, 11, 0, 21, 22 orders and subsequent diffraction of L~A1, 0! and L~A1, 11! orders
at lenslet LA2. These beams overlap and produce an interference pattern dependent on the degree of misalignment between the lenslets.
The term fA represents the focal length of the align-
ment lenslets, where 2fA 5 z2, the ideal separation
between the two lenslet arrays. For a misalignment
of Dz2 the light from the first lens facet in the L~A1,
11! order is a distance u 5 fA 1 Dz2 from the second
lens facet. Thus, after passing through the second

Fig. 3. Interference of plane wave and point source.
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Fig. 4. Interference pattern caused by tilt of lenslet array L2 with
respect to lenslet array L1.



Fig. 5. Photographs of the two lenslet arrays, ~a! L1 and ~b! L2, used in the experiment.
lens facet, this light appears to come from a point that
is a distance v from LA2, where

1yv 5 1yfA 2 1yu. (1)

The field that is due to a point source a distance R
away from the source and at a point ~x, y! normal to
the optical axis is given by

u1 5 ~Ayr!exp@i~kr 2 wt!#. (2)

This geometry is illustrated in Fig. 3. A is a complex
constant dependent on the field strength, R 5 v, and
r is the distance from the point source to point ~x, y!
on the lens facet. Thus

r2 5 R2 1 x2 1 y2. (3)
Similarly, the field that is due to a plane wave can be
written as

u2 5 B exp@i~kR 2 wt 1 c!#, (4)

where B is a complex constant dependent on the field
strength and c is a phase term. As both waves were
derived from the same incident beam, there exists a
certain initial phase relationship between them.
The total field is therefore given by uT 5 u1 1 u2,

uT 5 $~Ayr!exp~ikr! 1 B exp@i~kR 1 c!#%exp~iwt!, (5)

from which it follows that

uT 5 $Ay~R2 1 x2 1 y2!1y2 exp@ik~R2 1 x2 1 y2!1y2#

1 B exp@i~kR 1 c!#%exp~iwt!. (6)
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The resulting irradiance at point I~x, y! can therefore
be determined as

I~x, y! 5 ~uAuyr!2 1 uBu2 1 @2uAuuBuy~R2 1 x2 1 y2!1y2#

3 cos@k~R2 1 x2 1 y2!1y2 1 c#. (7)

If the lenslets are translated a distance Dx with re-
spect to each other, L~A1, 11! is diffracted by LA2 at
an angle b to the optic axis, where

tan b 5 ~DxyfA!. (8)

Fig. 6. Theoretical interference pattern for a misalignment of
Dz 5 0 mm and ~a! Dx 5 1 mm, ~b! Dx 5 2 mm, ~c! Dx 5 5 mm.
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For small translational misalignments the field u1
can be written as

u1 5 Ayr exp@i~kr 2 wt!#exp@ikx sin b# (9)

~i.e., we are simply adding a linear phase shift!.
This is valid if there is no longitudinal misalignment
~Dz2 5 0!. Thus the number of fringes, N, observed
across a lenslet interferometer of dimensions DL 3
DL will be given by

N 5 ~DL sin b!yl. (10)

Fig. 7. Theoretical interference pattern for a misalignment of
Dx 5 0 mm and ~a! Dz 5 25 mm, ~b! Dz 5 50 mm, ~c! Dz 5 75 mm.



In the case of a pure longitudinal misalignment the
number of circular fringes observed, m, is given by

m 5 $@v2 1 ~DLy2!2#1y2 2 v%yl, (11)

where

v 5 fA~ fA 1 Dz2!yDz2. (12)

The effect of a simultaneous longitudinal and trans-
lational misalignment is the formation of decentered
circular fringes.

3. Interferometric Tilt Alignment

Interferometric alignment techniques can also be
used to minimize the tilt angle between two different
lenslet arrays or between an optoelectronic-device ar-
ray and a lenslet array. We assume that the tilt
angle is small enough to ensure that scalar theory
holds. Figure 4 shows the basic approach used to
align two lenslet arrays. A plane wave front Einc is
normally incident on L1. A fraction of the light is
reflected by both L1 and L2 ~pixelated antireflective
coatings or thin partial reflecting mirrors can be in-

Fig. 8. Diagram of optical system used to align the two lenslet
arrays.

Table 1. Number of Fringes Observed, N, for a Given Translational
Misalignment Dx and Relative Misalignment DxyDL

Dx ~mm! b N DxyDL

1 0.021 0.3 0.002
2 0.042 0.6 0.004
3 0.064 0.9 0.006
4 0.085 1.2 0.008
5 0.106 1.5 0.010
6 0.127 1.8 0.012
7 0.149 2.0 0.014
8 0.169 2.3 0.016
9 0.191 2.6 0.018

10 0.212 2.9 0.020
tegrated with the lenslets for this purpose!. If lens-
let array L2 is tilted at an angle of a with respect to
L1, a series of periodic plane interference fringes is
observed. The period of the fringes, T, will be deter-
mined by the relative tilt angle, and the contrast ratio
will be governed by the relative reflectivity of the two
lenslet arrays. The two reflected wave fronts E1 and
E2 are shown in Fig. 4, where E1 5 E01 exp$i@k1~r 2
wt!#% and E2 5 E02 exp$i@k2~r 2 wt 1 f!#%. It is
assumed that the propagation vectors lie in the x–z
plane; thus k1 5 ~0, 0, k!, k2 5 ~k sin 2a, 0, k cos 2a!,
and k 5 2pyl. In addition, the incident electric field
is taken to be parallel to the x axis. As long as the
tilt angle is small ~order of a degree or so!, we need
not be concerned with vector effects; thus the irradi-
ance IT~x, z! is given by

IT~x, y! 5 I1 1 I2 1 2ÎI1I2

3 cos~kx sin 2a 1 kz cos 2a 1 f!, (13)

where I1 5 uE01u2 and I2 5 uE02u2. Thus the period of
the interference fringes, T, in the x direction ~what is
measured experimentally! is given by

T 5 lysin 2a. (14)

Thus a tilt misalignment of greater than 60.01°
requires a fringe period of T . 1.813 mm at 632.8
nm.

4. Test Element Design

To verify the practicality of this technique, we incor-
porated a set of interferometric alignment elements
within a microchannel relay ~Fig. 1!. The micro-
channel interconnect formed part of a hybrid relay
system intended for use within a prototype free-space
photonic back plane.8 Figures 5~a! and 5~b! show
photographs of the two diffractive optical elements
used in this experiment. The interconnection lens-
lets were designed to have a focal length fi of 768 mm
at a wavelength of l 5 850 nm and dimensions of 125
mm 3 125 mm, and were fabricated with eight phase
levels. The interconnect employed a maximum lens-
to-waist geometry,9 where z2 5 2~ fi 1 fi

2y2zR!, zR 5
pw0

2yl, and w0 is the input beam radius, set at 12.5
mm. These parameters resulted in a lenslet-to-
lenslet spacing ~optical distance! of 5.40 mm.

Three sets of diffractive alignment lenslets were
fabricated around the edge of the interconnection el-
ements as shown in Fig. 5. These components had
dimensions of 500 mm 3 500 mm and a focal length fA
of z2y2 5 2.70 mm at an operating wavelength of
632.8 nm. For the contrast of the resulting interfer-
ence fringes to be maximized, approximately equal
amounts of power must be diffracted into the zeroth
and 11 diffraction orders. To achieve this, we fab-
ricated the alignment lenses as binary elements with
a p phase delay at 850 nm. Thus by using straight-
forward scalar diffraction theory we can show that
the power in the zeroth, P0, and 11 diffraction orders,
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P0 and P11, equals

P0 5 Pincy2~1 1 cos kp!, (15)

P11 5 ~2Pincyp2!~1 2 cos kp!, (16)

where

k 5 ~leyl0!@ns~l0! 2 1#y@ns~le! 2 1#. (17)

The term Pinc represents the incident power, le is the
wavelength for which the interferometric alignment
lens has been etched, l0 is the illumination wave-
length, and ns~l! is the refractive index of the substrate
at wavelength l. Thus in the case of a fused-silica
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substrate, where le 5 850 nm and l0 5 632.8 nm, it
follows that P0 5 0.282Pinc and P11 5 0.291Pinc.
Thus an approximately equal amount of incident light
ends up in both the zeroth and the 11 diffraction or-
ders. Measurements on the interferometric align-
ment lens showed that P0 5 0.29Pinc and P11 5
0.24Pinc, close to the theoretically predicted values.

From Eq. 7, the theoretical interference pattern
was calculated for the parameters fA 5 2.70 and l 5
632.8 nm. For simplicity, the power in the two wave
fronts was taken to be exactly equal and c 5 0. The
theoretical interference pattern is shown in Fig. 6 for
a misalignment of Dz 5 0 mm and Dx 5 1, 2, 5 mm,

Fig. 9. Photographs of fringe patterns obtained during align-
ment. ~a! Severe rotational misalignment and misalignment in
the x, y, and z directions. ~b! Rotational misalignment corrected
and misalignment in the y direction dominant. ~c! Final align-
ment.



and in Fig. 7 for Dx 5 0 mm and Dz 5 25, 50, 75 mm.
From these results it can be seen that even small
translational misalignments of the order of a micro-
meter produce visible fringes. However, longitudi-
nal misalignments of the order of 50 mm are required
before an equally discernible fringe pattern can be
observed. Table 1 lists the number of fringes ob-
served across the experimental in situ interferometer
aperture for a given translational misalignment with
zero longitudinal misalignment. In addition, the
relative misalignment DxyDL is given.

5. Alignment System

The two lenslet arrays were mounted on opposite sides
of the cylindrical component holder shown in Fig. 8.
The first stage of assembly involved mounting a polar-
izing beam splitter and quarter-wave-plate assembly
within the holder. We then positioned the first lens-
let array with respect to the cylinder by using chrome
alignment markers, and we glued it in place. Figure

Fig. 10. Performance of aligned lenslet arrays: ~a! 4 3 8 array of
beams relayed through the interconnect at the second lenslet array
and ~b! focused beams at the output focal plane.
8 shows the system used to align the lenslet arrays
with respect to each other. Light from an He–Ne la-
ser was launched into a single-mode fiber, and the
output from the fiber was then collimated by use of a
single achromat. The collimation of the illumination
beam was tested with a commercial shear plate inter-
ferometer.10 A Risley beam steerer, consisting of a
pair of wedged prisms, was adjusted to ensure that the
He–Ne beam was incident normal to the surface of the
first microlens array. The lenslet array component
holder could be translated in the x–y direction ~normal
to the beam! and rotated about the beam axis. The
second microlens array was attached to a vacuum
holder that could be moved in the z direction ~parallel
to the beam!. Using a vacuum holder to mount the
lenslet has several advantages, including simplicity of
design and the ease with which it can be detached from
the microlens array. The whole system was con-
structed with a Spindler & Hoyer microbench set.

When the second microlens array was brought into
position, a series of interferometric fringes was
formed as described in Section 2. The fringes were
imaged onto a CCD camera for further processing
and analysis. For the contrast of these fringes to be
enhanced, an aperture stop was placed in the optical
path of the imaging system to block stray light from
reaching the CCD. This also partially blocked some
of the higher-order diffracted beams, which also en-
hanced the fringe contrast ratio.

6. Experimental Results

Figure 9 shows the interference fringes observed as the
second lenslet array was brought into alignment with
the first. Figure 9~a! illustrates the fringe pattern for
the case in which the two lenslets were severely rota-
tionally misaligned in u and misaligned in the x, y, and
z directions. When the second microlens array was
moved closer to its nominal position, the number of
fringes observed was reduced. Figure 9~b! shows the
fringe pattern for the situation in which the rotational
misalignment was corrected and misalignment in the
y direction was dominant. Final alignment was ob-
tained when the number of fringes was minimized as
shown in Fig. 9~c!. Note that in this experiment the
dimensions of the microlens holder were slightly larger
than the design value owing to an increase in dimen-
sions that occurred during anodization. In addition,
the separation between lenslets was slightly larger
owing to the thickness of glue used @Dow Corning 732
room temperature vulcanizing ~RTV! sealant, esti-
mated to be 100–150 mm thick#. The optical distance
between the two lenslets was measured with a travel-
ing microscope and found to be 5.60 mm. The final
fringe patterns observed resemble closely the theoret-
ically predicted irradiance distributions shown in Figs.
6 and 7.

When the two microlens arrays were optimally
aligned, the second microlens was glued to the com-
ponent holder. However, when the assembled unit
was detached from the alignment system, a transla-
tional misalignment in the x direction of approxi-
mately one fringe ~;3 mm! occurred. This is
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believed to be due to the stress introduced by the
alignment rig during assembly.

To test the finally aligned module, we relayed a 4 3
8 array of spots with a pitch of 125 mm in the vertical
direction and 250 mm in the horizontal direction
through the microlens arrays. Figure 10 shows the
resulting spot pattern produced by the beams after
the second microlens array. From this result it can
be seen that there was little rotational misalignment
between the two lenslet arrays. The slight error
that did occur happened during the gluing stage and
was again attributed to stress introduced by the Spin-
dler & Hoyer alignment rig. The overall perfor-
mance of this technique would be improved by use of
a more stable alignment system.

7. Conclusions

We have presented a novel technique for quantita-
tively aligning microlens arrays by use of compact in
situ interferometers based on pairs of low-efficiency
diffractive lenslets. The interference patterns are
formed by the interaction of the zeroth and 11 dif-
fraction orders of the lenslets. For the powers in
these two beams to be balanced, the lenslets are de-
signed for operation at 632.8 nm and etched for 850
nm. This allows an approximately equal amount of
light to be present in both orders when the inter-
ferometers are illuminated at 632.8 nm. The rela-
tive transverse, longitudinal, and rotational
alignment of the lenslet arrays can be determined
from the resulting interference patterns. The initial
set of experimental results presented here illustrates
that this technique can be used to obtain transverse
alignment of device planes of the order of 61 mm and
longitudinal alignment information to within 650
mm. In addition, by using multiple interferometers
one can achieve accurate rotational alignment of de-
vice planes. Alignment of multiple optical layers
with this technique requires separate interferom-
eters for each successive stage.

Future research will include the development of a
more rigorous model capable of determining the ef-
9260 APPLIED OPTICS y Vol. 36, No. 35 y 10 December 1997
fect that higher diffraction orders have on the inter-
ference patterns. In addition, we intend to
implement image-processing software designed to
analyze the interference patterns and determine the
relative misalignments of the lenslet arrays.
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tional Science and Engineering Research Council
Chair in Photonics Systems.
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