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1 Introduction scope. Then, the light from every column of the LCSLM

Crossbar interconnection switches are essential component&'TaY is collected to a specific element in a linear array of
in a variety of applications such as communication net- OUtPut detectors, by means of an identical holographic cy-

works and parallel computatidrf These switches have lindrical telescope that is rotated by 90° with respect to the
been incorporated into free-space optical configurations for firSt 0ne. The configuration of the planar holographic cylin-
performing dynamic vector matrix multiplication and arbi- drical telescope for spreading out the light is schematically
trary interconnection betweeN inputs to N outputs®~’ shown in Fig. 1. It consists of_two holographic cyllndncgl

Such configurations consist of several discrete conventional!€1S€s tiLs), each of which is recorded on an opposite

lenses and a dynamic spatial light modulatStM). Un- side of a single substrate; an alternative configuration could
fortunately, the combination of discrete elements and free- have both lenses recorded on the same side of the substrate.

space optics often leads to excessive weight and volume.The _f|rstHL is a negatlve cylindrical Iens. whlch spreads
Moreover, the needed accurate alignment between indi-the. light from an adjacently placed Qne-dlmenglonal array
vidual elements in these configurations is extremely diffi- Of light sources. The otheL is a positive cylindrical lens
cult and often impractical. which collimates the spread light and directs it towards an
The problems associated with discrete elements and freeadjacently placed LCSLM with a two-dimensional array of
space configurations can be alleviated by using planar op-binary, transparent and opaque subargzigels. In es-
tics configuration§-2° In these, several diffractive optical ~sence, such a planar configuration operates as a cylindrical
elements are recorded on a single substrate. The light beGalilean telescop¥, for expanding a one-dimensional
tween the different optical elements propagates inside thePeam. The planar configuration for collecting and directing
substrate, as a result of either total internal reflection or the light from the LCSLM towards the linear array of out-
reflective coatings on the substrate surfaces. The alignmentut detectors is identical to that shown in Fig. 1, except that
between the various diffractive elements that are recordedthe input light from the LCSLM is incident at the positive
on one substrate can be done with relatively high accuracylens. Thus, the light transmitted through each column of the
during the recording stage, rather than operation stage. InLCSLM is summed up at the appropriate detector. The two
previous work, we presented a planar optical configuration planar cylindrical telescopes and the LCSLM may be at-
for a passive crossbar switch implementing a two-
dimensional array of binary masks.In this paper we
present a similar planar optical configuration for imple-

menting adynamicand compact crossbar switch, that in- ne;%ive

cludes an electronically controlled SLM of relatively high cylindrical

switching rates. The SLM is a ferroelectric liquid crystal lens Glass substrate
spatial light modulatoLCSLM) that has a response time L \

of about 7—8usec and can suppdftswitching rates of
about 40 KHz.

2 Crossbar Switch Design and Limitations l l

. . . HL
For the operation of the planar optical crossbar switch, the positive
light from every element in a linear array of sources is first cylindrical

spread out towards a specific row of the two-dimensional fens

LCSLM array by means of a holographic cylindrical tele- Fig. 1 Planar configuration of the holographic cylindrical telescope.
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Fig. 2 Planar configuration of an optical crossbar switch.
tached together to form a single substrate, that would be \ “ Ref
insensitive to relative movements of the individual ele- 4 /plaifr\;';ﬁis
ments.
. . . 0
The overall configuration of the planar optical crossbar /@: l l

switch, that includes the two identical planar telescopes, is
shown schematically in Fig. 2. The upper and lower planar HLI - WS |
telescope configurations are denoted by the indices 1 and 2, N
respectively. In this optical crossbar switch, the intercon- HL2 Glass

. . . b.
nection between arbitrary elements of the input to those of ® substrate

the output detector is according to whether a particular el- Fig. 3 Recording geometry for the holographic cylindrical tele-
ement of the LCSLM array is ONtransparentor OFF scope: (a) unfolded geometry, (b) planar geometry.

(opaqué. For example, when a signal from thth source

in the input array should be connected to jkiedetector in

the output array, the value of thi,j} element of the oy crossbar switch configuration, the maximum number of

LCSLM array should be ON, i.e., this element is transpar- glementdM ., is limited by the diffraction of each element

ent. . . in the y direction. The diffraction is negligible in thg
The geometry for recording the planar holographic direction where the optical power of the cylindrical lens is

lenses of the cylindrical telescopes is presented in Fig. 3. yominant. Our crossbar switch behaves as a space variant
Figure 3a) shows an off-axis unfolded recording geometry system*15s0 the maximal number of element, ., that

which is given merely to explain the recording procedure, . .
whereas Fig. ®) shows the total actual geometry for re- Can be interconnected M p,a~ VS/2AF, whereS is the

cording the planar holographic lenses. In Figg)3the “ob- length of the one-dimensional array of sources or detectors,
ject” wave for bothHLs is an off-axis cylindrical wave \ is the operating wavelength afd is.the characte'ristiE
converging towards the poinP, and the “reference” number of the planar telescope configuration. This leads to

beams are normal incident plane waves. As shown, the off& realistic limiting value forM py,, of approximately 30

axis angle between the object waves and reference waves i@long each coordinate in our system. However, it is pos-
6. It is important to note that the “object” wave for the SiPle to modify the configuration, so as to obtain a space
secondHL passes through the fir$iL, so that all the  Invariant system behavior by inserting an imaging lens be-
aberrations introduced by théL1 and the medium be- tween the two lenses of each cylindrical telescope. This

tweenHL1 andHL2 are cancelled in operation. Specifi will increase the maximal number of possible interconnect
. = — # . e
cally, a perfect input plane wave will result in a perfect elements to b8 Mm?x~ S{)\F , SO the Ilmltlng_ factor
' X . would no longer be diffraction, but rather aberrations of the
output plane wave. Now, when record_mg the plalﬁdus,_lt lenses and the size of each element of the SLM.
is necessary to ensure that the off-axis ar@fer the chief

. Lo . - Another criterion is the cross-talk between adjacent ele-
ray of the object wave, inside the substrate, is sufficiently onts  Sych cross-talk can arise from diffraction and scat-

large so that the entire cylindrical wave will be trapped yering or spurious reflections inside the substrate. The
|nS|_de1the substrate by total internal reflection, i.6.,  gominant cause for cross-talk is diffraction. In our case, a
>sin"*(1/n), wheren is the refractive index of the sub-  gne-dimensional analysis is sufficient, since the diffraction
strate. This can be conveniently done, as depicted in Fig.is negligible in the direction where the cylindrical lens has
3(b), with a prism having the same refractive index as the optical power. For the analysis, we calculated the Fresnel
substrate. The converging cylindrical object is coupled into djffraction from a mask simulating a LCSLM, having an
the glass substrate through the prism, so that after onearray of elements each of 456m with a distance of 550
bounce inside the substrate it extends beyond the prism,m between centers of adjacent elements. The results re-
surface and continues to propagate in the substrate untilyealed that the cross-talk is approximately 1€alculated
reaching the location dfiL2. The reference waves, which  as the portion of the energy received by the neighboring
are normally incident plane waves, are set at the appropri-element. This value can be significantly reduced by opti-
ate position to interfere with the cylindrical waves at the mizing the dimensions of the elements, and the distances
locations ofHL1 andHL?2. between therl! The cross-talk due to scattering or spuri-
An important criterion of optical crossbhar switching is ous reflections is less problematic. Specifically, even if we
how many elements can be interconnected through it. In assume 10 reflection planes with 0.5% of the incident
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log (1/T) sented in Figs. 4 and 5. Figure 4 shows the measured trans-
i ; ; T mittance at ON and OFF positions, for a single pixel, as a

3.5 A T e e ; — function of the illuminated wavelength. These results indi-
Y R b cate the change in transmittance can be as much as 1000 to
b Closed 1. To determine the switching rates that are possible with
250 A 1 h pixel i LCSLM, w lied an alternatin r
] i e OpEN each pixel in an M, we applied an alternating square
20 e e e _ voltage of 40V, at different frequencies, and monitored

wsb o ] the transmitted light. The results for two different frequen-
| = i | cies are shown in Fig. 5. Figure@ shows the applied

Hor- e 1 T voltage square wave and corresponding transmitted light at
05 [ oo e T e a frequency of 10 KHz, and Fig.(5) those at a frequency
400 500 600 700 800 of 40 KHz. These results indicate that as the frequency
Wavelength nm increases the transmitted light will no longer duplicate the
shape of the applied voltage. This is due to the fact that at
Fig. 4 The transmittance, at ON and OFF positions, of a single pixel the higher frequencies only part of the liquid crystal mol-
of the LCSLM as a function of the illumination wavelength. ecules reach a stable state while the others start to rotate

back!® These results imply that the switching rates are lim-

. . , ited, but can handle 40 KHz adequately.
power scattered in each reflection, the cross-talk is less than \ye also measured the cross-talk that would occur be-

0.05%; this is due to the fact that the scattering angle from ;. aen two adjacent elements of the SLM. In the experimen-

each element iﬁ relatively small. be derived f tal setup, we illuminated a single element of a mask having
In practice, the input wave may be derived froman aray 5 array of elements and focused the light from this ele-

of light emitting diodes or I_as_ers, that emit non-planar ment by means of the planar cylindrical telescope. The fo-
wavefronts. In such a case it is necessary to replace theg, ey output intensity distribution of two adjacent elements
HL, that is adjacent to the input array, with a lenslet array (one ON and one OFFwas detected with a CCD camera.
S thaj[ the Ilght from each eIeme;nt_wHI be transformed t0 @ The results are shown in Fig. 6. FiguréBshows a pho-
diverging cylindrical wavefront inside the substrate. It is oqraph of the output intensity distribution, with the dashed
also possible to replace theL, that couples the light out  |ine marking the border between adjacent elements. Figure
of the substrate, with a holographic lenslet array, so that theg(h) shows the corresponding cross section through the
output light will focus efficiently onto each element of the  mayimum intensity line. The measured cross-talk, calcu-
detector_ array. In a typical situation, the operating wave- |ated as the ratio of the total energy in each of the two
length differs from that of recording, for example, when the agjacent elements is 1%, in good agreement with the theo-
needed operating wavelength is at near infra-red where noretica| value. Since most of the undesired energy originates
hologr_aphlc recording materials are avallabl_e. In s_uch a near the edges, it is possible to reduce the cross-talk by
case, it would be necessary to resort to recursive _de5|gn an%imply placing an aperturéa mask in the center of each
recording methodsin order to compensate for inherent glement. With the apertures shown by the white frames in
chromatic aberrations and diffraction efficiency changes. Fig. 6@a), the cross-talk was reduced to 0.06%, which is
. even lower than the contrast ratio of the actual LCSLM.
3 Experiments The maximal cross-talk would occur when all elements of
In order to experimentally evaluate our planar crossbar the input mask are ON and only one element is OFF. This
switching configuration, we first recorded two identical pla- cross-talk would be 0.4%.
nar holographic cylindrical telescopes. The individual cy- To illustrate the operation of our dynamic crossbar
lindrical HLs were recorded according to the arrangement switch, the input was a linear array of eight light sources,
shown in Fig. 3. We used a recording wavelength of 514.5 the output a corresponding linear array of eight detectors,
nm derived from an Argon laser, glass substrate thicknessand the pixels of the LCSLM were so arranged as to per-
of 7 mm, off-axis angled inside the substrate df=50°, form a fan-out interconnection. The expected and actual
and lateral distance between the centers of the cylindrical €xperimental results are presented in Fig. 7. The expected
lenses of about 30 mm. THeLs were recorded on photo-  interconnections are shown in Fig(af, and the corre-
polymer materials, Du-Pont HRF-600 10, that were at- spondlng expe_rlmental intensity distribution is shovv_n in
tached to the top and the bottom sides of the glass sub-Fig- 7(b). As evident, the correct fan-out of the input light
strates. Then, we incorporated the LCSLM in between the Was obtained and there is a good discrimination between
two planar telescopes. For the experiments, the array ofthe ON and OFF pixels. The differences in the intensities
input light sources was simulated with a mask having a @mong the elements of the output array are due to non-
linear array of transparent areas that were illuminated with uniform diffraction efficiencies of théiLs and the differ-
a collimating beam. The light transmitted through the input ences of light transmittance through different SLM pixels.
array was directed towards the output in accordance to how The average diffraction efficiency for eaktL. was only
many of the LCSLM pixels were transparent or opaque. about 70%. This reduction from a theoretical value of
The output intensity distribution was detected and moni- 100% is due to shrinkage of the photopolymer recording
tored with a CCD camera. material during the development process, that changes the
We first measured the transmittance in the ON and OFF local Bragg condition. In addition, the transmittance
positions (contrast rati® and the switching rate for indi-  through the photopolymer material was about 80%, so the
vidual pixels of the LCSLM. Representative results are pre- diffraction efficiency for eacltHL was about 55%. Thus,
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Fig. 5 The transmitted light through an individual pixel of the

LCSLM as a function of applied voltage at different frequencies: (a)
10 kHz, (b) 40 kHz.
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Fig. 6 Output intensity distribution of two adjacent elements—one
ON and one OFF. (a) Intensity distribution, where the dashed line
represents the border between two adjacent elements and the white
frames represent the reduction of apertures. (b) Cross section at the
maximum intensity line.
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Fig. 7 Experimental results of the planar crossbar switch: (a) the
expected fan-out interconnections, (b) the experimental light distrib-
uted at the output.
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i ~i 0 parallel processors,Appl. Opt.28(18), 3838—38421989.
the overall eff|C|ency for the fouHLs was about 9% and 16. J. Jahns, F. Suer, B. Tell, K. F. Brown-Goebler, A. Y. Feldbaum, C.

the amount of light tha_t reached every element in the output  R. Nijander, and W. P. Townsend, “Parallel optical interconnections
was about 1% of the input light. The local changes in the using surface-emitting microlasers and a hybrid imaging system,”

it _uni tiag i Opt. Commun1093-4), 328—-337(1994.
Bragg condition cause non-uniformities in output beam that 17. H. M. Ozakias, Y. Amitai. and 3. W. Goodman, “Comparison of

can be observed by the non'uniform output inte_nsity in Fig. system size for some optical interconnection architectures and the
7(b). These problems can be alleviated by using other re-  folded multi-facet architecture,Opt. Commun82, 225—228(1991).

; ; ; ; ; 18. S. J. Elston and D. C. Ulrich, “Three variable modeling of switching
cording materials, such as dichromated gelatin, which have in' ferroelectric liquid crystals,"J. Appl. Phys.78(7). 4331-4338

higher diffraction efficiencies and improved transmittance. (1995.
19. Y. T. Huang and Y. H. Chen, “Optical switches with a substrate-
4 Conclusions mode grating structure,Optik (Stuttgart)98(1), 1-4(1994.

20. H. M. Ozaktas, “Toward an optimal foundation architecture for op-
We have designed and demonstrated a compact, planar, dy- toelectronic computing. Part I. Regularly interconnected device
namic and modular optical configuration that can operate as ~ Planes.”Appl. Opt.36(23), 5682-56961997).
a crossbar switch. The alignment between the planar holo-
graphic cyiinrical lenses, the one-dimensional array of in- Sivs Retor recehed s 6% degree i ahyses endmatienes
. . . cs W ) ) :
![Deu(;{ttljllgsht zggri?;’ ttr\:veof)dr:renglqn;f)?glo nLaCIIS[rI\E/lIy igf (r)éjltaﬂ:i/te(lj; MSc in 19_93 and PhD in 1997 in applied physics from the Weiz-

- ! . mann Institute of Science, Israel. He is currently a research team
simple. The cross-talk between different elements of the |eader in Applied Materials Israel. His current interests include me-
output arrays is very low and is limited by the contrast ratio trology, optical wafer inspection, and optical signal processing.
of the LCSLM. We believe that it is possible to design and
fabricate a LCSLM having equal light transmittance
through each pixel and yet retain the high modulation rates.
Possible applications for the dynamic crossbar switch could
be in dynamic optical signal processtigind dynamic op-
tical interconnectd’ The fan-out interconnections is but
one example for our planar crossbar switching configura-
tion. Other interconnection arrangements can readily be
implemented with different choice of the pixel distribution
in the LCSLM, so as to fit a specific application.
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