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Surface-micromachined free-space fibre- 
optic switches 

S.S. Lee. L.Y. Lin and M.C. Wu 

A novel 2 x 2 free-space fibre-optic switch has been fabricated 
using surface-micromachining technology The switch IS 

monolithically patterned on the Si substrate. With this approach. 
the switch can be made compact, light weight and low ca t .  In 
addition. i t  is potentially integrable with olher micro-oplsal 
elements and interface electronics. The switch is attractive for 
fibre-optic local area network applicaiions 

Acquiring and distributing information is one of the most impor- 
tant processes conducted today and networks play an very impor- 
tant role in this process. Local area networks with fibre optics 
have received a great deal of interest because of their unique prop- 
erties such as high bandwidth, immunity from current surges, no 
radio-frequency or electromagnetic interference. and more flexible 
requirements for their operating environment. For example, fibre- 
optic networks such as the fibre distributed data interface (FDDI). 
are widely accepted and supported in the industry for high speed 
local area networks. 

Optomechanical switches are desirable for reconfiguring the 
fibre-optic networks because of the very low insertion loss and 
high isolation requirements. Most conventional fibre-optic 
switches are made in-waveguide, which results in high coupling 
losses. A free-space approach allows a low coupling loss and small 
cross talk. Currently, most optomechanical fibre switches are real- 
ised by manually assembled bulk optical elements and are expen- 
sive. Bulk micromachining of the Si substrate has been applied to 
free-space optical fibre switches [I]. In this approach, the hybrid- 
mounting of bulk optical elements and the wafer bonding tech- 
nique are used. Therefore, monolithic integration is difficult and a 
substantial assembly is required. However, surface-micromachined 
micro-optical elements can be optically pre-aligned in the design 
stage and are monoiithlcaliy patterned during the microfabrication 
process. They can be made compact and light weight. and are 
potentially integrable with optical sources/detectors and control- 
ling electronics devices. The fabrication and characterisation of 
varlous three-dimensional micro-optical elements have been dem- 
onstrated [2. 31. We report a novel free-space fibre-optic switch 
implemented using surface-micromachining technology. 

Fig. I shows a schematic diagram of the switch. The switch con- 
sists of a three-dimensional movable mirror and four fibre-optic 
guiding rails. The mirror sitting vertically on a sliding plate is 
positioned at the centre of the switch and allowed to move along 
the \--axis. The mirror is coated with a 500nm thick gold layer to 
increase the reflectivity. Fig. 2 shows a scanning electron micro- 
graph (SEM) of the mirror with the sliding plate. Four multimode 
fibres come from four diagonal directions along the guiding rails 
to the centre of the switch and form a cross shape. The facets of 
two fibres along the same diagonal direction are Feparated by 
<125mm. The switch has two operating states: CROSS and BAR. 
When the mirror/sliding-plate is moved away from the fibres (the 
centre). the fibres along the same diagonal directions are allowed 
to communicate with each other. This is defined as the CROSS 
state. In the BAR state, the mirror/sliding-plate is slid into the 
centre and the light signal is redirected into the orthogonal fibre. 
The top-view photographs of the switch with four multimode 
fibres in the CROSS and BAR states are shown in Fig. 3a and h, 
respectively. Fabrication of the switch is performed using the 
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three-layer polysilicon surface-micromachining technology at 
MEMS Technology Application Center at North Carolina 
(MCNC) under the ARPA supported Multi-User MEMS Proc- 
esses (MUMPS) programme. The fabrication process is similar to 
that of micro-Fresnel lenses [4] and microgratings [5]. 

Fig. 3 Topi~ieiv photographs of swilch 

U In CROSS state 
h In BAR state 

Low insertion loss and cross-talk are important criteria for 
fibre-optic switches. The insertion loss, which includes fibre cou- 
pling loss and diffraction loss, can be reduced by employing colli- 
mating and focusing lenses as in [I] .  However, hulk optical 
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ecexnents are difticut to integrate monolithically. Micromachined 
integrable lenses 12) can be used by optimising their efficiency. For 
optical switches with multimode fibres, the insertion loss can be 
Ioweted by reducing the fibre-to-fibre spacing. It has been shown 
theoretically that the coupling loss between multimode fibres 
could be as IOW as 1dB for a fibre-to-fibre spacing of 125mm, and 
0.45dB for a fibre-to-fibre spacing of 50mm [6]. The insertion loss 
of the switch for both operating states has been measured with an 
LED source operating at a 1 . 3 ~  wavelength. The total insertion 
loss of the switch has been measured to be 2.8dB for the CROSS 
state and 3.ldB for the BAR state. From these two measurements, 
the reflectivity of the mirror is estimated to be 93%. The crosstalk 
between the two states is measured to be 26.ldB. The insertion 
loss and crosstalk can be further improved with a smoother gold 
coating on the mirror, an antireflection coating on the fibre facets, 
a smaller spacing between the fibres, and lensed fibre tips. 

In summary, a free-space fibre-optic switch has been demon- 
strated using surface-micromachining technology for the first time. 
With its monolithic microfabrication capability and three-dimen- 
sional characteristics, the switch can be made compact, light 
weight and low cost. Surface-micromachined switches are poten- 
tially integrable with other micro-optical elements and controlling 
electronics, as well as microactuators, and are attractive in low 
cost high performance fibre-optic networks. 

Acknowledgments: The authors would like to thank K.S.J. Pister 
for helpful discussions. This project is supported by the ARPA 
and the Packard Foundation. 

0 IEE 1995 
Elecfronics Letlers Online No: 19950987 

21 June 1995 

S.S. Lee, L.Y. Lin and M.C. Wu (UCLA. Electrical hhgineering 
Department. 66-1470 Engineering IV, 40s Hilgard Ave., Los Angeles, 

M.C. Ww comspondiog author 
E-mail: wu@csl.ucla.edu 

Referenws 

CA 90021-1594, USA) 

DAUTARTAS, M.F., BENZONI, A.M., CHEN, Y.c., and BLONDER, G E.: ‘A 
silicon-based moving-mirror optical switch’, J. Lightwave Techno/., 

LIN, L.Y., m ~ s s . ,  PBII%K.s.I., md wu, M.c.: ‘Micromachined 
three-dimensional micro-optics for integrated free-space optical 
system’, IEEE Photonics Technol. Left.,  1994, 6, (12), pp.144-1447 
LEE, ss., LIN, L.Y., PISTER, K.s.J., and wu. M.c.: ‘Hybrid integration of 
8x1 mic rwhjned  micro-Fresnel lens arrays and 8x1 vertical- 
cavity surface-anitting laser arrays for free-space optical 
interconnect’. Tech. Dig. 40th Int. Electron Device Meeting 
(IEDM’W), 11-14 December 1994 
LIN, L.Y., LEE, s.s., P I S ~ R , K . S . I . ,  and wu. M.c.: ‘Three-dimensional 
micro-Fresnel optical elements fabricated by micromachining 
technique’, Electron. Lett., 1994, 30, (S), pp. -9 
LEE, s.s., LM. L.Y., and wu, M.c.: ‘Micromachined three-dimensional 
rotatable micro-gratings for frwspaad integrated micro-optics’. 
Conf. Proc. Optical Fiber Communication Cod. (OFc‘95), San 
Diego, CA, 2% February - 3 March 1995 
DI VITA, P., and ROSSI, U,: ‘Evaluation of coupling eficiency in joints 
between optical fibers’, Alfa Freq., 1978,47, (7), pp. 41U23 

1992, LT-10, (8). pp. 1078-1085 

Introduction: Recently, two-dimensional (2-D) codewords (or 
matrices) which consist of m x n 2-D signature patterns of zeros 
and ones with weight (i.e. the number of ones) w were proposed 
for encoding binary image pixels in optical code-division multiple- 
access (CDMA) networks with multicore fibres [I]. The new tech- 
nology enables parallel transmission and simultaneous access of 2- 
D images in multiple-access environments and these signature pat- 
terns are defined as an optical orthogonal signature pattern code 
(OOSPC). 

The chosen OOSPC in [l] was based on the unnecessary restric- 
tion that every 2-D pattern has exactly one pulse per column, to 
ensure a good autocorrelation property. For multiple-access pur- 
poses, the autocorrelation property is useful only for timing 
extraction and synchronisation [2]. The restriction may not be nec- 
essary if both timing extraction and synchronisation can be 
obtained using other means such as, for example, pretransmission 
scheduling or channel-setup protocols. 

In this Letter, the restriction is relaxed for such CDMA applica- 
tions and three algebraic techniques for constructing these 
OOSPCs are reported. New cardinality bounds are provided to 
show that the new codes are optimal and support more codewords 
than those with the restriction. Furthermore, the new codes satisfy 
the restriction of at most one dot per column, and hence can be 
used in applications requiring, for example, frequency-hopping 
patterns. 

Properties of OOSPCs; By definition [l], an (rnn, w, h,, hJ optical 
orthogonal signature pattern code C is a collection of binary (0,l) 
m x n matrices with Hamming weight w such that the following 
properties hold: 

(i) Autocorrelurion: For any 2-D pattern (or so-called codeword) x 
E C and two integers 6 and z such that 0 5 6 < rn, 0 5 z < n, and 
(6,z) # (O,O), the 2-D binary autocorrelation sidelobe of x is no 
greater than an integer ha. That is 

m-1”-1  

1=0 >=o 
where x , ~  E (0, I }  i s  an element of x at the ith row and j t h  col- 
umn and fB and €+ denote modulo-rn and modulo-n additions, 
respectively; 

(ii) Cross-correlation: For any two distinct 2-D patterns (or code- 
words) x and y E C and two integers 6 and 7 such that 0 < 6 < m 
and 0 5 T < n, the 2-D binary cross-correlation of x and y is no 
greater than an integer kc. That is 

where y,, E (0 , l )  is an element of y at the ith row and j t h  column. 

New boundr for OOSPCs: To show whether the constructed 
OOSPCs are optimal, two upper bounds for the cardinality of the 
codes with different autocorrelation constraints are derived, with 
some modifications, from Theorems 1 and 2 of [2]. Here, the car- 
dinality of an OOSPC with m x n 2-D patterns of weight w is 
defmed as 0 (mn, w, ha, hJ 6 max{lCI:C is an (mn, w, ha. h,) 
OOSPC). For the special case of ha = h, = h, the upper bound is 
eiven bv 
- I  

(1) 
Two-dimensional spatial codes for image 
transmidon in multicore-fibre CDMA 
networks 

(mn - l ) (mn - 2) ‘ ‘ (mn - A )  
m(w - 1) ’ (m - A) @(mn,m,A,N I 

Furthermore, by relaxing the autocorrelation constraint h + s for 
a positive integer s, the upper bound becomes Guu-Chang Yang and K.C. Kwong 

Indexina terms: Code division mu/ti.de access, Opfical 

(mn - l)(mn- 2) ’ ’ ’ (mn - A) (A+  5 )  

w(w-l)(m-2) “ ’  (w-A) 
B(mn,w,A+s,A) 5 

,o, 
(‘I communicalion, Image coding 

Owing to space limitations, the proofs of the bounds are 
~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ) ~ ~ ~ ~ e ~ ~ ~ ~ ~ a ~ ~ ~  $r::2 reported elsewhere. Nevertheless, it is interesting to note that eqns. 
correlation properties, are constructed, such codes find 1 and 2 are the same as the upper-bound equations for optical 
applications, for example, to parallelly transmit and access images of L213 and that 
in multicore-fibre codedivision multiple-access (CDMA) both equations provide tight bounds for the 2-D OOSPCs and 
networks. I-D OOCs. 

orthogonal codes (WCS) in Theorems 1 and 
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