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Hybrid Optical Switch Using Passive Polymer
Waveguides and Semiconductor Optical Amplifiers

Regis S. Fan and R. Brian Hooker

Abstract—Optical switching can be performed by using optical polymer waveguides
amplifiers combined with a passive waveguiding network. Re- p—
cently, most of the effort in optical amplifier switch modules have ;:._<
been focused on monolithic switches in which the entire device is input p— ——
fabricated on an InP substrate together with the semiconductor ﬁb[c’-:rs
optical amplifiers (SOA’s). In this paper, we investigate the use of [rese— e
SOA's with passive polymer waveguides to make hybrid switches '::—< output
of varying sizes. The optical amplifiers serve dual purposes, gating E fibers
the signal and amplifying the signal. Amplification is needed in

order to offset the losses associated with the passive waveguide
elements as well as the losses from component misalignments inFig. 1. 2 x 2 hybrid SOA switch module.
the switch module. Our analysis finds the largest switch module

size that can be made with the architecture used. We also calculate Telecommunications Institute, Taejon, Korea [10]. There have
the maximum number of switch modules which can be cascaded 515, pheeny x 4 switches made by Ericsson Components [11],
in order to retain a bit-error rate (BER) under 10—°. . . . . .
[12]. A hybrid technique for making & x 4 optical switch
Index Terms—Hybrid optical switch, optical switch, polymer ysing silica-based optical waveguides and SOAs [13] was
waveguides, semiconductor optical amplifier (SOA) switch. described by NTT Opto-electronics Laboratories.
There have been many studies on lightwave systems using
|. INTRODUCTION optical amplifiers, including switches. The propagation of am-
&Iified spontaneous emission (ASE) noise through lightwave
systems has been studied by several researchers [14]-[18].

since the advent of optical communication system%ne effect of residual reflectivity on the SOA end facets has

There are several different types of optical switches includi . :
mechanical, directional coupler, Mach—-Zehnder, and opti(r:Eg%Qn analyzed [19]. The reflections between the waveguide

amplifier switches. Mechanical switches suffer from relativeland the SOAs were also investigated, and seen to be a large
pimer sw ) e S Ve ctorin a hybrid optical switch using silica-based waveguides
slow switching speeds. It is difficult to obtain high extinctio

: . 2 . 13]. In other studies, the crosstalk implications in optical
ratios with directional coupler and Mach—Zehnder switche
. networks have been analyzed and are shown to effect the
which can lead to unwanted crosstalk. Recently, there has been : : .
: . o . ! Signal-to-noise ratio (SNR) of optical systems [20], [21]. The
much attention to optical amplifier switches since they have

large extinction ratios and also have the ability to amplify th|mpact of the input signal power on SOA switch systems have

. ) Been investigated [22]. Effects of the input polarization state on
signal to offset the losses which are present. : . .

.SOA-based switches was also studied [23]. In this paper, we

There have been many researchers who have looked ift ; ) .

. : . . " ake these studies one step further and perform a more intensive

making switches with optical amplifiers, as long ago as the ~ . " . : . .

Investigation of an switch using a passive polymer waveguide

early 1980's [1], [2]. Since then, most optical switches using, . 4“0 comprehensive analysis of the losses in the

SOA's have focused on making a monolithic switch in the_ . . ; .
. - . assive polymer waveguide network, including the effects of
same material containing the SOA. This approach can h . . . .

isalignments, is done using a Monte Carlo technique.

alleviate the misalignment between the passive Wavegwdel_he structure for the optical switch under investigation is

routing part of the device and the amplifiers, however thes%own in Figs. 1 and 2. It is shown forzax 2 and ad x 4

devices often require complicated multistep ep|ta_x|al grOW§1witch. Larger switches can also be designed using the same
and complex processing [3]. There have been devices mad?yat

wavelengths of both 1.3 and 1.58n. Several different x 2 pe of architecture which is called a Matrix Vector Multiplier

monolithic SOA switches which have been made at AT&T Be O\,/A\Mvahsi\évr:t?shtr[;ji,rs[iz]i‘olPz:r?esb?aivg;:c(;e'[ﬁéiicﬁclrsl (')I%IZsortfis
Labs [4], France Telecom [5], British Telecom [6], Ericsson. y : ’

Components [7], the Institute of Quantum Electronics, Zuricﬁmgle SOAIs useq for gatmg as w_ell as for amplifying the signal
t0 counter losses in the entire switch module.

Switzerland [8], NEC Corporation [9], and the Electronics an In this paper, we describe the work involved with the design
of an integrated optical switch using semiconductor optical am-
Manuscript received April 15, 1999; revised October 18, 1999. This work widlifiers (SOA's) and passive polymer waveguides. In Section I,

PTICAL switching has been a major area of intere

supported in part by Astarté Fiber Networks, Inc. . ~_we look at the module design and alignment techniques which
The authors are with the Department of Electrical Engineering, University of lud M Carl lvsi hich sh h ff fth

Colorado at Boulder, Boulder, CO 80309 USA. includes a Monte Carlo analysis which shows the effect of the
Publisher Item Identifier S 0733-8724(00)03030-9. misalignment of the different components in the module. In
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Fig. 5. Misalignments of components in the hybrid switch for configuration 1.
passive polymer waveguides SOA implies that there are 95.5% of the devices with a misalignment
_ _ _ within the tolerance value.
Fig. 2. 4 x 4 hybrid SOA switch module. For all of the misalignments, the offset between components
) ) ) ) is calculated by keeping track of the previous misalignment,
Passive polymer waveguide Passive polymer waveguide . . A . .
‘ ] since the misalignments are notindependent of each other. Fig. 5
( Fibers | } arsl | Fibers } shows how the misalignments are related, and how they are cal-
culated for thex andy directions. As can be seen, there are
V-grooves Silicon substrate V-grooves five different components (two fibers, two waveguides, and one
SOA) which need to be combined onto the substrate, all of
Fig. 3. Configuration 1. Flip-Chip attachment of three elements. which have misalignments associated with them. What is im-
portant is the offsets between the respective components. The
passive waveugide splitters passive waveugide combiners offsets are calculated by taking the difference between the two

i Fibers

V-grooves Silicon substrate V-grooves

|._..__.._____..] l Fibers i adjacent components. The individual component misalignments

are found from randomly generated numbers whose elements
are normally distributed with mean 0 a@d value equal to the
alignmenttolerance. As can be seenin Fig. 5, the individual mis-
Flg 4 Configuration 2. Fllp-ChIp attachment of SOA's on substrate COntalnllegnments are Calculated W|th respect to the Optlcal ax|s Wh|ch
passive polymer waveguides. .

corresponds to the line labeled= 0.

In the » direction, the component separations is calculated in

Section Ill, we look into the maximum switch array size, taking gimilar way. In this case, the separation between the first and
into account the BER and gain saturation of the SOA's. We alggong components is

find the maximum number of stages which can be cascaded, in
order to find the switching array size that can be made using the
smaller switch modules as building blocks. Azz = sepy + Az — Az ()

Il. COUPLING LOSSES ANDMODULE DESIGN wheresep,; is the nominal separation between the two compo-
nents, and\z; andAz, are the misalignments of the respective

. In th_'s section, we analyze the coupllng_losse_s in the €86mponents. The separations between the subsequent compo-
tire switch module for the two different configurations showR o+« are calculated in the same way

in Figs. 3 and 4. In configuration 1, both the waveguides andThe Monte Carlo analysis was run for 10 000 cases of ran-

SOA's are fIip-.chip bondeq onto th? substrate. In configuratiodbmly generated offsets for each individual component. The
2, the wavegwde_s are fabricated dlr_ectly ontq the subs_trate, %glpling efficiencies were then calculated between all of the in-
th_us the ngegwdes can be photollthographlcally def|r_1ed, aHﬁj/idual components and were combined to get the overall cou-
aligned, with respect to the V-grooves and the flip-chip bong;, ¢ efficiency for the entire module. The coupling loss thus in-
pad metallization. cludes both the mode mismatch loss and the misalignment loss.

In order to determine the coupling efficiency of the entirg, ,yer to reduce computation time, the coupling efficiencies

switch module a Monte Carlo analysis was p(_arfo_rmed. We R¥ere first calculated between all of the components over a 3-di-
sume that the component placement has a misalignment W“H‘n@nsional grid

Gaussian distribution. The Gaussian distribution is defined by The coupling efficiencies between all of the components were

1 _x2? calculated for: separations between 0 and;1fh with a sample
f(z) = Tos eXP< ) (1) spacing of 0.2:m. The spot size of the fiber is circular with a
i diameter of about 1m. The spot size of the SOA is ellip-
We assume that the misalignment tolerance corresponddital with dimensions of approximately x 3 xm. The wave-
the2o value of the Gaussian distribution. Thetolerance value guide structure contains a taper structure which was optimized

o2
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TABLE | 101 = T ™
PARAMETERS FOR MONTE CARLO F Lol
COUPLING ANALYSIS 0.8 I R R Configuration 1 i
’ ," Configuration 2
Parameter Value L
0.6 -
X tolerance (20,) 2 pm o 3
y tolerance (26,) 1 um 'g 0.4 L 3
z tolerance (26,) 2 pum Tt
nominal waveguide to fiber separation | 5 um 0.2
nominal waveguide to SOA separation | 5 um T / N
0.0 . . . ]
0 =10 —-20 —30 —40

for coupling between the SOA and fiber [24]. In order to calcu
late the coupling efficiencies, the near field mode profiles of the
|r_1d|V|duaI_c0mponents were used. The mOd_e of the O_UtpUt q-FT'g' 6. Yield versus module loss for configuration 2 and configuration 1.
vice was first propagated from the output device to the input de-
vice (e.g., fiber-to-waveguide or waveguide-to-SOA, etc.) using
a Rayleigh-Sommerfeld free space beam propagation progré@h). We use the same values for they, and z tolerances
[25]. Next, an overlap integral was used to calculate the colRo= = 2,20, = 1,20, = 2) as for configuration 1, and again
p||ng efﬁciency between the Components_ assume a Waveguide to fiber nominal Separationmﬁﬁ

The efficiencies were calculated in the (lateral) di- The coupling losses were calculated for the entire module,
rection from —6.5 to 6.5 um with a sampling space of keeping track of the losses before and after the SOA. The min-
A/8 (0.1625m), andy (vertical) direction from—3.25 to imum pre SOA loss was found to be3.09 dB, and the min-
3.25m, also with a sampling space af8. Thus there were imum post SOA loss was-2.95 dB. In Fig. 6, we can see the
160 000 coupling efficiencies that were calculated and storét§ld versus total module loss of the entire module for both con-
in a 3-dimensional array for each of the Component paiﬁgurations. The minimum total module loss was found to be
(fiber-to_waveguide, Waveguide_to_SOA, SOA_to_Waveguide—'G.78 dB, so the y|e|d is 0% for losses less thaf.78 dB. We
and waveguide-to-fiber). The coupling efficiencies for a givef@n see that for configuration 1 there is a yield of about 20% for
misalignment was then found by accessing the correspondgiodule loss of-10 dB.
element of the array. With this technique the coupling efficien- As can be seen by comparing with the results from coupling
cies had to be calculated only once instead of multiple timésses for configuration 1, the losses are lower for configuration
during the Monte Carlo analysis, saving significant computd- For example in configuration 2, the yield is about 60% for
tion time. Since the Rayleigh-Sommerfeld propagation is tfiemodule loss of-10 dB, compared to the 20% yield seen for
most computationally expensive step, the field was propagafe@ifiguration 1. The coupling losses are lower since the wave-
to one plane, and then all of the coupling efficiencies for thalide sections are fabricated directly on the substrate, and thus

total module loss (dB)

plane were calculated. the misalignments lessened. The minimum pre-SOA, post-SOA
and total loss were found to be the same as for configuration 1.
A. Monte Carlo Coupling Results This is expected, since these values correspond to a case where

Il of the components have minimal misalignments. The differ-
nce is that the ‘best case’ occurs more frequently in config-
uration 2, which manifests itself in the higher yield. Since the

gzpling losses are lower for configuration 2, we conclude that
%E)nﬁguration 2 is the more desirable of the two configurations,
although the fabrication is perhaps more difficult. Configuration
requires etching of the waveguide channels to make the gap
r the placement of the SOA array.

The following misalignment tolerances were used for allro;
the components in the Monte Carlo analysis of coupling effl-
ciencies for configuration 1 are shown in Table |, and correspo
to the alignments that can be achieved using a passive fIip—cg
bonding process.

The Monte Carlo analysis was also run for the second ¢
figuration which has the waveguides made directly on the s
strate. The offsets in the andy directions are the same as
in configuration 1, but with the misalignments of the wave-
guide sections set to zero. Thuses, Ay, Axy, Ay, are all
assumed to be zero since the waveguides are photolithographin order to determine a reasonable individual switch module
cally defined directly on the substrate. There is a slight diffearray size, there are several things that must be considered. We
ence in the component separations compared to configuratianst first find the entire loss through the module. The entire
1, since there is now a different relationship among the sepaedule loss is calculated, including the coupling losses from the
rations between the first waveguide section and the SOA's, ametvious section, and losses in the passive polymer waveguide
between the SOA and second waveguide section. The surmefwork. We then find the maximum numberdk 2 and4 x
those two separations is constant (the SOA is placed in a ghpwitch module stages that can be cascaded. The maximum
between the two waveguide sections). We assume a total gapnber of2 x 2 stages allows us to find the size of a switch
between SOA and waveguide sections of 4@ (sum of the network that can be built using tiex 2 switch module as a
waveguide to SOA separation and SOA to waveguide sepabailding block to make a larger network.

I1l. SWITCH ARRAY SIZE
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inputs 4x4 Benes Network outputs
1000 pm 300 pun
——
500 pum,
L LT LT = 1
Fig. 7. Benes network. —
———
[ ———
polymer waveguides
| mat—
) —
tl}:)put 250 um
tbers 1 Fig. 9. 4 x 4 switch module showing channel separations and worst case
—| output channel pathway.
fibers

TABLE Il

Fig. 8. 2 x 2 switch module showing channel separations and worst case SUMMARY OF 4 X 4 WAVEGUIDE LOSSES

channel pathway.

Loss mechanism Loss (dB)
pre SOAloss | S-bend loss (500 um translation) -0.3025
TABLE 1l Splitter loss 3.1
SUMMARY OF 2 X 2 WAVEGUIDE LOSSES Channel crossing 1 (40.7° angle) -0.057054
S-bend loss (250 pm transiation) -0.2175
Loss mechanism Loss (dB) Splitter loss -3.1
pre SOA loss S-bend loss (125 um translation)  -0.155 Channel crossing 2 (40.7° angle) -0.057054
Splitter loss -3.1 Channel joss -0.3328
Channel crossing 0 Total pre SOA loss -7.167
Channel loss -0.0992 post SOA loss | S-bend loss (125 um translation) -0.155
Total pre SOA loss -3.3542 Combiner loss 3.1
post SOA loss | S-bend loss (250 um translation)  -0.2175 Channel crossing 1 (57.9° angle) -0.040606
Combiner loss -3l Channel crossing 2 (82.8° angle) -0.033185
Channel crossing (40.7° angle) -0.057054 Channel crossing 3 (5§7.9° angle) -0.040606
Channel loss -0.1392 S-bend loss (1000 pum transiation) -0.41344
Total pre SOA loss -3.54406 Combiner loss -3.1
Channel loss -0.3638
Total pre SOA loss -7.247

A. Larger Switch Network Using x 2 Switch Module as

a Building Block
g can see that the worst case pre-SOA channel has two-channel

We can make a larger switching network using a smallgfossings, and the worst case post-SOA channel contains three-
switch module as a building block. An example of such a largannel crossings, at two different angles. The total loss for the
network is shown in Fig. 7. This network is called the Benes « 4 module is summarized in Table lI.
network and is made up &f x 2 switch modules. The Benes  we can now combine the waveguide loss together with the
network is rearrangeably nonblocking and ugesog, N — 1 ¢coupling losses between the different components (Monte Carlo
stages, withV/2 switches per stage, for avi x N switch [26].  analysis) to get the total module loss which includes channel
For example, d28 x 128 Benes network needs 13 stages angss pend loss, channel crossing, splitter loss, and combiner loss

a4096 » 4096 needs 23 stages. and coupling losses. In Fig. 10, we can see the total module loss
) as a function of the yield for the two module attachment con-
B. Total Switch Module Loss figurations. For both configurations, the total loss increases as

In calculating the losses in the waveguide sections, wee yield increases. By observing the losses for the two configu-
looked at the channels with the most loss (worst case). Hations, we see that configuration 2 produces lower overall loss
Fig. 8, the channels analyzed are shown in bold forzhe2 in the module, due to better coupling characteristics. There is
switch module, which contains one channel crossing in tladout a 2-dB difference in the module loss for a 20% vyield, in-
waveguide section after the SOA. The waveguide losses inclurteasing to about a 4-dB difference in loss for the 80% vyields.
splitter loss, channel bends, channel crossings. Table Il shows # we assume a maximum SOA gain of 28 dB, we can see
summary of the losses for the waveguide sections. The chantigt the gain can overcome the losses for all of2ke2 module
bends were designed to have a radius of curvature of 2600 yields, and most of thé x 4 switch module yields. For atix 8

The same loss analysis was performed for4he 4 switch  switch, however, there would be an additional loss of at least
module for the worst case channel shown in bold in Fig. 9. W2 dB due to an additional splitter and combiner, making the
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yield TABLE IV
20% 30% 40% 50% 60% 70% 80% PARAMETER LIST
0
o NfigUIration 1, total loss 2x2 (dB) Parameter List
-5+ - == configuration 1, totai loss 4x4 (dB) 0 n
configuration 2, total loss 2x2 (dB) o Electrical Md‘“d‘h .
10l — — — — configuration 2, total loss 4x4 (dB) Avp Spmwm etmss1<?n bandwidth
AVop Optical filter bandwidth
- R Receiver responsivity (ng/hv)
@ 151 n Quantum efficiency of detector
w q Electron charge
2 5l hv Photon energy
P Number of modes
25 & G Amplifier gain
Se Spontaneous emission spectral density
- Py Spontaneous emission power
-30 + =~~~ P, Signal power
ng Population-inversion parameter
35 14 Detector dark current
ks Boltzmann constant
Fig. 10. Total module loss including waveguide losses and coupling losses. T Temperature (K)
Ry Load resistor
1 Signal current for a “1” bit
loss difficult to overcome. We therefore center our attention on Io Signal current for a 0" bit
a maximum switch module size dfx 4. o Noise current for a 1" bit
o Noise current for a “0” bit

C. Noise and Bit-Error Rate (BER)

There are several noise contributors in the switch includinghd the thermal noise in the detector
signal extinction ratio and amplifier noise. Channel crosstalk,
especially coherent crosstalk, is another source which can de-
grade the signal-to-noise ratio (SNR), but is not considered in
this study. In general the amplifier noise, or amplified stimulated ) S
emission (ASE), dominates over the other noise mechanismd fif total noise current contribution is
most SOA switch systems. The ASE power is given by

4kgT
Ry

Af. 8)

of =

Ut20ta1 = O—SQig—sp + 0—521)—51) + 0—3 + O—%' (9)
Psp =p- Ssp " AVsp (3)

In order to design a system, there needs to be a design criteria.
whereAu,, is the effective band width of the spontaneous emi©ne such criteria that can be used the BER which is determined
sion andp is the number of modes which is two for a polarby [28]
ization insensitive amplifier [transverse electric (TE) and trans-
verse magnetic (TM)]S,;, is the spectral density of the sponta- BER — 1 erfc< Q ) (10)

neous emission given by V2

Sep = Nsp(G — 1A (4) where erfc is the complementary error function and
And ng, is the amplifier population-inversion parameter. A 0= I — I (11)
complete list of the parameters can be seen in Table IV. o400

The ASE manifests itself in the form of beating terms with the
signal, with itself and with the shot noise in the detector. These . .
three noise terms are the signal-spontaneous beating [27] D. Maximum Number of Switch Module Stages

) ) sin order to determine the maximum number of switches
Toig—sp = HUGPSpAf () which can be cascaded in order to form a larger switching
network, we calculated the BER through multiple stages of the
hybrid switches using the model described in Section 1lI-C.
Fig. 11 illustrates a cascaded switch systemAbfcascaded
stages. For the ASE calculation and propagation, the spon-
taneous emission bandwidt\vg,) is used to calculate the
spontaneous emission power which propagates through the
02 = 2¢(R(GP, + Pyp) + I)Af (7) System ofN stages until it reaches the optical filtevey)

placed before the detector. The thermal noise in the detector

IThere are inconsistencies in the equation for the spontaneous-spontanggusa|culated with a temperature of 300 K. In calculating the
beating noise, either using a factor of 2 or a factor of 4 in this equation [15

[27]. We use the factor of 4 since it corresponds to a larger noise, and thué@x'mum numper of cascadable sta_ger»ﬁ 2and4 x 4
worst case scenario. stages, we require that the BER remain below a valuof.

and the spontaneous—spontaneous beating

02 o =4ARS2 Avo i Af. (6)

Sp—sp sp

There is also the shot noise
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switch module (1) switch module (N)  gptical 180
input| — ilter 60l == = =pre=post SOAloss (0.0548)
—= | wave-| || wave- . ee— que—‘ wave- :—_—y,::{ pre SOA loss=-3.09 (-0.05dB)
fiber guldcs‘_ guides|— guides || guides o — — post SOA loss=2.95 (0.05)
SOA SOA bounds (-0.05dB)
120
Fig. 11. N cascaded stages of optical switch modules. g,,
8 100
3
An optical filter bandwidth of 1 nm was used. The analysis wasg %t
performed with the amplifier saturating according to g 0
£
G-1PFP,u
=G, exp| —— 12
s~ @
where G is the gain,G, is the unsaturated gaiif,, is the 01 ==

25 -20 -15 -10 -5 0 5 10
input power (dBm)

output power and’; is the saturation power.
The SOA's are assumed to be polarization insensitive optical
amplifiers operating at a wavelength of L. There are sev- Fig. 12.  Maximum number of stages for 40% yield using configuration 1, as
e . . a function of the input power to the switch module.
eral such amplifiers being developed and some being sold com-
mercially. The other amplifier parameters that were used are
nsp = 3, & maximum gain of value of 28 dB, and a saturationonfiguration 1. As can be seen from Fig. 6, there is a coupling
output power of-10 dBm. The signal coming into the switchloss of —11.68 dB loss due to misalignment for a 40% yield
was assumed to have an infinite extinction ratio so that the eing configuration 1. From Table Il, we can also see that there
fects of the propagating ASE would be more evident. is —3.354 dB loss in the waveguide section before the SOA and
As we have seen, there are many sources of loss and only.544 dB loss in the waveguide section after the SOA. We
one source of gain, the SOA. A switch (or other device) thatlculated the number of stages for varying input powers for 3
has no net loss is also referred to as transparent. Reflecticases. The 3 cases were for an equal amount of loss before and
were seen to negatively affect the operation of an optical SGiter the SOA, the minimum amount of loss before the SOA
switch [13], and must be significantly reduced in order to havesand the minimum loss after the SOA. This is done because the
good, working switch. In this analysis we assume that the bactupling losses are calculated for the entire module but does not
reflections are sufficiently low that they can be neglected. Thell us how the loss is distributed before and after the SOA. It is
total loss from all of the loss mechanisms were combined intmportant to know that amount of loss that occurs before and
two loss parameters per switch module. The first loss parameafter the SOA, since this will effect the SOA saturation and gain
includes the losses in the switch module before the SOA, and ttieracteristics.
second parameter includes the losses after the SOA. This waSimulations were run assuming these three different cases,
done since the amplified spontaneous emission (ASE) noisaung a BER requirement dfo—°, a bit rate of 10 GHz, and
only affected by the loss after the SOA in the module. The sigrah optical filter bandwidth of 1 nm placed before the detector.
power, however, is degraded by the pre-SOA loss as well as fig. 12 shows the maximum number of stages that can be cas-
post-SOA loss. caded as a function of the input power to the switch module. The
In the two following sections, we analyze the maximunmput power is defined as the power emitted from the inputting
number of switch modules can be traversed for bothetie2 fiber, so the power input to the SOA is decreased by the cou-
and4 x 4 modules. The distance between the switch modulping losses and the losses before the SOA in the passive waveg-
is assumed to be small so that the loss in the fiber betwegides. Fig. 12 shows the results of the three different cases with
the switches can be neglected. This is done so that we can aeBodule loss of-0.05 dB. By looking at each of the curves,
the size of a larger local switch network using the modulege can see that the maximum number of stages increases with
as building blocks. The fiber loss can not be neglected if thiecreasing input power up to a certain point. For this portion of
distance between the switches is large, for example betweka curve, the maximum number of stages is limited by the BER
different switching nodes, since the fiber loss could themquirement. Once the input power reaches a certain point, the
become significant. maximum number of stages begins to decrease. At this point,
1) Maximum Number of Cascadabfex 2 Switch Mod- the maximum number of stages begins to be limited by the am-
ules: We first analyze the x 2 switch module, to find the plifier saturation.
maximum number of cascadable stages. In order to find theWe can also observe that the case with the minimum pre SOA
maximum number of stages, we performed simulations tfss has a maximum number of stages which occurs for the
the entire module using the losses from Section IlI-B. Thetewest input power. And the case with the minimum post SOA
are two different mechanisms that limit the number of stagésss has a maximum number of stages that occurs for the highest
that can be cascaded. The first the BER, and the second isitiput power. The case with the pre SOA and post SOA loss being
amplifier saturation. equal has its peak that occurs between the two extreme cases. In
In order to see some of the salient features of how many stageder to be sure that the number of stages is valid for all of the
can be cascaded, we begin by showing the maximum numbesuwfitches with the 40% yield, we use the two extreme cases as
stages of cascadetix 2 switches for a 40% device yield for the bounds for the number of stages. We then look at the overlap
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Fig. 14. Maximum number of cascadalllex 2 switch modules for different
Fig. 13. Maximum number of stages for varying module loss (configuratioodule yields, as a function of the input power to the switch module.

1, 40% vyield), as a function of the input power to the switch module.

Fig. 14. The maximum number of stages is plotted assuming an
between the two curves for the extreme cases. This is showririput power of 0 dBm for configuration 1 with several yields,
the graph, labeled as “bounds,” and corresponds to the overail for configuration 2 with a 40% yield. We assumed an input
maximum number of stages for the switch module with a 40%ower since the maximum number of stages was seen to be a
yield in configuration 1. function of the input power as the module loss varies. By ob-

If we have a requirement of using a range of input powerserving the curves for configuration 1 we can see that the max-
then the maximum number of stages can also be found. For @mum number of stages occurs for the 20% yield which has
ample, as seen from Fig. 12, for a maximum of 40 cascadaltie lowest loss, and the 80% yield has the lowest maximum
stages, there is an input range of abettto 4 dBm. This range number of cascadable stages. We can also observe that for the
is shown as the shaded area in the graph. 0 dBm input power, the maximum number of stages occurs for

Fig. 13 shows the maximum number of stages for the 408&cdifferent total module loss, for the different yields. For the
yield, using the bounds from the two extreme cases. The &@% yield, the transparent switch produces the maximum. As
several curves which correspond to different losses through the module yield increases, the module loss for the same input
switch module. The curve for0.0-dB loss corresponds to apower also increases. For example, with the 80% yield, a module
transparent switch, where the gain in the SOA compensateslfigss of—0.4 dB produces the peak maximum number of for the
all of the losses due to the misalignments and waveguide lossaput power of 0 dBm. We can also see the maximum number
It can be seen that the maximum number of stages occurs dbistages for the 40% yield, configuration 2, is higher than the
the case where there is actualif).1-dB loss through the switch 40% yield configuration 1, and the maximum number of stages
module. For the case of the transparent switch, it can be seen fbathe 0 dBm input power occurs for a total module gain of
the amplifier saturation begins to take effect for an input pow8r005 dB. The reason for the larger number of cascadable stages
of about—2 dBm. For the case of 0.1-dB loss per amplifiers that the coupling loss for configuration 2 is lower than that of
stage, the saturation effects begin for an input power of abadnfiguration 1.

6 dBm. The SOA saturation is more predominant for the case offor configuration 2 with a 40% yield, there can be about 140
the transparent switch because the ASE power which is added at 2 stages cascaded. In Section IlI-A, we saw that there can
each stage continues to grow, whereas the signal power remdie®4096 x 4096 switch network usin@ x 2 switch modules.
constant (the gain at each stage is defined as the gain of thgeneral, anV x N switching network use8 - log, N — 1.
signal). So for the transparent switch, the signal power remaihlsus we can see that with 140 stages, an enormous switching
constant, but the ASE grows, thus increasing the total powastwork is possible.

input to each switch, and the amplifiers begin to saturate sooner2) Maximum Number of Cascadablex 4 Switch Mod-
When there is a little bit of loss in each switch module, the signales: In Fig. 15 we can see the maximum numberdok 4
power decreases slightly, and the ASE still grows, but in thimscadable switch modules for different device yields. The
case the total input power (sum of the signal power and ASEaximum number of stages is again shown for an input power
power) is lower, and thus the amplifiers saturate for a largef 0 dBm to the first stage. For the case of the 20% yield,
input power. configuration 1, there is a maximum of 15 stages, and for the

The overall module gain which is the best for the switcB0% vyield, there is a maximum of only 2 stages at 0 dBm.
module depends upon the input power. For example, if the inpAgain configuration 2 yields a higher maximum number of
power to the first stage is2 dBm, then the transparent switchstages compared with the same yield for configuration 1. Since
is the best choice, however if the input power to the first switdhe 4 x 4 switch module losses in the waveguide section are
is 6 dBm, then the switches with-a0.1-dB loss per module be- much higher that in the case of tBex 2 switch, the number
comes the obvious choice. of stages is greatly decreased.

We now look at the maximum number of stages for different 3) Effect of Filter Bandwidth and Bit Rate on the Maximum
module yields with the results for thex 2 switch shown in  Number of StagesThe filter bandwidth and the bit rate both
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effect the maximum number of stages which can be cascaded,
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as the filter bandwidth decreases since the filter has the effect
of limiting the amount of ASE power which makes it to the de-
tector. A smaller optical filter bandwidth filters out more of the
ASE. The saturation of the SOA's is not affected, as can be seen
from the same bound on the gain saturation limiting side of the
curves.

Fig. 17 shows the maximum number of stages for varying bit
rates. The maximum number of stages decreases as the bit rate
increases, since the BER becomes larger for an increasing bit
rate. Again, only the BER is affected, and not the gain saturation
of the SOA.

IV. CONCLUSION

We have shown through a theoretical analysis that it is pos-
sible to make a hybrid integrated optical switch using SOA's
together with passive polymer waveguides. There can be up to
140 cascabable stages ik 2 switch modules and 22 x 4
switch modules using configuration 2 for the alignment and
attachment of the individual components with a 40% module
yield. The2 x 2 switch module was found to be the optimum
size granularity of the switch module. Using 23 stage? »f2
switch modules in a Benes architecture, it is possible to make a
4096 x 4096 switching network. And thus with 140 cascadable
stages, a significantly larger switch network is possible.
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