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Abstract—This paper reviews the various optical space switch requires a combination of space switches, wavelength selective
structures on Ill-V semiconductor ma_lterial. Their character_istiqs elements (demultiplexers or filters) and wavelength converters.
are discussed in the context of optical transport and SWItching pege glementary blocks can be arranged in different ways.
network applications exploiting wavelength division multiplexing. For instance, one can use the following sequence: wavelength
demultiplexing, space switching, wavelength conversion and
wavelength multiplexing [2].

URRENT evolution of optical networks is going toward Fig. 2 schematically illustrates an arrangement that can
wavelength division multiplexed (WDM) networks basede referred to broadcast and select [3]. In addition to fully
on optical add and drop multiplexers (OADM'’s) and opticahonblocking, broadcasting and multicasting, this configuration
crossconnects (OXC’s) for routing the WDM signals. In a latejffers the advantage of requiring elementary switching ma-
stage, the inclusion of optical packet switching is also foresegfiees of reduced size only. It uses advanced optoelectronic

For all these applications, though many different architegomponents, in particular for the space switching stage (gain
tures can be implemented, a space stage is likely to be uggshped semiconductor optical amplifiers, see Section 1V) and
in most of them and therefore optical space switches aff wavelength conversion stage (all optical semiconductor
expected to play an important role in future broadband optiGghyelength converter). In a sparsely equipped demonstration,
networks. Examples of an OADM, an OXC and an opticg] cascade of two 4« 4, eight wavelength crossconnects has
packet switching fabric presented respectively in Figs. 143en tested over 320 km of standard single mode fiber. Error-

identify the use of the space switches. free operation (BER of 10'°) was successfully demonstrated
Fig. 1 shows the general architecture of an OADM. A: 10 Gb/s [4].

prototype OADM has been designed for 4 wavelength chan-|, cqnirast to OXC, the switching matrices of an optical

nels, each supporting STM-16 (2.5-Gb/s) capacity [1]. Alacket cross-connect has to reconfigure synchronously with the
ready commercially available components such as tunablg et flow, within a reconfiguration time which needs to be
Fabry—Perot filters, optomechanical switches and 3-R 0plos gma)) as possible (typically ns) so as to minimize the guard

I. INTRODUCTION

self-healing two-fiber ring network demonstrator. Nodes agg

Seg??gﬁﬂ;ﬁcgoekg? oi‘éaaré?atlgde S(;zgiinmg:?ofr']ber'% n This requires optical memory allowing to delay packets by a
r vaiuatl stration U .multiple of the packet duration. The demonstrator architecture

pseudorandom bit sequences and 103 possible conflguran%naepicted in Fig. 3.

were successfully tested over long periods of time (more tha he architecture relies on the use of wavelength encoding

6.6 h), proving thg overall system rellabl_hty. By circulating %nd selection [5]. It shares several principles with the OXC
signal four times in the loop, and changing the wavelength

{ . . .
each node, it was possible to simulate the cascade of 12 r]0§roadcast and select architecture described above. The addi-

t|gr§al features are essentially the reconfiguration speed and the
along a 1080-km path and a BER better tharm*f0had been y 9 P
achieved [1].

optical delay lines. The delay lines consist of length-calibrated
The use of commercially available components shows th%?t'cal fibers. All the other components use again advanced op-
early implementation of OADM’s is technically feasible. Mor

etoelectronic components, all based on various combinations of
advanced components as discussed below will further impro?/%m

reach the same address simultaneously, has to be solved.

iconductor optical amplifiers, which allows reconfiguration

the overall performance, in particular the reconfiguration timimes bglow 1ns. .
Experimental results have shown the feasibility of16.6

WDM cross-connects can range from fixed WDM cross-

connects to wavelength interchanging cross-connects thus tching matrices at bit rates up to 10 Gb/s with limited
fering different functionalities. The full functionality alwaysS€Nsitivity penalties [6]. Recently, the operation with 16-
) ) ] channel WDM signals in the 1530-1560-nm wavelength range
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Fig. 1. Architecture of multiwavelength optical add—drop multiplexer [1].

Waovelength system experiments [15] pushes the requirement on crosstalk
Space Swich Multiplexer to very low values which will naturally exclude some switch

options. The stability of characteristics under an electric field
remains critical for LiINb@Q and electrooptic polymers. Re-
cently, stable operation of a polymer switch has been reported
with thermo-optic operation [13]. Thermooptic effect is, how-
ever, slow and limits the switching speed of the devices.

In this paper, we will concentrate on semiconductor space
switches (mainly on InP) which appear today as an attrac-
tive solution. Both, electrooptic space switches of several
types (directional couplers, Mach—Zehnder interferometers,
digital optical switches) and optical amplifier gates will be
reviewed and discussed in terms of important parameters
such as crosstalk, insertion losses, polarization and wavelength
dependence, and switching speed. Technological issues will
also be addressed.

e EDFA Tunable Wavelength

Filter ~ Converter

Local Input

Fig. 2. Architecture of multiwavelength optical cross-connect [3].

Hence, a strictly non blocking 512 512 optical fiber switch II. BASIC SWITCHING PRINCIPLES
based on three-stage Clos network has been demonstrated W'E‘hysical properties and processing flexibility make semicon-

connector type optical switches [7]. However, new solutiong,cor materials very suitable for guided wave devices. Mul-
aiming at combining simultaneously reliability, compactnesj,ver structures that can be grown by sophisticated epitaxial
higher switching speed and cost effectiveness have to be ”?@éilmiques in combination with processing techniques that

for massive application. _ , are common to semiconductor industry give semiconductor
The requirements for the space switches will be systefaices large design freedom.
dependent but preferably the space switches should featurgpe gouple heterostructure waveguide, where the optical

the following: confinement is achieved by a compositional change, is now

* polarization independence; the most often used waveguide structure on semiconductor
* low crosstalk; material. In the InP material system, the core waveguide and
* low-insertion loss or even gain; cladding layers are usually InGaAsP and InP, respectively.
+ wavelength independence (in the EDFA wavelengthhe double heterostructure allows to optimize separately the
range); optical and the electrical waveguide structure, an important
 multiwavelengh operation; advantage as compared to homojunction structures. Lateral
* bit-rate transparency (up to at least 10 Gb/s); confinement is usually achieved by localized etching. In the
+ fast switching; case of buried waveguides, the core layer itself is etched [16].
* simple implementation; Etching of the cladding layers results in rib waveguides [17].
+ scalability. Deep ridge structures are formed by etching both, cladding and

During the last decade, integrated optics space switches hawee layers [18]. The quality of the epitaxial layers as well as

been investigated on LINbQ[8]-[11], SiO, [12], polymers the overall processing has been improved considerably over
[13]-[14] and llI-V semiconductors [see following sectionslthe past years. As a result, semiconductor waveguides with
The problem of coherent crosstalk as recently highlighted osses as low as 0.2 dB/cm, similar to the results reported on
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Fig. 3. Architecture of optical packet cross-connect [5].

LiNbO; waveguides, have been obtained for the embedded Electrodes
[19] and the rib waveguides [20]. Even with the presence of Input 1 Output 1
the p contacting layer and electrodes, the losses can remain
below 1 dB/cm.
In semiconductor waveguide devices, a large number of |
nput 2 Output 2

physical effects allows to modulate either the index of re-
fraction or the absorption/gain. The index of refraction itseffig. 4. Schematic view of a directional coupler.
can be modulated electrically by applying an electric field,

or by injecting carriers. In the presence of an electric fieldhhis structure has the advantages of exhibiting about three
the semiconductors exhibit the linear eleCtrOOptiC effect (lll@’nes |arger modulation as Compared to e|ectrooptic deviceS,
LiNbO3), as well as the quadratic Kerr effect [21]. Althoughy nearly similar modulation for TE and TM modes, and a
the electrooptic coefficient for semiconductors is smaller thapeed that is limited by device capacitance rather than carrier
that for LiNbQ;, the electrooptic modulation in semiconducrecombination time [26]. In addition, carrier injection can be
tors is at the same level as in LiNgGhanks to the index used for changing the absorption of the material, and in the
change variation being proportional to the third power of thgcinity of the band gap, for providing optical gain.
refractive index (3.2 for InP and 1.5 for LiNB@ Close to A number of guided wave devices that take advantage of
the band edge, the electrooptic effect can considerably the above-mentioned modulation principles have already been
enhanced by the Franz—Keldysh effect in bulk materials [49]lemonstrated and are reviewed in the following sections. They
If the waveguide includes quantum wells, quantum confingaclude interferometric devices such as directional couplers
Stark effect (QCSE) will occur in the presence of an electrimnd Mach—Zehnder interferometers, mode transformers such as
field [22]. This often polarization dependent effect can baigital optical switches and semiconductor optical amplifiers.
made polarization independent with appropriate strain in In-
GaAsP-InP MQW'’s [23] or with wide-well InGaAlAs—InAlAs IIl. SPACE SWITCHES EXPLOITING ELECTROOPTIC EFFECT
MQW'’s [18]. A more serious drawback of the QCSE is the
strong wavelength dependence, which makes quantum-welIDirectional Couplers
devices less attractive for building large switching matrices pjrectional couplers (DC) [27] consist of two coupled
with requirements discussed in the introduction. waveguides (Fig. 4). They are characterized by their coupling
The index of refraction of semiconductors is changed Q¥ngth (Lc) and the bias voltage or current to achieve a
free carriers due to different effects such as plasma resonanceynase shift in the interferometer. The coupling length is
bandfilling and band shrinkage [24]. The index modulation vigsyally different for TE and TM modes and varies rapidly
carrier injection can be very strong: an index change of 0.1 c@jth geometrical parameters which implies tight fabrication
be achieved for both TE and TM modes, which is two ordetslerances. As the switch response is not digital, a precise
of magnitude higher than the modulation via the electrooptientrol of the biasing conditions can be required.
effect. The drawback of the carrier injection type devices asDirectional couplers only require small index changes and
compared to the electrooptic ones is the lower speed beitwgh therefore be fabricated either with electrooptic, carrier
limited by carrier recombination times. Waveguide structurekepletion or carrier injection waveguides.
that combine both, the electrooptic modulation and carrier Example of the response curve of a carrier depletion di-
modulation, have been made with a doped core InGaAsP thattional coupler [28] is given in Fig. 5 where the switching
can be depleted when the waveguide is reverse biased [2&]ltage is only 11 V for a 2-mm-long device and crosstalk
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10 TABLE |
A SELECTION OF PUBLISHED DC SPACE SWITCHES ONIII-V SEMICONDUCTOR
\\ //\\ Matrix [Switch | Material [Results Ref /
8 ™ Type |points year
4x4 5 CIbC InGaAsP | TE, crosstalk < - 10 dB, insertion 132]
- loss < 15 dB, switching > 10 mA, 1992
?ﬁ 6 / 2 mm CDDC size 6.5 mm .
g [ 4x4 6 CIDC InGaAsP | TE, crosstalk < - 15 dB, chip loss 15 [[29]
o TE - 1.54 um dB, switching ~ 10 mA, size 35 mm [ 1991
H 4x4 16 EODC [InGoAsP  [TE, crosstalk < - 10 dB, propagation [[30]
8 4 loss 3 dB/cm, switching < 30V, 1991
- / size 35 - 40 mm
3 \ 4x4, 6 QCSE InGaAlAs | TE, crosstalk < - 15 dB, 18 dB chip |[33]
5 / \ Benes |DC MQW loss, switching < 6 V, size ¢ mm 1993
o 2 8x8 64 EODC [GoAs/ TE, crosstalk <- 21 dB, 8.7 dB chip {[31]
/ AlGaAs loss, switching < 25V, size 26.5mm | 1992
/ // Cl: Carrier injection. EO: Electrooptic. QCSE: Quantum-confined Stark
ol N effect.

0 2 4 6 8 10 12 14

Reverse Bias (V) Y-junction N\ Y-junction
) o . . o Input Electrodes Output
Fig. 5. Switching response of a 2-mm-long carrier depletion directional

coupler [28].

Fig. 6. Integrated optical Mach—Zehnder interferometer.
is close to—20 dB in the switched state andl5 dB in the

off state. . . ) index changes can be polarization dependent. It is difficult, but

To avoid a precise control of the coupling length of th,?lot impossible [35], to overcome this limitation since mode
DC, _Aﬁ d_ewces _have oft_en been preferred [29]-{31]. Th'@oupling and refractive index change take place at the same
configuration, which requires a length between Lc and 3LScation.

and 3 isolated electrodes allows to adjust electrically the cross
and bar states.

Directional coupler based monolithically integrated<44 B. Mach—Zehnder Interferometric Switches
space switch matrices have been fabricated on InP with 8An important advantage of the Mach-Zehnder Interferome-
complexity of five carrier injection switches [32], six carrieter (MZI) switches as compared to directional couplers is the
injection switches [29] and 16 electrooptic switches [30fheometrical separation of mode-coupling and phase-shifting
These devices exhibit crosstalk in the 10-15-dB range for TEgions. Independent optimization is now possible.
polarization and chip losses in the order of 15 dB. To cope The operation principle of a MZl is as follows: Input light
with fabrication tolerances, stop etch layers can be introducgddivided by a first beam splitter into two light beams. The
to precisely control the etch depth [32]. A A 4 switch two light beams then follow different paths and are merged
matrix, which uses the QCSE of InGaAlAs—InAlAs MQWat the second beam splitter, where the two beams interfere.
structures and working in TE mode with crosstalk beleW7 The interference depends on the relative phase (cosine like
dB was also reported in a rearrangeable nonblocking Bernsshavior).
network built with 6 switches [33]. Size up to:8 8 has been  MZI's have very early been used for integrated optical
demonstrated on GaAs [31] with 64 monolithically integrategwitches [36]-[38]. An example on GaAs as shown in Fig. 6
switches. Thanks to highly confined waveguides, the whalged Y-junctions as beam splitters and combiners [39]. An
device is only 26.5-mm long and chip losses are maintainetkctric field applied to one or both of the waveguides between
at a value as low as 8.7 dB by using an appropriate smoakie Y-junctions changes the refractive index, which changes
etching process. the relative phase at the combining Y-junction. Destructive

The moderate crosstalk of the DC structure can consideraifyerference at the output means, that the first-order mode in
be improved to the-30 to —40 dB range by cascading twothe output waveguide is excited. To achieve a high extinction
devices [34]. However, the resulting large size limits the switdiatio, it is important that this first-order mode is not guided.

matrix size complexity. In contrast to the above MZI modulators, space switches
A selection of realized DC space switches is summarizeéed two selectable outputs. The combining element in above
in Table I. examples, the 2« 1 Y-junction, must therefore be replaced

The above-described directional coupler arrangement wag a 2 x 2 mode coupler as shown in Fig. 7. Directional
historically the first to be used for integrated optic waveguidmuplers as well as multimode interference (MMI) couplers
switches. This type of switch has some drawbacks, hoWwave been used. For polarization-insensitive MZI switches,
ever. Manufacturing control of the coupling length is difficulhot only the previously discussed phase shifters, but also the
and switches are polarization sensitive: serious limitatio2sx 2 couplers must be polarization insensitive. Thus MMI
in particular for semiconductors for practical applicationsouplers are often used to take advantage of their polarization-
Directional coupler switches are polarization dependent forsensitive characteristics and fabrication tolerances [40], [41].
two reasons: the coupling length is usually different for TEMMI couplers are regions of the integrated optical waveguide
and TM modes and the electrooptic effect used for refractivdevices which can support a multitude of guided modes. The
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Electrodes TABLE 1l
A SELECTION OF PUBLISHED MZ| SPACE SWITCHES ONIII-V SEMICONDUCTOR
‘ Matrix [Switch | Material |Results Ref /
Input 1 e J——— —— Output 1 Type |points year
2x2 QSCE MZI [TInGoAs TE & TM, crosstalk < -10 dB, 123]
Input 2 Output 2 MQwW ir;serﬁodn loss 20 dB, swiIch‘itng 4.5V]1992
electrode 675 pm, size 1.84 mm
3 dB splitter 2x2 EO MIZI InGaAsP  [TE %\Tlv}, crosstalk i 16 dBi] [40]
on-chip loss < 3.2 dB, switching 6 V| 1993
electrode 3 mm, size 7 mm
Fig. 7. Integrated optical Mach—Zehnder interferometer space switch witBx2 EOQ MZI nGaAsP ITE, c]ro§sfgl|3k/s -12 c:lB,h oV []49‘?‘;4
i oss 1. cm, switching
two inputs and two outputs. electrode 3 mm, bandwidth 35 GHz
2x2 QSCE MZI'[InGaAsP  [TE, crosstalk < -15 dB, [48]
. MQW insertion loss 22 dB, switching 6.8V | 1995
propagation constants of these modes are such, that after a electrode 0.5mm, bandwidth 10GHz
H H 2x2 QSCE MZI [InGoAlAs [TE & TM, crosstalk < -20 dB, [18]
certain propagation Iength, the phases modul_oaie gqu_al fqr Meaw insertion loss 14 dB, switching 4.5V | 1996
all propagated modes. This means, that the light distribution g.td SRR E— e|ec:ro¢'1: 1.5 mm, size 4 il .
. . . + -
the input of the MMI coupler is reproduced after that distance,odule nGoAs iT,;Esf:ﬁLn 03 QBgéf":j,'ﬁchiﬁg]?j\? [ael
i i YN electrode 6 mm, switch time 200 ps
thUS, formlng, self Images'. MM' (?OUplerS cannot Only be userd 4 EO MZI [InGaAsP |TE & TM #0.5 dB, crosstalk < -15 dB[[47]
for reproduction of light distributions, but they can also formmodule ir;serﬁo; loss 5 dB, swLitching 45V [1996
: : . electrode 6 mm, switch time 200 ps,
multiple self-images at shorter device lengths [42]-[44]. optical badnwidth 30 am P

To achieve polarization-insensitive phase shifts while using . Electrooptic. QCSE: Quantum-confined Stark effect,
fast electrooptic field effects in bulk InGaAsP—InP materi-
als, specially oriented phase-shifting waveguides have been
applied [45], [40]. Recently, such type of switches have
been used to form a matrix arrangement with four input
and four output fibers. Mode adaptors allowed for low fiber-
chip coupling losses and relaxed alignment tolerances [46]. IN
Optimizations resulted in record low fiber-to-fiber losses of 5 >|:|
dB [47], while maintaining polarization insensitive operation.
On—off ratios in the 1.53-1.56m wavelength range exceed 15
dB for switching voltages of 4.5 V. Thanks to the exploitation
of electric field effects, 200-ps switching times have been
reported.
Besides work based on bulk INnGaAsP materiak 2 MZI  Fig. 8. Schematic view of a digital optical switch.
switches using polarization independent electrooptic effects in

MQW structures have been reported [18], [23], [48]. AGaiyy hm in both TE and TM polarizations [53]. The required

MMI couplers are used as splitters and combiners. LOMigactive index change for switching is higher than for DC
switching voltages in the range of 5 V for short, submillimetes,q pmz| put still relatively small €0.003) if the angle of the
electrode lengths have been achieved. High efficiency is oftonnction is small (several milliradians). Thus, the switching
obtained by working close to the bandedge of the MQWs'yhe pOS can be obtained both by reverse- or forward-bias
stack which results in high loss and a strong wavelengiiye ation in a p-i-n heterostructure [54], [55] but cannot be
dependence of the switching voltages. Application for WDMpained with pure electrooptic effect in bulk material. Thanks
S|gnal§ becomes difficult. , o _ to the Y-junction shape, the DOS acts as a 3-dB splitter
MzI's are well suited for high-speed application, SinCgnen no bias is applied, and provides easily the broadcasting

electrooptic field effects can be exploited. Traveling-wavg,nction which is needed in many system applications. Also,
electrodes integrated on bulk InGaAsP-InP MZI switchgg, digital response allows relaxed bias control.

allowed a bandwidth of 35 GHz [49].

v

\

few mrad

Adiabatic region

N

“ ) First devices reported on InP made with single core wave-
In addition to the well-known 2< 2 MZI switches, N x g jide structure exhibit switching current as small as 6 mA

N MZI switches have been proposed [41] and realized QRig 9) and around-10 V in carrier depletion with a crosstalk
GaAs [50] as well as on InP [51] demonstrating polarlzat|og_15 dB for 5-mm-long electrodes and 3-mrad angle.

insensitive switching. _ _ _ As light is switched into the arm with the highest refractive
Table_ll summarizes a selection of published results USIfCHex it goes into the biased arm under reverse bias and into
MZI switches. the opposit arm under forward bias. In the depletion operation,
this leads to a tradeoff between low crosstalk and reasonably
low losses introduced by electroabsorption at high voltage.
The digital optical switch (DOS) as shown in Fig. 8 is basetihe current injection operation mode does not present this
on adiabatic mode evolution [52] in contrast to directional colimitation and is preferred. In push—pull operation, carrier
plers and Mach—Zehnder interferometers that use interferemgjection and carrier depletion are combined and complete
effects. Consequently, polarization independent operation camitching with crosstalks —15 dB is obtained for only-1.8
be obtained for DOS thanks to its digital response. Moreovéf,on one electrode and 1.8 V on the opposit electrode [55].
this behavior allows large optical bandwidth of more thamhis push—pull mode allows high-speed operation in the Gb/s

C. Digital Optical Switches
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1,0

06| 4

Output power, a.u.

0 2 4 6 8 10 12 14 16 18 20
Current, mA Fig. 11. Packaged 4« 4 DOS InP switch matrix.
Fig. 9. Typical switching response curve of a DOS in current injection [53].

TABLE I
A SELECTION OF PuBLISHED DOS SPACE SwITCHES ONIII-V SEMICONDUCTOR

Matrix | Switch Material |Results Ref /

Type |points year

1x2 CDDOS InGaAsP crosstalk <-14 dB for TE & TM, [54]
switching -12 V, > 50 nm optical 1991

bandwidth, 5 mm, < 2 dB/cm
4x4 24 CIDOS |[InGaAsP [ crosstalk <-16 dB per DOS for TE & [[548]
TM, 25 dB fibre to fibre loss, 1992
switching < 10 mA, size 40 mm,
optical bandwidth > 50 nm
4x4 24 CIDOS [InGaAsP |crosstalk <-13 dB per DOS for 1E & |[57]
triple core |TM, 15 dB fibre to fibre loss, 1993
switchiné; <d30dT1A' size 20 mm,
ti ndwidth > 50 nm
Fig. 10. Architecture of monolithically integrated 4 4 DOS InP switch 37 CIDOS ThGaAsP Zﬁ,:s‘,’u|k°<_23 dB forsTE & TM [best |160]
matrix with 24 DOS and 32 mirrors [57]. -30 dB),switching 50/100 mA for |1
1.3/1.5 um, 200 nm optical
bandwidth, 3 mm electrode, 2dB/cm
1x2 QCSEDOS | InGaAsP | TE, crosstalk < - 7 dB, 1.25 dB chip [[59]

range. 1x 4 and 4 x 4 [56] switching matrices have been loss, switching - 4 V, size 0.9 mm, [1995
. . . . . 10 GHz 3 dB bandwidth

reported with these technologies in a strictly nonblocking trega—c5os  [nGaAsP  Tcrossialk < 18 dB in TE & TM. 6]

architecture with 24 DOS. triple core |switching 30 mA, 1.5 mm electrode, | 1995

10 dB fto f loss for a 2x2 matrix

To reduce the size of the 4« 4 DOS switch matrix
configuration, DOS have been monolithically integrated with
mirrors [57]. The interconnection shuffle is then achieved @rchitecture with about 10-dB insertion losses in a packaged
about 1 mm. The total length is reduced from 40 to 20 m#odule [61]. More recently, further crosstalk improvement has
(Fig. 10). been proposed [62] and tolerant designs has been given to
In addition, a triple-core waveguide has been introduced &hieve—30-dB crosstalk for both polarizations over a 150-
get waveguides with larger modes compatible with fiber/chiym wavelength range by introducing a single electrode mode
coupling losses as low as 1 dB/facetx14 and 4x 4 DOS converter and tapered electrodes [63].
switching matrices have been packaged (Fig. 11) and usedtig. 12 shows a switching curve of an InP-based DOS
in cross-connect system environment to switch 10-Gb/s dayih integrated mode converter that achieves crosstalks in the
streams [58]. —30-dB range.
High-speed compact DOS with MQW structures [59] were Selected results on DOS matrices are given in Table Il
also reported with a 3-dB optical bandwidth of 10 GHz.
However, these structures exhibit relatively high-propagation IV. ACTIVE SPACE SWITCHES
losses (12.5 dB/cm) and are polarization dependent, whichCurrent injection into semiconductor pn-junctions generates
makes them not practical for large switch matrix applicationfree carriers. This carrier modulation varies the loss and/or gain
The coherent crosstalk as highlighted recently [15], pushesaracteristics. Employing these characteristics, switchable
the requirement in crosstalk of the space switches-30 to semiconductor optical amplifiers (SOA’'s) can be realized.
—40 dB. Though single 1x 2 DOS with —30-dB crosstalk Many different configurations for the different applications
have been reported on InP [60], structures compatible wittave been demonstrated. For an overview, see, for example,
large switching matrices (i.e., compact, integrable and corij4] and references therein. Here, we are interested in the use
patible with low multifiber/chip coupling losses) have onlyof such gain modulators for space switching applications. Most
demonstrated polarization independent crosstalk up-20 often, the tree structure as shown in Fig. 13 is used.
dB. These results have been obtained with compact DOSA fully connected shuffle network between input and output
structures (electrode length of 1.5 mm) on triple core structurgsrts is realized using adequate power splitters and combiners.
and integration has been demonstrated on & 2 tree Each connecting path can be switched on or off using the



RENAUD et al. SEMICONDUCTOR OPTICAL SPACE SWITCHES 283

30
O A B M
: & 20
Z-10} 2 o— é ——
] o 101 ™l 10 ™B
: {
=]
&2} 0
) 0
5 30
O.30}
- : : - —~ 20
0 20 40 60 80 100 %
Injected Current (mA) o 10
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Fig. 14. Uniform gain of SOA array [81].

internal reflection (TIR) switches are added in order to switch
the “3-dB-couplers”. Lossless % 2 [76] or even 4x 4
switches with gain [77] have already been reported for,in8-
operating wavelength.

A complementary approach to the monolithic integration is
the hybrid integration of the SOA’s on substrates including
very low loss passive waveguides. The most successful so-
lution is probably to integrate not single SOA’s but larger
Fig. 13. SOA-basedV x N space switch in a tree arrangement. guantities in the form of multichannel SOA-arrays. Early

integration of two 8-SOA arrays operating at L8+ wave-
corresponding SOAN x N SOA's are therefore required.|ength on a silica-based guided-wave circuit to form a 4
Such a switching matrix inherently generates splitting lossgace switch has been reported [78]. Three switching paths
that can be important for large switch arrays. To compensai@th fiber-to-fiber losses around 30 dB have been shown
for the losses, additional booster amplifiers can be includgéld the importance of residual reflections has been pointed
with the drawback of noise accumulation. The configuratiagut. Toward this end, a polarization insensitive 4-SOA array
of Fig. 13 forms a strictly nonblocking space switch withoperating at 1.3sm wavelength with>20-dB gain on all
broadcast capabilities. channels has been reported [79].

Several research groups have demonstrated monolithicallyTo achieve low back reflections, facets of SOA’s are often
integrated 2x 2 switches [65]-[69] or 1x 4 switches [70] tilted by 7°—10°. Application of a tilt in a 4-SOA module with
on InP semiconductor with various performances. All devicesgle polished fibers resulted in uniform fiber-to-fiber gain of
use monolithically integrated active and passive waveguidasi 4 1 dB for all channels, low-gain ripple af 0.1 dB and a
Switches use SOA'’s designed for single polarization operatifgirly low-polarization sensitivity of 2 dB [80], [81]. Assembly
[65], [68], [70] or for polarization insensitivity [67], [69]. has been performed using the silicon-bakedrooves for self
Integrated 2x 2 switches including lasers have also beealignment of fibers and SOA-array. Fig. 14 shows the uniform
reported [66]. Net fiber to fiber gains for all paths using gain characteristics of the used 4-SOA array measured between
single stage of SOA’s have been reported in [67], [69]. On—d#nsed fibers for TE and TM polarizations.
ratios up to 45 dB are feasible [67]. Drawbacks of this configuration with polished fibers are

Fully integrated 4x 4 switches required two additionallarge coupling losses due to the large mode mismatches.
booster stages to achieve nearly zero loss performanced émsed fibers promise lower coupling losses but more stringent
a polarization dependent [71] as well as in a polarizaticignment tolerances as well. The concept of angle polishing to
insensitive configuration [72] for wavelengths around 1.5aintain parallel facets of fibers and SOA chip is not possible
pm. Such 4x 4 matrices have successfully been tested Bmymore unless further mode adaption is performed on the
system experiments [73], [74]. A different approach using 80A chip. Accurate control of assembly angle with lensed
x 4 Benes configuration has given zero loss performancesfiaers in the realization of a 4-SOA module recently resulted
0.94um wavelength [75]. in 17 & 3-dB fiber-to-fiber gain as given in Fig. 15 [82].

If the broadcasting capability is not required, it is most Table IV summarizes selected SOA-based space switches.
advantagous, if splitting and combining losses can be avoidedMain drawback of SOA’s used for space switching applica-
This is possible with the single-slip-structure (S3), where totdbn in WDM environments is the gain variation with injected
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TABLE IV I A
A SELECTION OF PuBLISHED SOA SPACE SWITCHES ONIII-V SEMICONDUCTOR (mA)
Matrix | Switch Material [Results Ref / Fig. 16. Gain as function of injected current for traveling-wave SOA.
Type |points year
2x2 4 SOA nGaAsP [ = 1.55 pm, TE, fibfib loss 12 dB, [165]
current 100 mA, on/off > 40 dB 1992 30
2x2 + 4 SOA + nGaAs/ A = 1.55 pm, TE, out-power 0.8 W, [66]
lasers  [lasers InGaAsP | ¢yrrent 70 + 50 mA, on/off > 12 dB | 1992
MW a
2x2 4 SOA InGaAsP | = 1.3 um, TE, fibfib gain 9 - 13 dB | [83] o
current 150 mA, on/off > 30 dB, 1992 — I= ZoomA
switching time < 1ns c -
2x2 4SOA + |InGaAsP 13 = 1.55 um, TE & TM £2 dB, []C><?79]‘1 ©
mirrors fibfib gain up to 6 dB o))
current 200 mA, on/off 45 dB - 20 - 9'5 dBm -
2x2 6 SOAin [ InGaAsP A = 1.28 um, fibfib gain > O dB, [68] 4
2 stages current 75 + 60 mA 1995 ?9
2x2 4 SOA InGaAsP |3 = 1.58 um, TE & TM 13 dB, [69] -
fibfib gain up to 7 dB, 1996 ..9
current 160 mA, on/off 25 dB -
2x2 4 SOA + |InGaAsP A = 1.3 um, fibfib gainup to 1 dB, |[76] g
8 TR current 80 + 250 mA, on/off >40dB | 1993 —
Tx4 4 SOA INGaAsP | A = 1.57 um, TE, fibfib gain > O dB, | [70] w 10 . .
current 58 mA, on/off 38 dB 1996 -1 o 0 10
4x4 SOA InGaAs/ A = 0.99 um, fibfib gain > 0 dB, [75]
Benes GaAs QW |current 16 mA typ., on/off > 30 dB 1992
switch time < Ins Pout (dBm)
4x4 16 SOA + |InGaAsP A=1.3um, TE & TM +1 dB, [77] . . . - . .
32 TIR fib-fib gain up 1o 5 dB, 1994 Fig. 17. Gain as function of injected light power for traveling-wave SOA.
current 250 + 120mA, on/off 54 dB
Ax4 24 SOA InGaAsP % = 1.55 um, TE, fibfib gain up [71]
(3 stages) 0 i 90 + 50 + 100mA, 11992 heen proposed. In addition to the DFB (distributed feedback)
4x4 24 SOA  |InGaAsP ?fb?gﬁs, um, TE &JM +0.5 dB, [7929]5 configuration [84]-[86], the DBR (distributed Bragg reflector)
(3 stoges) 0% 50 “5%";2, o%/g“f;“jg'dB ] arrangement has been tested with external diffraction gratings
4-Array |4 SOA InGaAsP xh= 1.31 %rngBE & TM iO]-godB,A []79‘?9]4 [87] or fiber gratings [88]. A monolithic version for TE-
chip gain , current m . .
) hybrid 2x8-|InGaAsP [ = 1.3 um, insertion loss > 26 dB, |(78] polarization at 1.3:m wavelength has been demonstrated for
module | array SOA |SiO2/TiO2 | current 80 mA, on/off 30 dB 1992 cable television (CATV) applications [89]. For the 1.5&
4-Array |4 SOA InGoAsP  |A = 1.55 um, TE & TM +1 dB, fibfib | (80,81 ’ . . ", L.
Module qain 14 + 1 dB, current 80 mA 1995  wavelength range, a polarization insensitive monolithically
4-Array |4 SOA InGaAsP | = 1.55um, fibfib gain (82] integrated clamped-gain SOA has been reported [90].
Module 17.3 + 3 dB, current 150 mA 1996

Devices consist of three sections: a central gain section, pas-
sive sections at input and output with DBR gratings for wave-
signal which is inherent to traveling-wave SOA’s due to thiength selective feedback and large-mode size for efficient
modulation of the carrier concentration. The gain of almofiber-chip coupling, and mode size adaptors between active
30 dB at 200-mA injected current for low-input signal powerand passive sections. The considered DBR-based clamped-
(Fig. 16) is reduced with increasing signal power. The gain ggin SOA is schematically shown in Fig. 18. Overall device
reduced by 3 dB at an output saturation power of 9.5 dBm langth is 1 mm. Waveguides are tilted by, ¥ith respect to
this case (Fig. 17). the cleavage planes and antireflection coated to achieve low

Gain varies with injected power in very short timesf ns. reflections in the range of 10.

The gain variations therefore transform into signal distortion Fiber-to-fiber gain as shown in Fig. 19 increases for increas-
and reduction of on—off ratios of modulated signals as well &sg driving current up to the lasing threshold of 50 mA, where
into crosstalk due to cross-gain modulation for WDM signalgain is clamped at 14 dB with less than 0.5-dB polarization
with several modulated wavelength channels. dependence. Lasing wavelength and gain peak are located at

Recently, gain clamping with an internal laser oscillation it508 and 1538 nm, respectively and gain ripple is negligible

order to block the carrier concentration at lasing threshold hgés0.2 dB). Gain is constant up to an output power-ef2
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Fig. 19. Fiber-to-fiber gain of SOA clamped at 14 dB with less than 0.5-dB V_Ve have rew_ewed the state Of_ the art of pas_swe_ and
polarization sensitivity as shown by the two curves [90]. active space switches on IlI-V semiconductor material in the
research community. Both passive and active switches realized
on IlI-V semiconductors offer fast reconfiguration time and

= 16 y

% | 200 m\ monolithic integration which are essential characteristics. Fast
£1a reconfiguration times in the nanosecond range are compulsory
g ! for packet switching applications [92]. In the microsecond
- | / \ range, it can be an attractive feature also for OADM'’s and
0 12 70 mA ) . ; . .

-] \ OXC's as it allows to reconfigure in a short time the con-
o nections in the network and therefore eases the protection
<10 | h i f fi Kk f | f
» 100 mA schemes (in case of fiber break for example). Advantages o
é’ | | | passive switches are the transparency to the bit rate and their
- ?15 .10 -5 0 5 10 15 low noise. A major drawback of losses can be overcome by

active switches that offer gain but not unlimited bit rate. Both
passive and active configurations can be interesting according
Fig. 20. Gain at 200-mA injected current is constant ug-tt?-dBm output  tg the applications. Promising examples of passive switches
power. are MZI and DOS mainly thanks to their easier control of
fabrication as compared to directional couplers. DOS offer
dBm at 200-mA injected current (Fig. 20). Switching timesligital response and therefore polarization independence but
are below 1 ns. require larger refractive index changes whereas MZI switches
The realized clamped-gain SOA’s are well suited for WDMre more difficult to make polarization independent but offer
signals, since gain varies only 1 dB in a wavelength range lifjher speed by using electrooptical effects. Active switches
25 nm (Fig. 21). are most promising thanks to light amplification especially
Devices have been tested in ax44 switch configuration, when the concept of gain clamping is used to overcome signal
where they amplify and route 16 WDM channels [91]. Thdistortion and cross gain modulation of WDM signals.
large available power range permits simultaneous amplifica-The implementation in the future optical networks will
tion and routing of 16 channels modulated at 10 Gb/s witldso strongly depend on considerations like manufacturability,
penalties below 1 dB for a remaining power range of 6 dfabrication yield, reliability and cost effectiveness. As far as
for all 16 channels. Fig. 22 shows the amplified &0 Gb/s manufacturability is concerned, most of these devices essen-
WDM signal. tially exploit technologies which are already in production

Fiber output power (dBm)
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for emitters and receivers (epitaxy, etching, ion implantationj9]
dielectrics, metallizations, etc.). In addition, for similar growth,
fabrication, and packaging complexity, the smaller size com-
ponents will tend to be lower cost and higher yield. Reliability10]
issue has only been recently reported on DOS [93] without any
short term degradation. The SOA structures are very closeig
laser ones and are expected to have similarly good reliability.
To build large switching matrices, integration is essentiﬁz]
and combination of monolithic and hybrid technologies will
probably be necessary. In this context, the packaging will be
a critical issue that will require further development of modﬁs]
adapters and assembly procedures.

[14]
VL.
This paper has reviewed the various optical space switch
structures on IlI-V semiconductors, which offer high potentidiS]
for monolithic integration and compatibility with fabrication
tools already used to manufacture optoelectronic components.
The characteristics of directional couplers, Mach—zZehndgf!
interferometers, digital optical switches, and semiconductor
optical amplifier space switches have been discussed in the
context of WDM optical transport and switching networkl?]
applications, both in terms of performances and other criterigg)
such as size and fabrication tolerance, which are also key
parameters for field implementation of space switch matrices.

CONCLUSION
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