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A Novel 1 x 4 Coupler-Multiplexer Permutation
Switch for WDM Applications

Tarek A. Ramadan, Robert ScarmozziMember, IEEEand Richard M. Osgood, JFellow, IEEE

Abstract—A novel 1 x 4 coupler multiplexer permutation  design of individual components such as filters, multiplexers,
switch (CMPS) is proposed for applications in wavelength-di- switch arrays, andl x 2 wavelength switching elements [1], [2],
vision-multiplexing (WDM) optical networks. The structure of [5]. These elements can then be interconnected [6], [7] together

the CMPS integrates the multiplexing and switching functions . . . o
into a single compact device. It consists of a single-mode/multi- or with waveguide-grating routers [8], [9] to perform a specific

mode-waveguide grating-assisted, backward-coupler multiplexer routing and switching function.

followed by a1 x 4 digital optical switch (DOS). The specific In this paper, a novel x 4 coupler-multiplexer permutation
design uses an InP-basedl x 4 CMPS with InGaAsP/InP  switch (CMPS), see Fig. 1, which integratek:a 4 multiplexer
multiple-quantum-well (MQW) DOS. The calculated values of - ¢4 1gwed by a4 x 4 switch array, is proposed for applications

crosstalk for the coupler multiplexer and the DOS are <—25 . . S .
dB and —23 dB, respectively, giving an overall crosstalk<—21 N WDM optical networks. The CMPS, which is designed for

dB for channel bandwidths of 10-13 GHz. The device channels INP-based materials, uses unequally spaced channels, which re-
are unequally spaced, which reduces unwanted four-wave mixing duces the FWM-induced crosstalk [2]-[4] The integration of the

(FWM), but are fitted to the ITU standard wavelength grid. switching function with the multiplexing function in this CMPS

Index Terms—Couplers, integrated optics, optical couplers, op- Structure enables dynamic changing of the multiplexing pattern.
tical coupling, optical filters, optical switches, waveguide compo- For example, such a capability would allow reconfigurability, at

nents, wavelength-division multiplexing (WDM). the optical layer level, of the connectivity of a point-to-point
transmission system.
I. INTRODUCTION This paper is organized as follows. The principle of operation

S ~of the CMPS is described in Section Il. The design parameters
AVELENGTH-DIVISION  multipexing  (WDM) is  and the simulation results are given in Section Il, including the
an attractive technique for increasing the aggregaf@sign of the backward-coupler section of the CMPS in Sec-
capacity of optical networks by exploiting the wide bandwidthon, |11-A, and the1 x 4 DOS in Section I1I-B. Finally, Sec-
available in optical fibers [1], [2]. The evolution of WDM ton |v presents concluding comments.

transmission from simple point-to-point transmission to more
complicated multi-user networks with arbitrary physical
topologies requires advanced functionality in the optical net-
work nodes (ONN's) such as routing and add/drop functions.The central idea of the CMPS is to map the wavelength
However, to preserve the network transparency enabled dpectrum of the input WDM channels, carried in a single-mode
optical amplifiers, the functionality burden in the ONN musivaveguide, onto the modal spectrum of a multimode wave-
be shifted to the optical physical-layer, thus stimulating thguide. This mapping allows the spatial separation and switching
need for reconfigurable photonic WDM components with higbf these wavelength-assigned modes to result in demultiplexing
functionality density. At the same time, in transparent opticahd permutation of the input channels. The mapping is carried
networks, the accumulation of transmission impairments sugbt via a single-mode/multimode waveguide grating-assisted
as optical fiber dispersion and nonlinearities plays a central r¢jackward coupler.
in limiting the performance. For example, the enhancementin the CMPS, each channel of the input signal is phase
in the generation of four-wave mixing (FWM) waves due tenatched through a grating to the different backward modes of
phase matching near the zero-dispersion wavelength putgh@ multimode waveguide such that the power in each channel
lower limit on the minimum-allowed value of dispersion in disis coupled to a different mode. The different channels are then
persion-shifted fibers for WDM systems using equally-space@parated by a digital optical switch (DOS). The different
channels [2]-[4]. permutations in the multiplexing pattern are obtained by elec-
In spite of the obvious advantage of integrating some basifcally controlling the effective-index distribution of the DOS
routing and switching functions into a single compact photongutput waveguides. The design of CMPS uses InGaAsP/InP
device for WDM applications, the emphasis has been on thultiple-quantum-well (MQW) output waveguides. In this
design, the quantum-confined Stark effect [10] (QCSE) is used
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Fig. 1. Schematic layout of the proposed coupler-multiplexer permutation switch: (a) cross sectiori ahé{#) cross section of an output waveguide at B—-B

analytical solution obtained for high index confinement [14]. IThis result suggests two different design approaches. In the first
this case the lateral componeidt,of the overlap integral be- approach a nonzero value of the normalized offset parameter,
tween the normalized modal fields of the single-mode and tieused to “excite” all the modes of the multimode waveguide,

multimode waveguides is given by whereas in the second design approach, only the even-ordered
) modes are excited by selecting= 0. Because of the advantages
w2 of the second approach that are discussed below, this latter ap-

proach is examined here. See [15] for more details on the design
of the CMPS using the first approach. In order to suppress the

2
) —
VIV B) /

—W(4) /2 . . . .
. WB modal dependence of the coupling coefficient, the following re-
- sin <(k + 1)W <x +z, + 5 )) quirement:
aw
. — gL 1/M 4
cos (W(A) a:) dex. 1) /

Here (W) W(B)) are the single-mode and the multimodgeeds to be satisfied, wherd = kmax + 1 is the number

waveguide widths, respectively;, is the lateral offset between of multimode-waveguide modes. This requirement means that
9 Tesp o the single-mode waveguide width should be chosen to be much

the centers of the single-mode and the multimode waveguidg%a”er than the multimode waveguide width

andk is the mode index (not the wave vector). In the above €qUarp - phandwidth of the CMPS channels depends almost lin-

tion, it was assumed that complete lateral modal overlap takeasrly on the coupling strength between the single-mode and

place between the single-mode and the multimode wavegui 8 multimode waveguides [16]. This bandwidth dependence

such that on coupling, which is mainly determined by the nonunifomity
w b < wB) ) in the overlap integral between the modes, puts an upper limit
o + 2 = 92 - (2) on the number of WDM channels that can be handled by the

CMPS. In order to estimate the coupling uniformity into the

The integration in (1) gives output modes, a quantity, defined as

4,/q/m T ]
B cos ((k+1)q§> p=1-min |I|/In£LX|I| 5)
. m
- sin ((k‘ +1(p+ 1)5) (32) and limited by0o < p < 1, is introduced. Herenin ||, and
maxy, |I| refer to the minimum and maximum values 6fwith
where respect to the mode indek, Note that the parameter — 0
2z, W(A4) if the variation in the coupling strength into the set of output

P= and ¢= wB (3b)  modes is small. The calculated minimum valuegopfor the
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Mode-coupling uniformity parameter, as a function of the width ratig, in the case of exciting all the modes of the multimode waveguide.
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Fig. 3. Mode-coupling uniformity parameter,as a function of the width ratig, in the case of exciting only the even-ordered modes of the multimode waveguide.

case of exciting all the multimode-waveguide modes, are shownConsider now the feasibility of allocating the CMPS channels
in Fig. 2 as a function of the width ratig for different num- to the standard ITU grid. For our device, the channel spacing,
bers of output modesy/. In these calculations the minimumbetween the even-ordered modes [15]

value of p was taken over the normalized offset parameter,

for each value of.. The results show that there is a floor on the ANV i
uniformity of “excitation” of the output modes of the device, Ai — Aig2 = Tﬁ@ <§ + 1) (6a)
which increases with the number of output modes. However, it eo F

is found that in the case of exciting only even-ordered modes.

there is no floor on this uniformity, as shown in Fig. 3. Thus, iﬁvlth

spite of the fact that, in this case, the minimum required number . N I NB

of multimode-waveguide modes is almost twice the number of Np=—*f _—F (6b)
WDM channels, a larger number of WDM channels can still be 2

used under the same tolerance in bandwidth fluctuations thambtained using the phase matching condition,

for the case of exciting all waveguides modes. This is an im-

portant motivation for selecting the design approach, described /35;” N /353) _ QXW @)

above.
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Here (N}A), N}B)) are the core effective indexes of thehe CMPS is carried out in two separate stages. The first stage
single-mode and the multimode waveguides, respectivelpyolves the backward coupler design and the second stage in-
W is the effective width of the zero-order mode of th&olves the DOS design. Several iterative steps may need to be
multimode waveguide. The quantitie§3s™, 3%)) are the carried out between the two stages in order to determine de-
propagation constants of the system-modes that are localixéek parameters that satisfy the individual design requirements
in the single-mode and multimode waveguides, respectivelgy each stage. The backward-coupler section of the CMPS is
andA is the grating period. The normalized channel spacingplarization sensitive and the design was carried outfopo-
i.e.,i/2 + 1, follows the sequence;, 2, 3, ..., ([M/2] — 1), larization.
where [M/2] is the ceiling value ofA//2. This sequence is The InGaAsP-InP material system was used in the design in
optimal in terms of using the frequency spectrum for unequal@yfder to enable monolithic integration of photodetectors, lasers,
spaced channels and requires only six grid units of a standarl optical amplifiers with the device. In addition, the switch
uniform grid to fit four WDM channels compared to fifteenrequires a MQW structure to provide a refractive-index change
grid units in the case of exciting all the modes of the multimodéa the QCSE in the wavelength range of the erbium-doped fiber
waveguide [15]. The nonuniform spectrum of the modes mmplifier (EDFA) gain.
the step index multimode waveguide give rise to the unequally )
spaced channels. In brief our results, using this simple analfft- 1he Backward Coupler Design
ical analysis, show that exciting only the even modes in thel) Background Theory:The design of the backward coupler
second design approach allows a larger number of channeleasures that the power transferred to the unmatched output
well as a more efficient use of wavelength spectrum. modes is negligible compared to the power transferred to the
Consider now a more detailed description of the structunehase-matched output mode. In this case only the backward
shown in Fig. 1. It consists of a backward coupler followed bgross-coupling interaction between the input mode of the
al x 7 DOS with three idle waveguides. The backward couplaingle-mode waveguide and thith mode of the multimode
couples the forward-propagating mode of a single-mode waweaveguide that is phase matched by a grating of pergdt
guide with the even-ordered backward-propagating modesezfch channel wavelength;, needs to be considered.
a multimode waveguide, that supports seven guided-modesAn important consideration in the design of the backward
through a short-period grating. While both waveguides aoeupler is the variation of the coupler performance due to
single mode in the vertical direction, where coupling takesodal variations in the coupling coefficient,;, between the
place, one waveguide is single mode and the other wavegusiiegle-mode and théth mode of the multimode waveguide.
is multimode in the lateral direction where mode splitting takeBhese changes are determined primarily by the modal depen-
place. dence of the overlap integral [14], [17]. For a backward coupler
A grating is etched in the top structure of the epilayer at thef length, L, the ratio, RZ,;, of the reflected output power of
lower boundary of the multimode waveguide in order to couptle ith mode, to the incident input power of the single-mode
efficiently the power of each channel in the input signal to waveguide at the phase-matched wavelength,s given by
different even-ordered backward propagating mode of the m{d:6]
timode waveguide. This grating period matches the effective )
index of the single-mode-waveguide mode at wavelerigth Roi = tanh” (ro; L) . (8)

that of theith even-mode of the multimode waveguide. In thﬁ"hus, unlike the case of forward couplers [16], the saturation

perturbation limit, the crosstalk between th(_a modes can b_e Mehavior of (8) at high values ef,; . suppresses any change in
glected as they propagate through the multimode wavegmdem% power transfer ratidi,,;, due to small changes in the cou-

the backward direction due to the orthogonality of the modes Blfing coefficient,,;, for the different output modes. However,
the ideal-waveguide structure.

) the bandwidth for each wavelength-“tagged” mode is sensitive
The even-ordered modes are then directed to four out of SeY§Wariations irv,;. This bandwidthAX,;, is given by [16]

different output waveguides of thex 7 DOS. The permuta-

tion of modes among these four waveguides is done by electri-
cally controlling the effective-index distribution in all the output
waveguides so that the zero-order mode goes to the waveguide
with the highest effective index, the second-order mode 998%h
to the waveguide with the next highest effective index, etc.,
[11]-13]. This mode separation is done adiabatically in order to G(roiL) = 4v/(nL)2 + (ko L)? (9b)
minimize the crosstalk between the different channels. Permu- ] ) )

tation of effective indexes for the mode-splitter output-wavedthere the quantity; L, is the solution of

uides results in 24 permutations in the output-demultiplexing (koiL)? sin®(nL)
pattern of thel x 4 CMPS.

G(IioiL)
d | 2(4) | A(B)
j ‘ 3 4 g ‘
3\ B+ B,

A)\oi = (ga)

1
= — tanh® (ko L). 9c
P + (P sl 2 etk G0
At high values ofx,; L, This expression yields an almost linear
dependence of the bandwidth eg [16]. As a result, a constant
Due to the lack of a three-dimensional (3-D) bidirectionalalue of x,; is necessary for equal coupler-filter bandwidths
beam-propagation method (BPM) simulation tool, the design afnong the different output modes.

I1l. DESIGN AND SIMULATION
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Fig. 4. An upper and lower bounds on the minimum frequency spacing and multimode waveguide width as a function of substrate refraatj#.index

2) Numerical Calculations:The design of the backward parameters, as shown in Fig. 4. It is clear from that figure that
coupler of thel x 4 CMPS shown in Fig. 1, is carried out atonly those values of substrate index?, that satisfy3.228 <
a design wavelengthy = 1.55 yum. The core refractive index, ngB) < 3.233, can be used in the design to fit the CMPS chan-
B = 3.287, is chosen in order to match the refractive indexels to those of the standard grid. The choica&ﬁ) = 3.233
of the multimode waveguide to that of the MQW waveguidegith a multimode-waveguide width V(B = 14.7pm results
of the DOS. This index matching is necessary to avoid modalchannel frequency-spacing of 99.7, 199.4, and 297.9 GHz.
crosstalk at the interface between the backward coupler and thg s far the CMPS channel frequencies have been calculated
DOS. The lateral width of the multimode waveguidg,(B), based on the modal spectrum of the isolated multimode wave-
is chosen by calculating an upper and lower valu$.” and guide. However, the spectrum of the isolated waveguides is per-
w, ™, of the waveguide width that support seven guided modggbed, once the two coupler-waveguides are brought in close
in the lateral direction. Fig. 4 shows the changdiii}®’ and proximity to each other. It is, therefore, necessary to optimize
WI(B)as a function of substrate refractive index, ), forarib the single-mode waveguide parameters, as well as, the vertical
height,2(%) = 1.1 um, and a slab thicknes&?) = 0.1 um. separation between the coupler waveguides in order to mini-

Although the multimode waveguide width can take any ahize the perturbation to the multimode waveguide spectrum,
the values in Fig. 4 that are bounded BS&B) andWl(B), not which is the main parameter that controls the CMPS channels
all of these values can fit the CMPS channel grid into the staftequency-spectrum. The selection of the single-mode wave-
dard 0.8 nm (100 GHz) target grid. An additional constraint iguide parameters:’? = n& = #® L = 0.7um,
therefore required to yield the feasible design parameters. THi$) = 0.1 zm, andiW (%) = 1.4 zm with 1.5 zm vertical sepa-
constraint is obtained by requiring that the unit grid-spacin@tion, results in less thah4 x 10~° change in spectral spacing
of the CMPS be equal to 100 GHz, which, in the ideal casefthe modal indexesy,™ . After this optimization, the channel
implies that the grating spacing for the subsequent channgsquency spacing shifts to 99.8, 199.9, and 297.3 GHz. Note
is 200 and 300 GHz, respectively. Several 3-D beam propag@at the grating period was left as a “free” parameter that ab-
tion method (BPM) calculations of the modal indexb’é,’;), of sorbs the changes in the absolute values of the modal indexes in
the multimode waveguide were carried out at the design waygbing from isolated-mode calculations to system-mode calcula-
length of1.55 um using an iterative technique [18] with a tol-tions with the reference wavelength kept at 1550.12 nm. Sub-
erance ofil0~ ‘. The values of the minimum and maximum unisequently the grating period, = 239.572 nm, was designed
grid-spacing, that corresponds to the upper and lower valugSmprove the frequency alignment with the standard grid, re-
of the multimode-waveguide width, are shown in Fig. 4, asdulting in less than 3 GHz offset between the CMPS channels
function of substrate index,\. A minimum channel wave- and those of the standard grid. In doing this the wavelength de-
length of 1550.12 nm, as well as, an initial mode-index valugpendence of the effective index was accounted for [15]. The cal-
N(SA) = ngcA) = 3.278, for the single-mode waveguide wereculated CMPS channel frequencies are shown in Table 1.
used in these calculations. It was found that the replacement oNumerical calculations of the overlap integral of the cou-
this initial value with the true value of mode index results in pling coefficient [14], [17], were used to compute the grating
negligible change in the channel frequency spacing. The intetupling values. In these calculations the modal field distribu-
section of the constant 100 GHz line with the unit grid-spacinipns were obtained using a 3-D BPM simulator that employs
lines defines the feasible region for the” andw (® design a finite difference approach [20] and incorporates transparent
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TABLE | batic transitions from the branching points to where the elec-
RESULTS OF NUMERICAL COMPUTATIONS trodes fully cover the width of the output waveguides. This elec-
FOR THE GRATING-ASSISTEDBACKWARD-COUPLER . . .
trode geometry substantially reduces the crosstalk in the input
region and allows for the use of a higher external refractive-

Mode |Wavelength| Bandwidth | CrossTalk Offset index change which can further reduce the crosstalk in the sub-
Number | (nm) (GHz) (dB) (nm) sequent regions.
Chi 0 1554.901 12.10 5695 0,019 The design of & x 4 DOS is more complicated thgn that pf
al x 2 DOS [13] because of the larger number of interacting
Ch:2 2 1554.099 10.98 -25.14 0.021 local normal modes as well as the dependence of mode con-
version on the external index distribution. However, the mag-
Ch3 4 1552.505 13.35 -30.99 0.015 nitude of the asynchronicity parameter and the adiabaticity pa-

rameter,Ag3/~0 > 1, [22]-[24] between individual pairs of
output waveguides can guide the design, that ultimately must be
carried out with numerical calculations. Hetg3, 6, and~ are

the difference in propagation constant of the isolated waveguide
boundary conditions [21]. Fig. 5 shows the calculated values gfdes, the branching angle, and the averaged decay constant for

the minimum CMPS channel bandwidth, the worst case changigb evanescent fields in the cladding region between the waveg-
crosstalk, and the coupler length as a function of the gratigghes [24].

depth,D,, for more than>93% power transfer ratio. Itisshown A MQW structure was used with electrodes in order
that <—25 dB of channel crosstalk can be obtained with0 5 provide external control over the refractive indexes of

GHz bandwidth and & 8 mm coupler length. The choice ofihe output-waveguides. This approach allowed an external
a grating depthD, = 50 nm, with a coupler length, = \gtage-controlled refractive-index change via the QCSE.
8164 p:m, results in a bandwidth that changes from a minimur, e QCSE has been shown to enable compact, high speed
value 0f10.11 GHzforchanneI 4to amaximum valuglﬁ.35 DOS’s, with extremely low driving voltages [25], [26]. Qua-
GHz for channel 3 witht1.6 GHz bandwidth fluctuation. The ternary-compound InGaAsP—InP MQW’s were chosen for the
channel crosstalk values, definedi@d.og,(3_;.; Roj/Roi)  MQW structure instead of ternary-compound structures since
for the A; channel, are better than25.14 dB, as shown in they provide an extra degree of freedom in which the quantum
Table I, whereR,; represents the envelope of the oscillatorye|| width can be chosen for maximum phase modulation and
portion of the power-transfer ratio [14], [16]. the material composition can be chosen for minimum intensity
o ) ) _ modulation [27], [28].

B. The Digital Optical Switch Design The choice of quaternary materials takes advantage of the fact

1) Background Theory:The multimode waveguide is de-that the spectral change of absorption coefficient drops much
signed to support seven guided-modes and, hence, the structaseer than the corresponding change in induced refractive index
of the DOS-branches has seven output waveguides. Howey28] near the exciton edge. The phase modulation is determined
since the WDM channels are coupled only to the even-orderegithe changeAn., in the waveguide effective index which is
modes, only four of these output waveguides are used and takated to the refractive index change,, of the MQW medium
others are kept idle. These extra waveguides serve to redbgeAn.g = I'mqwAn, where,I'vigw, is the confinement
the DOS crosstalk (see below). In the absence of an exterfadtor of the unperturbed modal field in the QW layers. For a
driving voltage, the output waveguides are synchronous, thQE€SE device, the value dr is proportional to the square of
forming a “normally on” power splitter operation. Howeverthe externally applied electric field;, and is known from ex-
for the DOS, a distribution of the externally applied voltagperiments [27] to fall off inversely with the energy detuning,
to the seven output waveguides is necessary to desynchronié, from the zero-field exciton resonance. The electro-optic
between these output waveguides so that the even-orddoetiavior of the QCSE in MQW's can be evaluated with the pa-
modes go only to four output waveguides. Permutation of thametery) = AnAU/F?, which depends only on the quantum-
even-ordered wavelength-assigned modes among these fwell width and material system [27].
waveguides is done by electrically controlling the effective The intensity modulation is determined by the change in the
index distribution so that the zero-order mode goes into tveguide absorption coefficient.s = I'vigwa, with the ap-
highest-effective-index waveguide, the second-order mogked electric field, whereg, is the absorption coefficient of
goes into the next highest-effective-index waveguide, etthe MQW medium. Having pure phase modulation is impor-
[11]-[13]. As the modes propagate from the input waveguidant since the adiabaticity of the DOS structure requires long de-
through the output waveguides, they accumulate crosstalgn lengths in the millimeter range. This requires the operation
[13] due to the continuous change in local output-wavegui@de a relatively large detuninghl/, from the zero-field exciton
coupling, the mismatch between the local normal modes arebonance. At the same time in order to avoid large absorption
the isolated waveguide modes at the output end of the DA&ss, the device length must be much shorter then the absorption
and the refractive index discontinuity at the starting points ¢éngth,1/c.s.
abrupt electrodes. 2) Numerical Calculations:The p-i(MQW)-n struc-

In order to reduce the refractive-index discontinuity, taperetlire of the DOS rib waveguides is shown in Fig. 1. The
width electrodes, see Fig. 1, were introduced to provide adia5s1 um MQW region consists of 30 periods of undoped

Ch.4 6 1550.138 10.11 -33.22 0.018
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well period is much smaller then the optical wavelength, the ] \ /1 /

MQW region can be replaced by a single homogeneous layer g 2_: Yy v

with an equivalent refractive index [30], [31]

niow = mw’tw/n%‘, + mbtbnf (10)
@ mwitw + muty

Propagation Direction (u
|
T

for numerical calculations of th&* mode propagation. Here

(mw, mu), (tw, t), and(nyy, n;) are the number, thickness,

and refractive index of the quantum well and the barrier regions,

respectively. At a wavelength of 1.58n, the values ofyy, and 0 20 40 0 10 20 10

ny used in the calculations [32] are 3.4065 and 3.1631, respec- Transverse Direction (um)

tively, which result in the value ofyqw =2 3.287. The compo-

sition of the Iny <= G -AS P -tvpe and n-tvpe confine- Fig- 6. Simulation of the six-order mode propagation along the DOS. For this
| r.b'&’h Q.15 032 O'GShp yp ypf . . permutation the voltage distribution form left to right is 4.40, 852,20, 6.73,

men_t a)_/ers_ 'S_C osen _tO give a _omogene(_)us_re _raCt_'Ve'm 87, 5.67, and 2.75 V. The three idle waveguides are on the right side of the

distribution inside the rib-core region. For this distribution, theutput waveguides.

optical mode is not guided by the tHirb1 zm MQW layer. This

avoids modal mismatch at thiex 7 DOS branching point. Since the actual device is designed &t mode operation, a
The confinement factoEiqw, in the QW layers is given by 5_p gpm simulation based on the effective index method [14],
[33] [19] was carried out for TM polarization with values 8f =

3.2536, and N, = 3.2330 for the core and cladding refrac-
(11) tive indexes, respectively. Calculations of the crosstalk values

for these permutations were carried out with different voltage
wherel'., = 0.46 is the confinement factor of the equivalendistributions for an assumed overall DOS length of 20 mm with
0.51 pm thickness homogeneous layer dhdqgw = 0.23. The atapered-electrode-section length of 2 mm, and an edge-to-edge
value ofp = 3 x 10~° meV cn? kV—2 was empirically cal- separation oB and10 zm, for the four output waveguides and
culated for similar InGaAsP—-InP MQW'’s [27]. In this desigrthe three idle waveguides, respectively. The maximum value of
the energy detuning from the zero-field exciton resonance wihg effective index change,275 x 103, used in these calcu-
estimated to be\lU = 120 meV based on the compositionallations corresponds to an electric field 99 kV/cm. This
change of the QW layer compared to the previously reportethximum value of electric field is reasonable given that in an-
InGaAsP—InP MQW’s that have the same QW width [27]. Thisther MQW structure, with a somewhat wider 94 A quantum
results in an effective index change&h.g = 57.5 x 107°F2  well an experiment showed that the exciton resonance is still
kV/cm. The smal2.5 meV change in the value & due to resolvable at values of electric field as high =820 kV/cm
the different\’s of the WDM channels was neglected. [34]. Our simulation results for an even-mode input are shown

Mty

Pvaw =Lty



586 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 4, APRIL 2000

-21 A
] ‘4 at
= 4 at
= 22 A A A A
= ] A A A A
% -23‘- A (o] A
e 4 o A A a o A o)
U~ j A A o)
o B 241 o o
% "3 h oo o0 o
4 o] (@) (0]
@ = : o °
Q _
(o]
o -262 o] %OS
B ] o o o CMPS
E A
27 LI B L L L LS S B L WL S S L L B B B B e
3 6 9 12 15 18 21 24

Permutation Number

Fig. 7. Results of numerical computations of crosstalk for the 24 permutations of the DOS and the corresponding overall crosstalk of the CMPS.

in Fig. 6, and the overall results for the 24 permutations are sumhered is the intrinsic layer width, an@V, V) are the magni-
marized in Fig. 7. The results show a worst case crosstalk vatudes of the applied reverse bias voltage and the thermal equilib-
of —23.05 dB. Note that unlike the case of mode-power lossum voltage, respectively. The thermal equilibrium voltagg,
to the four output-waveguides, the power loss to the idle waverprresponds to the difference in Fermi-energies on both sides
uides does not result in channel crosstalk; instead, it results oofythe intrinsic layer before contact. For example Nfy =
in a relatively small path-loss variation. In our design, the us€, = 107 cm—3, thenV, = 1.2 V which corresponds to
of idle waveguides allowed the DOS crosstalk to be improved, = 24 kV/cm, and the maximum applied voltage required
while keeping the variation in path loss to the idle arrisdB. =29 V. The value of capacitance€], of the p-i(MQW)-n struc-
This result may be compared to those measured4with semi- ture is=8.6 pf using the approximatiort; = ¢,.¢,A/d, where
conductor switch arrays, no idle elements, where variations ihis the electrode area, is the permittivity in free space,
the path loss of.5—2.6 dB have been reported [35], [36]. ande, = 12.35 is the relative static dielectric constant. This
Another source of path loss variation is the intensity moaorresponds to & RC switching time of=2 ns assuming a
ulation associated with the phase change. In particular, in augltage-source resistance Bf= 50 2.
proposed design of the CMPS, a reasonable change in path loss
might be expected as a result of undesired concomitant inten-
sity modulation. Some insight may be had by comparing our
structure with that of a previously reported InGaAsP—-InP MQW A novel 1 x 4 coupler-multiplexer permutation switch that
structure with a 120 A quantum well width [28], which hadntegrates the functions of & x 4 multiplexer followed by a
the same maximum Stark shif,F?¢2 , for an applied field of 4 x 4 switch array is proposed for application in WDM optical
=100 kV/cm. For the device of [28], the measured change in abetworks. In the design approach described here, only the even
sorption due to the change in the bias voltage of that 4 mm-longdes of the multimode waveguide are excited. This approach
structure was found to be negligible under comparable enemfiows the design of the coupler section of the CMPS with a rel-
detuning and Stark shifts. This result suggests a small variatiatively larger number of WDM channels for a certain tolerance
inthe path loss in our device. Indeed, the roughness of the etclretlandwidth variation. For example, for= 0.1 eight channels
rib-waveguide core as well as the longer length of the device caan be chosen for a mode-coupling uniformity parametes,
add more fabrication constraints in this case. 0.4. This approach has optimum efficiency in terms of using
To estimate the driving voltage required for a given effectiviine frequency spectrum; itis possible to fit nine channels within
index changeAn.g, the doping concentration on either sidethe =230 nm bandwidth of the EDFA. This number of channels
of the :-MQW layer is assumed to be high enough so that th&the maximum possible number of unequally spaced channels
intrinsic layer is fully depleted at zero bias, and the extension thfat can fit within the EDFA bandwidth assuming a 0.8 nm grid
the depletion region outside the intrinsic layer can be neglectsgacing andZ30 nm bandwidth. In addition, while idle waveg-
In this case the electric field in the intrinsic layer can be approxides of the DOS are present, these are important for minimizing
imated by [37] the DOS crosstalk within a certain tolerance in path-loss varia-
tions. Note that employing a large number of switch branches,
N,inal x N DOS is limited by the maximum induced ef-
. F=vjd+F, (123) fective-index, Aneg max. It is straightforward to show using
with the adiabaticity condition thaV < (27 /A)(Aner, masx/0)-
F,=V,/d (12b) However, many parameters that may improve the performance

IV. CONCLUSION
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of the DOS such as the waveguides profile, the width or heightto]
tapering, or the optimum choice of the idle waveguides, have
yet to be considered. [11]

Although the coupler section of the CMPS is polarization
sensitive, one possible route for accommodating both T
and TM polarizations is to use the excitation symmetry of
the device together with diversity reception. For example the
output single-mode waveguides of a polarization splitter could3!
symmetrically excite the multimode waveguide, allowing one
set of single-mode waveguide parameters to satisfy the phagi]
matching condition for TE modes and the other waveguid
parameters to satisfy the same condition for TM modes at th
same channel wavelengths. The use of two gratings in series p6]
in parallel with one or two single-mode waveguides may alsch?]
be possible.

The unequally spaced CMPS channels can be of particular in-
terest in transparent long haul point-to-point optical fiber links!1€!
that suffers from a FWM nonlinear impairment; see [2]-[4] for
a discussion of these points. Other possible applications for tHe9]
proposedl x 4 CMPS is in local area networks were a closed
community of users, requires only a limited number of WDM
channels. Finally, larger number of WDM channels can be used
by interconnecting severalx 4 CMPS with al x N passive
splitter. Another possibility is by using a tree configuration with
the “parent” node operating at a coarser grid to provide permuz2]
tations of wavebands and the “child” nodes operating at a finer
grid to provide permutations of the wavelengths within thesg,s
wavebands.

12]

15]

[20]
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