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positioned, otherwise additional crosstalk is to be expected. 
For the tapered coupler, however, the crosstalk ratio can be 
maintained at an extremely low level as long as the device 
length is beyond certain length L ( L  = 300 pm in our 
example). Fig. 3 shows the spectral response of the said 
directional coupler filters. The solid line corresponds to the 
tapered coupler and the dash-dot line for the parallel one. It 
is seen that the linewidth of the tapered coupler in the 
example is slightly wider than the parallel one. However, the 
tapered coupler filter has much lower sidelobes compared 
with the parallel one. Here a reduction of the sidelobe level 
of about 10 dB is observed in the example examined. A 
further reduction of the sidelobes may be achieved by opti- 
mizing the shapes of the tapers as demonstrated in [9]. 

In conclusion, we have investigated the characteristics of 
the optical wavelength filters based on tapered directional 
couplers. In addition to its well-known effects in reducing the 
crosstalk and suppressing the sidelobes, the tapered structure 
can also be used to improve the length tolerance. An opti- 
mum design that can achieve low crosstalk, low sidelobes, 
and length-independent filter response may be realized. 
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An N x N Optical Multiplexer Using a Planar 
Arrangement of Two Star Couplers 

C. Dragone 

Abstract-We describe the design of an integrated N x N 
multiplexer capable of simultaneously multiplexing and demulti- 
plexing a large number (up to about 50) of input and output 
wavelength channels. The multiplexer is a generalization of the 
2 x 2 Mach-Zehnder multiplexer. It consists of two N x M 
star couplers connected by M paths of unequal length. Aberra- 
tions caused by mutual coupling in the waveguide arrays are 
minimized by a correction scheme that causes each star coupler 
to accurately perform a Fourier transformation. The multiplexer 
should be useful as a wavelength routing device for long haul 
and local area networks. 

I. INTRODUCTION 

E describe the design of an N x N multiplexer suit- W able for realization in integrated form for large N 
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using the SiO, /Si technology described in [ll-[3]. The 
multiplexer is a generalization of the 2 x 2 Mach-Zehnder 
multiplexer. It consists of two star couplers connected by M 
uncoupled waveguides having unequal lengths I, forming a 
grating [ 5 ] - [ 8 ] ,  as shown in Fig. 1. Each coupler is realized 
as in [l], [4] by using a planar arrangement of two confocal 
arrays of radial waveguides performing with efficiency ap- 
proaching 100% under ideal conditions, when the wave- 
guides have strong mutual coupling. Aberrations caused by 
mutual coupling ar minimized by a correction scheme which 
causes each star coupler to accurately perform a finite Fourier 
transformation. We show that it is possible, by using this 
scheme, to obtain good efficiency in the entire Brillouin zone 
of the grating, as demonstrated by the experimental results of 
a companion article [9]. Such a multiplexer should be useful 
as a wavelength routing device, for both long haul and local 
area networks. Its input-output mapping allows the same 
wavelength to be applied simultaneously to any number of 
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DRAGONE N x N OPTICAL MULTIPLEXER 
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Fig. 1 .  An N X N multiplexer is realized using two identical couplers. 
The radial waveguides of each array emanate from one of the foci Fz. 

input ports, with the corresponding signals appearing at 
different output ports. Thus, by employing N tunable lasers, 
each capable of N wavelengths, the multiplexer can be used 
as an N X N switch. Consideration will be restricted, in the 
following, to a grating of the type proposed in [6], but the 
correction scheme equally applies to other multiplexers [ 1 11, 
1121. 

11. MULTIPLEXER DESIGN 
The multiplexer of Fig. 1 is a symmetric arrangement of 

two identical couplers and a grating consisting of M uncou- 
pled waveguides with propagation constant 0. The first cou- 
pler consists of two periodic arrays of radial waveguides with 
foci F, and F2. The waveguides are strips of constant 
refractive index n2 separated by strips of index n,. Each 
focus 4 is displaced (by d or d‘) from the circular boundary 
of the free-space region, which is characterized by uniform 
refractive index n2. The input power P supplied to the pth 
port at a particular wavelength h is transferred to the grating 
with efficiency ep = (CP,) /P  where P, is the power in the 
sth arm. For an ideal multiplexer, entirely free of aberra- 
tions, the power transmission coefficient Tp, to the qth 
output port is Tp,q = I CP, exp ( j4 , )  1 2 / P q  where the 
phases 4, are determined by the lengths I, of the grating 
arms. By properly choosing these lengths, so as to effectively 
produce a constant path length difference I between adjacent 
paths, the difference 4 = 4, - 4,- , becomes independent of 
s, and one finds that 

4 = + k R ( p  - q ) a d  (1 )  

where C Y ,  CY‘ are the angular separations between the wave- 
guides of the two arrays (of either coupler) and R is the focal 
length F, F2. A simple relation is thus obtained between Tp,q 
and the Fourier transform of P,: 

Tp.4 = 6pEq I h(4)  I 

h ( 4 )  = [ CP, exp ( j s + ) ] / ( ~ p , ) .  

( 2 )  

(3) 

where 

The above relation assumes that the multiplexer is entirely 
free of aberrations. Then, the multiplexer efficiency, given 
by the largest value of Tp, q ,  is just the product eqeq of the 
efficiencies of the two couplers. This can be justified as 
follows. According to Lorentz reciprocity theorem, the trans- 

813 

mission coefficient Tp,q is determined by the coupling coef- 
ficient between two supermodes, produced in the grating (in 
opposite directions) by exciting the two ports p and q.  By 
then assuming a perfect match (unity coupling) between the 
two modes, one obtains Tp,4 = e p e q .  This, however, re- 
quires two conditions. First, the various optical paths 4, 
between the two ports p and q must be independent of S. 

Second, the relative powers P, /Po  must differ by multiples 
of 2 a. These conditions can be realized to a good approxima- 
tion by optimizing the locations of the foci F, as follows. 

Consider, in the grating, the signals produced for p = 0 
on a reference circle centered at Fl. According to [4], [51, 
mutual coupling between the input waveguides will affect the 
phases of these signals. It will cause phase errors &bS, which 
must be minimized by optimizing F,. The optimum Fl can 
be determined as in [5], and it is called the phase center of 
the input array. Similarly, the optimum location of F2 is the 
phase center of the second array. One can show, once the 
two foci are properly optimized, that each coupler becomes 
approximately equivalent to a confocal arrangement of two 
arrays without mutual coupling between the waveguides of 
each array [9] and, a consequence, one obtains approximately 
(1)-(3). Aberrations will not be entirely eliminated, how- 
ever, by simply optimizing the two foci. It is therefore 
important, in general, to minimize residual aberrations by 
properly choosing the lengths I , .  The above conditions, 
optimizing respectively the two foci and the lengths I,, 
complete our correction scheme. In general, a multiplexer 
with its foci displaced from their optimum locations, will 
have aberrations, reducing efficiency and increasing crosstalk, 
as shown in one of the examples given later. One can show 
that a small longitudinal displacement of Fl will cause 
66, = k6d(a’s)*/2.  A displacement of F2, on the other 
hand, will primarily affect the powers P,. It will cause a 
lateral displacement 6xp = pcr6d‘ of the incident field illu- 
minating the second array, thus causing P, to vary with p. 

We now point out a simple relation existing (approxi- 
mately) between channel spacing +o, the total number N of 
channels in a period, and the focal length R .  From (1)-(3), 
the transmission coefficient T,,,, is displaced from To, by 
40 = kRaa’. Furthermore, h( 4) is periodic with period 2 ?r 
and, therefore, the total number of channels in a period is 
h/( RCYCY’). This is also the total number of input waveguides 
in the central Brillouin zone of the grating. In fact, the 
angular width of this zone according to [5] is h/( R a’) and, 
therefore, dividing it by the angular spacing C Y ,  we obtain the 
desired result. Notice that N is not in general an integer, and 
it varies with A. 

Ideally, one would like the sidelobes of h to be very low 
and, at the same time, one would like N to be as large as 
possible, for a given M, so as to minimize the channel 
spacing, thus maximizing the total number of channels. The 
largest N is clearly M ,  and it can be realized efficiently by 
using efficient arrays, designed as in [4], [5] so that P, / P o  
= 1. Then for N =  M 

h = s i n ( ~ 4 / 2 ) / [ ~ s i n ( 4 / 2 ) ]  

giving the smallest channel spacing, which is then approxi- 
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mately equal to the channel width determined by the 3 dB 
points of 1 h 1 ’. However, h in this case is afflicted by 
relatively high sidelobes. In order to substantially reduce 
them, one must increase the channel spacing by approxi- 
mately a factor 1.7, and choose A4 = 2 N ,  as illustrated by 
the following examples. 

111. EXAMPLES 
Initially, let all arrays be designed efficiently as in [l], [2] 

by using SiO, /Si waveguides with cores of width W = 5 pm 
and A n  = 0.003. In the vicinity of the free space regions, 
assume gaps t of 3 pm between the cores, and let the design 
wavelength be A, = A / n  = 1.3 pm. The number N of input 
waveguides in the central Brillouin zone of the grating is 
determined by the focal length R. In the following example 
we choose R = 1350 pm, resulting in N = 10. By calculat- 
ing the input array radiation characteristics, by a propagating 
beam method as in [5], one can determine the amplitudes and 
phases in the various arms of the grating. By then optimizing 
the location of Fl one finds that the displacement of each 
phase center from the free-space region is accurately given 
bY 

d 
- tan a = 0.55 
W 

giving d = 350 pm for R = 1350 pm. Fig. 2 shows the 
behavior of for a multiplexer optimized by the propagat- 
ing beam method for N = 10 and M = 11. Also shown is 
the effect of reducing d by 200 pm. The resulting aberra- 
tions caused by mutual coupling substantially distort the main 
lobe, reducing efficiency and increasing crosstalk. 

In the above example the input array approximately pro- 
duced the same power in each arm of the grating. We next 
produce approximately a cosine distribution, so that 
d m  = cos (su),  and optimize the parameter U by sub- 
stantially increasing the width and the spacing W + t of the 
input waveguides, thus reducing N. Reducing N from 10 to 
7, and choosing W = 10 pm and t = 6 pm, the sidelobes of 
h can be reduced to less than - 25 dB as shown in Fig. 2. By 
also increasing M from 11 to 17, they can be further reduced 
to less than - 36 dB, as illustrated in Figs. 2 and 3. The 
channel spacing now exceeds by a factor 1.7 the channel 
width, and this can be shown to be (approximately) the 
smallest channel spacing obtainable with sidelobes apprecia- 
bly lower than -30 dB. The behavior of Tp,q was found to 
agree with (1)-(3), for all values of p, q.  Hence, the 
wavelength dependence was approximately independent of 
p, q and the efficiencies for 4 = 0 were accurately given by 
Tp.4 = d r n  with 

To,q = 0.944,0.943,0.927,0.816, for I q I = 0; e ,  3; 

showing that the multiplexer performs well in the entire 
central zone of the grating, i.e., in the entire free spectral 
range determined by the period of h(9) .  Notice that the 
marginal efficiencies for the input and output ports corre- 
sponding to the edges of the above zone are substantially 
lower, as expected because of Bragg reflections [4], [5 ] .  

$,(N=10) @O(N=7) @ 

Fig. 2. The pattern of TOTO for a multiplexer optimized for N = 10 and 
M = 1 1  is compared with a nonoptimized pattern. Also shown are the 
optimized patterns To,o for N = 7 and M = 1 1 ,  15. 

4 
Fig. 3.  Patterns To,p for an optimized multiplexer with N = 7,  M = 15. 

IV . CONCLUSIONS 
We have discussed the multiplexer performance for typical 

values of W and t. We have chosen a relatively small focal 
length R = 1350 pm, resulting in N = 7 - 10. Greater N 
will be obtained by choosing a larger R ,  since N increases 
linearly with R ,  for given values of W and W + t. How- 
ever, aberrations also increase linearly with R , and this must 
be taken into account in the design. Then, for large N, 
mutual coupling between the input and output waveguides is 
difficult to avoid, even for large N. Our technique then 
becomes particularly important. A companion paper [9] de- 
scribes the measured performance of two multiplexers based 
on the above two designs. 
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An InGaAs /InAlAs Superlattice Avalanche 
Photodiode with a Gain Bandwidth 

Product of 90 GHz 
Toshiaki Kagawa, Hiromitsu Asai, and Yuichi Kawamura 

Abstract-This letter describes the fabrication of an 
InCaAs/InAlAs superlattice avalanche photodiode with a gain 
bandwidth product of 90 GHz. The device is composed of 
an InGaAs/InAIAs superlattice multiplication region and an 
InGaAs photoabsorption layer. The effect of the superlattice 
multiplication region thickness on the gain bandwidth product is 
studied. A gain bandwidth product of 90 GHz is obtained for 
the device with a multiplication region thickness of 0.52 pm. 

MPACT ionization rates, which strongly affect perfor- I mances of avalanche photodiodes (APD’s), can be con- 
trolled by introducing a superlattice (SL) structure into the 
multiplication region [ 11. The electron ionization rate signif- 
icantly increases in InGaAs/InAlAs SL [2]. The increased 
ratio of electron ionization rate to holes increases the gain 
bandwidth (GB) product while reducing multiplication noise. 
A separate absorption and multiplication (SAM) SL-APD 
using InGaAs/InAlAs SL as a carrier multiplication region 
with an extremely low multiplication noise was fabricated 
[3]. An optical receiver using this APD has the highest 
sensitivity to 10 Gb/s signal ever reported for receivers using 
APD’s [4], [5]. 

The GB product of APD is the most important factor 
which determines the sensitivity of a receiver for an optical 
transmission system operating at a high bit rate. The GB 
product is a function of the ionization rate ratio and the 
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carrier transit time in the multiplication region. The transit 
time in the multiplication region is determined by the thick- 
ness of the region and the carrier velocity. The relationship 
between the GB product and the multiplication region thick- 
ness, however, has not been reported for SL APD. This letter 
reports the effect of the multiplication region thickness on the 
GB product for the first time. Two kind of devices with a 
multiplication region thicknesses of 0.68 and 0.52 pm are 
fabricated and the GB products of these devices are com- 
pared. The device with the 0.52 pm thick multiplication 
region has a GB product of 90 GHz. 

The epitaxial wafers were prepared by the molecular beam 
epitaxy. The layer structure is shown in Fig. 1. The non- 
doped InGaAs/InAlAs SL was grown on Si-doped n+-SL and 
InAlAs buffer layers. Three p-InGaAs layers with different 
Be-doping concentrations were grown. The first layer, the 
sheet-doped layer, had a thickness of 16 nm and a doping 
concentration of 8 x 10’’ cmP3. The second layer, the 
photoabsorption layer, had a thickness of 1.7 pm. This layer 
was quite lightly Be-doped to a concentration of 2 X l O I 5  
cm-3. The sheet-doped layer is used to control the difference 
between the electric field strength of the SL multiplication 
region and that of the photoabsorption layer [3]. The third 
layer was highly doped (1 x 10” ~ m - ~ )  and has a thickness 
of 0.1 pm. Then Be-doped p+-InAlAs window and p+-In- 
GaAs ohmic contact layers were grown. 

The well and barrier layers of SL were both 20 nm thick. 
Two kind of devices with different SL periods were prepared. 
Devices A and B had SL periods of 13 and 17, respectively. 
The total thicknesses of the SL multiplication region were, 
consequently, 0.52 and 0.68 pm, respectively. 
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