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Cascaded Coupler Mach-Zehnder Channel 
Dropping Filters for Wavelength-Division- 

Multiplexed Optical Systems 
M. Kuznetsov, Member, ZEEE 

Abstruct- We describe the design and characteristics of cas- 
caded coupler Mach-Zehnder (CMZ) channel adding/dropping 
filters that select every nth channel (n = 2,3,4,. . .) from the 
wavelength-division-multiplexed (WDM) optical signal. Using the 
truncated binomial coupling weight distribution, which appears 
to be optimal, such filters achieve low (< -30 dB) sidelobe levels 
and good finesse with just a modest number of stages. We also 
show that the number of filter stages grows only linearly with the 
required filter finesse and thus the number of selectable channels. 
Such WDM filters can be conveniently implemented using the 
silicon or InP integrated optical technology. 

I. INTRODUCTION 
AVELENGTH-DIVISION-MULTIPLEXED (WDM) 
optical systems [ 11 require filters that select individual 

wavelength channels from the WDM signal stream [2]. 
Full multiplexers/demultiplexers [3], [4] direct all individual 
channels of the WDM signal into physically separate outputs. 
In contrast, channel addingldropping filters 151-[ 101 select 
certain (one or more) wavelength channels in one physical 
output, while leaving the other channels undisturbed in 
the second output. Optical channel dropping filters have 
been implemented using a number of different approaches: 
Mach-Zehnder interferometer with an output directional 
coupler [ 5 ] ;  grating-resonator-coupled waveguide filter [6]; 
grating-assisted co-directional coupler filter [7], [8]; or the 
meander coupler [91, [lo]. In this paper, we describe the 
design and characteristics of cascaded coupler Mach-Zehnder 
(CMZ) filters [ l l ]  with weighted coupling that function as 
channel dropping filters with very low sidelobe levels. 

11. COUPLER MACH-ZEHNDER FILTERS 
A Mach-Zehnder interferometer with input and output 

directional couplers [5] acts as a channel dropping filter, as 
illustrated in Fig. l(a). For 3 dB input and output couplers, the 
power transmission as a function of frequency is sinusoidal 

(1) Ti = Pl/Po = cos2 (A4/2). 

Here 
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Fig. 1 .  
channel dropping schematics. 

(a) Single-stage and (b) cascaded Mach-Zehnder (CMZ) filter with 

where ,f3 is the propagation constant of the waveguides and 
La,b are the lengths of the two arms. The filter response is 
periodic in frequency with the period, or free spectral range, 
of 

where c is the speed of light and ng is the waveguide group 
index. Because of power conservation, the two outputs PI and 
P2 are complementary 

(4) 

Thus, a WDM input stream PO with channel separation Af,/2 
will be divided between two outputs, with alternate channels 
going to the outputs Pi and P2. 

Such an optical filter can be implemented either with 
discrete optical fiberskouplers or by an integrated optical 
device [3], [4]. Using the InP integrated optical technology 
[4], we estimate that a Mach-Zehnder filter can be made with 
a period Af, = 400 GHz (3.2 nm at X = 1.55 pm), a device 
length of 4.5 mm, and low-loss waveguide bends of 2 mm 
radius of curvature. 

T2 = P2/Po = 1 - Ti. 

111. CASCADED COUPLER MACH-ZEHNDER FILTERS 

A higher finesse filter is required for selecting every nth 
channel (n = 3, 4;..) out of the WDM signal. This can be 
accomplished with a cascaded coupler Mach-Zehnder (CMZ) 
filter [ll],  as illustrated in Fig. l(b). Here, the individual 
Mach-Zehnder stages are identical (the same optical path 
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length difference A 4  between two branches). However, the 
lengths (coupling strengths) of the directional couplers be- 
tween stages need not be identical. The cascaded filter operates 
on a sim 
wavelengths such that the Mach-Zehnder optical path length 
difference A 4  is a multiple of 2?r, the device acts as one long 
coupler with the total length of 

Here, Li are the lengths of the individual couplers (i = 
1, 2, : . . , N + 1 for the N-stage filter), and we have assumed 
that the coupling coefficient 6 is the same in the different 
sections. Thus, the total length Ltot should equal one coupling 
length (dtot = 7r/2) for a full power transfer to port PI. 
Off resonance power transfer to port PI drops. Because of 
power conservation, the two outputs PI and P2 are again 
complementary. Such a cascaded filter is a direct analog of 
the grating-assisted co-directional coupler filter [7], [8] or 
the meander coupler [9], [lo]. In those cases, the optical 
path length difference between the two interferometer arms 
is achieved by the waveguide propagation constant difference, 
whereas in our case it is given by the geometrical path length 
difference. 

One can describe the CMZ filter operation using transmis- 
sion matrices for the Mach-Zehnder and the coupler sections. 
If the normalized fields in the top and bottom waveguides 
are given by a1 and u2, respectively, the ith coupler is 
characterized by its transmission matrix [12] T,(L;) 

The transmission matrix for the Mach-Zehnder two arm 
section is 

where we have dropped the common phase delay term. The 
transmission of the N-stage filter is then 

The power transmission is 

(9) 

IV. WEIGHTED COUPLER DISTRIBUTION 
For the N-stage CMZ filter, the total coupler length Ltot can 

be distributed in different ways over the ( N  + 1) individual 
couplers. This coupler length distribution controls the shape 
of the filter transmission characteristic [13], such as the filter 
passband width and the sidelobe level. A variety of continuous 
distributions has been considered in the context of grating- 
assisted filters [8], [lo], [13]. In contrast, for the CMZ filter, 
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Fig. 2. N = 5 stage CMZ filter transmission for the binomial (solid line), 
cosine (a = 0.8) (dashed line), and uniform (dotted line) coupler weight 
distributions. 

the distribution is discrete and the transformation that connects 
the weight distribution to the filter shape is different from that 
for the grating filters. Since an optimal discrete distribution 
is unknown, we have investigated several simple weight 
distributions to characterize the CMZ filters: 

Uniform: wi = 1 (i = 1, 2 , .  . . , N + I) ( 1 0 4  
(lob) Cosine: wi = cos ( T U ( ( ;  - ( N  + 2)/2)/N)) 

( 1 OC) 
N !  

Binomial: wi = B ( N ,  i - 1) = 
(2  - 1)!(N - i + l ) ! .  

The individual coupler lengths are then 

More generally, the coupler strengths of the individual sec- 
tions, given by the products Q L ~ ,  can follow the weight 
distributions by adjusting either the lengths L; or the coupling 
coefficients I E ~  of the individual sections. 

Fig. 2 shows the N = 5 stage filter transmission as a 
function of normalized frequency for uniform, cosine, and 
binomial weight distributions. The transmission is periodic and 
the frequency normalization factor is the period Af,. Clearly, 
the uniform distribution gives unacceptably high sidelobe 
levels of -8 dB, the cosine distribution lowers them to -18 
dB, while for the binomial distribution the sidelobes are very 
low at -47 dB. The lower sidelobes are achieved at the 
expense of the wider transmission peak [ 131. Sidelobe levels 
below -30 dB would be required for WDM applications. 

As we increase the number of stages, the width of the 
main peak decreases and, correspondingly, the filter finesse 
increases. For the binomial distribution, the sidelobe level 
remains below -45 dB and the transmission function 7'1 

appears to be close to 

for the N-stage filter. This is just the transmission function of 
the single-stage filter raised to the Nth power. Approximating 
the cosine in (12) by a parabola, we obtain a relation, accurate 
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Fig. 3. The required number of CMZ filter stages as a function of the filter 
finesse (-3 dB and -20 dB levels). Open and filled symbols correspond, 
respectively, to the full and truncated binomial distributions of the coupler 
lengths. Solid lines are fits of (13a) to the data. 

for large N ,  between the filter finesse F and the number of 
stages N for the binomial distribution 

N = BbF2 (134 

where 

Here, we define the finesse F as the ratio of the transmission 
period to the transmission peak width, where the peak width is 
measured at the Tf  transmission level below the transmission 
maximum. The conventional finesse is a particular case for 
Tf  = 0.5 = -3 dB. In Fig. 3, we plot with open symbols the 
number of stages N required to achieve a given filter finesse 
F for the binomial coupling weight distribution; the finesse 
is measured for both the Tf = -3 dB and the Tf = -20 
dB level. The points in the plot were obtained from the 
calculated transmission functions, while the lines through the 
open symbols are fits to (13a) with Bb = 0.25 and 1.52 for 
Tf  = -3  dB and -20 dB, respectively. Equation (13b) gives, 
correspondingly, the values Bb = 0.28 and 1.87, in good 
agreement with the fit values above. 

V. TRUNCATED BINOMIAL WEIGHT DISTRI~UTION 
For the full binomial distribution, the number of filter stages 

grows very rapidly (quadratically) as a function of the desired 
finesse [see Fig. 3 and equation (13a)l. For a practical, phys- 
ically compact implementation of the filter, a smaller number 
of stages is desired. One way to reduce the number of stages is 
found by observing the binomial distribution, e.g., for N = 10: 
{ 1 10 45 120 210 252 210 120 45 10 1). The first (and last) one 
or two weights are relatively small; these couplers contribute 
negligible power exchange between two waveguides and thus 
can be eliminated. Therefore, we introduce the truncated 
binomial distribution for the N = ( M  - 2r) stage filter 

w; = B,(M, T ,  2)  

E B( M ,  i - 1 + r )  ( i  = 1, 2, . . . , A4 - 2r + 1) (14) 
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Fig. 4. Effect of stage truncation on the binomial CMZ filter transmission. 
Filter transmission for the binomial N = 10 stage (solid line) and the 
truncated binomial ( M ,  r) = (10, 1). N = 8 stage (dashed line) and 
( M ,  T )  = (10, 2) ,  N = 6 stage (dotted line) coupler weight distributions. 

which is just the order M binomial distribution with the first 
and last r elements dropped. 

Fig. 4 shows the transmission of an N = 10 stage filter 
with full binomial weights, together with transmissions of 
(M, r )  = (10, 1) eight-stage and (M, r )  = (10, 2) six- 
stage filters with truncated binomial distributions. Truncating 
stages leaves the filter width essentially unchanged, while the 
sidelobe level rises, reaching a remarkably uniform -30 dB 
level for the (10, 2) distribution. Further truncation raises 
the sidelobe level above -30 dB. How many stages can 
be "truncated" depends on the sidelobe level allowed for a 
particular application. We have tried a number of other weight 
distributions known from the antenna array theory, such as 
Chebyshev distribution; however, none gave results as good 
as the truncated binomial distribution. 

In Fig. 3, we plot with filled symbols the number of stages 
required to achieve a given filter finesse for the truncated 
binomial coupling weight distribution. For each data point, 
the binomial distribution was maximally truncated, keeping 
the sidelobe level below -30 dB. The first point corresponds 
to the ( M ,  r )  = (7, 1) five-stage distribution, and the last one 
to the (M, T-) = (31, 10) eleven-stage distribution; note that 
the same number of stages (M- 2r) can be obtained in several 
different ways. We have observed that the -30 dB sidelobe 
level is achieved when the largest-to-smallest coupler weight 
ratio is of the order 6-7, regardless of the number of stages. 
To achieve lower sidelobes, this ratio has to be higher. For the 
truncated binomial distribution and a fixed sidelobe level, the 
required number of stages appears to grow only linearly with 
finesse, as compared to the quadratic dependence for the full 
binomial distribution. This reduction in the number of stages, 
by as much as a factor of 3 for a filter with finesse of 12, is 
very important for reducing the physical size of the CMZ filter 
in the integrated optical implementation. 

VI. THE REQUIRED NUMBER OF STAGES 

A WDM optical communication system requires channel 
adding/dropping filters that can select one out of every Nch 
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Fig. 5. Transmission of the fixed-length N = 8 stage CMZ filter with 
truncated Gaussian weight distribution; the center-to-wing ratios are t = 6 
(solid line), t = 10 (dashed line), and t = 14 (dotted line). 

channels. For the truncated binomial distribution, which ap- 
pears to be optimal, we now determine the analytical relation 
between the number N of CMZ filter stages and the desired 
filter finesse F or the channel number Nch. 

If the filter is to reject undesired channels with a cross- 
talk level of T f ,  say, -30 dB, then the number of selectable 
channels Nch is given by twice the filter finesse F as defined 
at the Tf level 

Nch = 2 .  F. (15) 

Of course, the filter sidelobes also have to be kept below the 
Tf level. 

It is well known that for large N ,  the binomial distribution 
(1Oc) can be approximated by the Gaussian distribution. Thus, 
we can approximate the truncated binomial by the truncated 
Gaussian distribution, both for convenient filter design and for 
analytically determining the number of stages dependence on 
the filter finesse. The binomial distribution (1Oc) with a mean 
p = N / 2  and variance w = N/4 can be approximated by a 
Gaussian distribution 

with i = 1, 2 , .  . . , (N + 1). The truncated binomial distri- 
bution (14) can be approximated by the truncated Gaussian 
distribution 

where i = 1, 2 , . . - , ( N  + l), p = N / 2 ,  and wt = 
N2/(81n(t)). Here, the center-to-wing ratio t of the 
distribution should be of the order 6-7 in order to achieve the 
-30 dB filter sidelobe level, as we have observed empirically. 
Fig. 5 illustrates the transmission of the N = 8 stage filter 
with truncated Gaussian weight distribution with t = 14, 10, 
and 6. For this fixed-length filter, as the center-to-wing ratio 
t of the distribution decreases, the filter transmission narrows 
down at the expense of ,the rising sidelobe levels. 

We now determine, for the truncated binomial and Gaussian 
distributions, the analytical relation between the number of 
stages N and the filter finesse F .  Approximating the full 
binomial distribution (1Oc) by the Gaussian (16), we truncate 
the wings of the two distributions so that their center-to- 
wing ratio becomes t [(14) and (17)]. Starting with a full 
binomial with M stages, after truncation, we are left with 
approximately N = Jm stages. Assuming that the 
filter shape remains unchanged (12) and only the sidelobe 
levels rise, the finesse is still given by M = Bb F 2  [see (1 3a)l. 
Thus, for the truncated binomial and Gaussian distributions, 
the number of stages N as a function of the finesse Ff  is 
given by 

where 

For the truncated distributions, the required number of CMZ 
filter stages grows only linearly with finesse and the selectable 
number of channels [see (15)l. Compare this to the much worse 
quadratic growth (13a) for the full binomial distribution. 

These dependences are illustrated in Fig. 6, where the 
bottom and top scales give the finesse F and the number of 
selectable channels N&, while the left scale is the required 
number of stages N .  The finesse reference level is chosen to 
be Tf  = -30 dB. Here, the open triangle symbols correspond 
to the full binomial distribution, and the solid line through 
them is a fit to the quadratic dependence of (1 3a). The fit gives 
Bb = 2.1, as compared to the analytical estimate of Bb = 2.8 
from (13b). The solid triangle symbols in Fig. 6 correspond to 
the truncated binomial distribution, using maximal truncation 
with sidelobes below -30 dB. The open circles correspond to 
the truncated Gaussian distribution with the truncation level 
of t = 6; here, the sidelobe level was approximately -30 
dB. In Fig. 6, the truncated Gaussian filters follow closely 
the behavior of the truncated binomial filters. As expected 
from (18a), the required number of stages grows linearly with 
finesse. The solid line through the open circles in Fig. 6 is a 
linear fit to the points. The fit gives B, = 2.5,  as compared to 
B, = 3.2 from the analytical estimate in (18b). The numerical 
estimates from (18b) and (13b) work better for the moderate 
finesse reference levels, say, Tf  z -(3-10)  dB, and are worse 
for the low levels of Tf z -30 dB, where the filter shape 
is more sensitive to the level of truncation, the exact weight 
distribution, and deviates further from the approximation in 
(12). 

VII. CONCLUSION 

In conclusion, we have described cascaded coupler 
Mach-Zehnder (CMZ) channel adding/dropping filters for 
use in WDM systems. Such filters allow selection of every 
nth channel (n = 2, 3, 4, . . .) from the WDM signal with very 
low (< -30 dB) cross-talk levels. Channel dropping function 

Authorized licensed use limited to: Johns Hopkins University. Downloaded on October 19, 2009 at 17:34 from IEEE Xplore.  Restrictions apply. 



230 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 12, NO. 2, FEBRUARY 1994 

REFERENCES 

[ l ]  I. P. Kaminow, “FSK with direct detection in optical multiple-access 
FDM networks,” IEEE J. Select. Areas Commun., vol. 8, pp. 1005-1014, 
1990. 

[2] J. Stone and L. W. Stulz, “Pigtailed high-finesse tunable fiber 
Fabry-Perot interferometers with large, medium and small free spectral 
ranges,” Electron. Lett., vol. 23, pp. 781-783, 1987. 

[3] C. Dragone, C. A. Edwards, and R. C. Kistler, “Integrated optics N x N 
multiplexer on silicon,” IEEE Photon Technol. Lett., vol. 3, pp. 896-899, 
1991. 

[4] M. Zimgibl, C. Dragone, and C. H. Joyner, “Demonstration of a 15 x 15 
arrayed waveguide multiplexer on InP,” IEEE Photon Technol. Lett., 
vol. 4, pp. 1250-1253, 1992. 

[5] A. Yi-Yan, R. J. Den, M. Seto, and R. J. Hawkins, “GaAsIGaAlAs 
asymmetric Mach-Zehnder demultiplexer with reduced polarization 
dependence,” IEEE Photon. Technol. Lett., vol. 1, pp. 83-85, 1989. 

[6] H. A. Haus and Y. Lai, “Narrow-band optical channel-dropping filters,” 
J. Lightwave Technol., vol. 10, pp. 57-62, 1992. 

[7] R. C. Alferness, L. L. Buhl, U. Koren, B. I. Miller, M. G. Young, T. 
L. Koch, C. A. Burms, and G. Raybon, “Broadly tunable InGaAsPhP 
buried rib waveguide vertical coupler filter,” Appl. Phys. Lett., vol. 60, 
pp. 980-982, 1992. 

[8] H. Sakata, “Sidelobe suppression in grating-assisted wavelength- 
selective couplers,” Opt. Lett., vol. 17, pp. 463465, 1992. 

[9] C. Bomholdt, F. Kappe, R. Muller, H.-P. Nolting, F. Reier, R. Stenzel, 
H. Venghaus, and C. M. Weinert, “Meander coupler, A novel wave- 
length division multiplexer/demultiplexer,” Appl. Phys. Lett., vol. 57, 

[lo] H. Venghaus, C. Bomholdt, F. Kappe, H.-P. Nolting, and C. M. Wein- 
ert, “Meander-type wavelength demultiplexer with weighted coupling,” 
Appl. Phys. Lett., vol. 61, pp. 2018-2020, 1992. 

[ l  11 C. H. Henry, unpublished. 
[12] H. Haus, Waves and Fields in Optoelectronics. Englewood Cliffs, NJ: 

Prentice-Hall, 1984. 
[13] P. S. Cross and H. Kogelnik, “Sidelobe suppression in corrugated 

waveguide filters,” Opt. Lett., vol. 1, pp. 4345 ,  1977. 

pp. 2517-2519, 1990. 

NUMBER OF CHANNELS, N Ch 

0 1 2  3 4 5 6 7 8 9 10 
18 1 1 1 1 1 1 1 1 ,  

z 14 1 6 L  f N = B ~ .  F 
\r 

FINESSE, F (-30dB) 

Fig. 6. Number of CMZ filter stages required for the given number of 
selectable channels or the finesse. Shown are dependences for the full binomial 
weight distribution, truncated binomial and Gaussian (t = 6) distributions, 
and the quadratic and linear fits to the two dependences. The finesse is 
measured at the T f  = -30 dB level. 

of the CMZ filters is periodic, which can be advantageous 
for certain applications. Using weighted coupler lengths with 
truncated binomial distribution, which appears to be optimal, 
relatively few stages are required for a filter with good finesse 
and low sidelobe characteristics. The truncated Gaussian 
distribution can be used conveniently to approximate the 
truncated binomial distribution in designing such multistage 
filters. Importantly, we have shown that the number of CMZ 
filter stages grows only linearly with the required finesse and 
thus the number of selectable channels. This is important for 
keeping down the physical size of integrated optical CMZ 
filters. Physical device size will limit the ultimate number of 
stages and the achievable finesse of these filters. Integrated 
optical technology on silicon [3] or InP [4] can be used to 
implement the CMZ channel dropping filters and, perhaps, 
integrate them with other optoelectronic devices. 
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