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Abstract—A synthesis algorithm which generates the set of
coupling ratios required to produce a desired time-domain win- Iy
dow response using an all-optical Mach—Zehnder lattice network
is presented. The analysis assumes incoherent interference of
the lightwaves within the structure. The window coefficients are
dictated by the coupling ratios of the couplers forming the lattice,
leading to a simple structure comprising only passive components.
Since its impulse response (IR) is finite, the filter will be stable,

and the algorithm isf Chapab'e. of generating g‘ Wideb raggeTﬁf The structure used by the design algorithm is the sim-

responses in terms of their extinction ratios and passbands. e . .

theory has been validated by experiment. plest of the aII—opUpaI FIR topolqgles, the feed-forwarq, or
Mach—Zehnder lattice [1]. This is presented along with a

Fig. 1. The Mach—-Zehnder lattice topology with unit delay length

Index Terms—Microwave filters, optical-fiber delay lines. new and rigorous analysis of the optical-intensity impulse
response (IR), and its relationship with the coupling ratios
|. INTRODUCTION in the structure. Based on the results of this analysis, a novel

technique for synthesizing symmetrical time-domain IR’s is

T HE ANALYSIS of all-optical structures for microwave then described, and a set of the algorithm’s output values is

signal processing has been the subject of much reseatflluded. Finally, the results of the microwave characterization

over the past decade [1]-[3]. However, it is only recently thatf such a structure are shown and discussed
the synthesisof such structures has been considered [4]-[7]. '

Synthesis of infinite impulse-response (lIR) filters using pos-
itive coefficients was considered in [4]. The limitations of
positive coefficient IR design were overcome in [5], [6] by
employing differential optical detection. Nevertheless, thede Analysis
methods still lead to complex IIR structures—the stability of A single optical Mach—Zehnder section consists of two
which cannot be guaranteed. Finite impulse-response (FifRdectional couplers separated by two unequal optical paths. A
structures on the other hand are always stable. Synthagigch—zehnder lattice is produced when several such sections
techniques for FIR optical delay-line filters were presented itre cascaded [1], as in Fig. 1. In the analysis which follows, the
[7], using cascaded fixed coupling rafie j (j > 2) couplers, couplers are optical-fiber directional couplers whose behavior
and in [8], which relied upon optical amplifiers to generate the modeled using [1, eqg. (3)]. The unit time delay—the
coefficients. The disadvantage of such an approach is that #ierence between the two path lengths—introduces a factor
use of optical amplifiers significantly increases the cost aedl »—! to the path transmittance, and is realized by a length
complexity of the filters. In contrast, the synthesis techniqusg optical fiber. Assuming the input port to be the upper arm
presented in this paper allows FIR structures to be designsitthe first coupler, we shall now consider the general form of
which incorporate only passive components. The resulting alle IR of this structure. For a lattice containidg couplers,
optical microwave filters are, therefore, robust, economicahere are, in total2®™—1 possible forward paths between the
and simple to manufacture. By ensuring incoherent opticaput port and each of the output ports. Since each of these
interference, the output impulses of the filter are restricted paiths must pass once through each of the couplers, wittrthe
positive-only values. This then allows the application of datoupler introducing a transmittance factor of eittigrwhen
windows (which have all-positive coefficients [9], [10]) to thehe path couples across the coupler(b# ;) when the path
synthesis problem. travels directly through it, the magnitude of each of the path
transmittances will be a product @&f factors, such that

Il. THE MACH—ZEHNDER LATTICE
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output impulses in such a way that thth output impulse T] "I
is the sum of the transmittances of all those forward paths ) T
introducing (¢ — 1) unit delays. For anV coupler structure k=0.5 k ke 2 =05 f

there areN such output impulses. The upper and lower arni[ﬁ/vmw == %\ i o
impulse IR’s are, therefore, both of the form X NI

N
H(z) =Y @)z ) thﬁ
=1

Fig. 2. The Mach-Zehnder lattice topology adapted to produce a symmet-

where h(i) is the magnitude of théth impulse of the IR. rical time-domain response.
The binomial nature of the structure means that the number
of paths contributing to each of the output impulses followgyner and lower arms of the structure. Neglecting losses, once
the coefficients of Pascal’s triangle, so that in fiecoupler ihjs s the case it will remain so throughout the lattice, because
structure, theth impulse will be the sum af products, where ¢ e reciprocal nature of the coupler's behavior, giving

n— N! ' ' 3) N N

(i — DN =i+ 1)! > hi(@) =" ha(i) = 0.5. @)

The coefficients are relatively straightforward to generate, but i=1 i=1
the resulting impulses are clearly nonlinear with respect Raths that differ only in the way they traverse the first coupler
the values ofk;, and as the order of the filter responsaill now have equal transmittances, and so, from (5) we can
increases so does the complexity of the synthesis probleseduce
However, by a qualitative consideration of the general IR of a . .
structure incorporatingv optical-directional couplers, several hu(i) = (N +1=1) (8)
conclusions can be drawn, which are the theoretical basis\@fi-h means that the IR in the top arm is a reversed version
the algorithm to be presented. of that of the bottom arm, when the impulses are analyzed at
Firstly, by conservation of energy the output of any of the couplers. This, in turn, means that

N the IR at the lower port of any of the couplers in the main
Z(hu(i) + hy(d)) = 1. (4) Mach-zehnder chain is both reversed and delayed by the unit
i=1 time delay in comparison with that in the upper arm.

Secondly, we consider the effect on any single-path transmit-Finally, the ratio of the first output impulse to the last is
tance of altering the way in which the path crosses the firgow solely determined by the final coupling coefficient, i.e.,
of the couplers, from direct to cross-coupling vice versa from (6) and (8)
If this alteration is imposed on one of the paths there are two (1—ky)
effects. Firstly, all the delays that were included in the original ha(1) = ———hu(N). 9)

. N
path are now omitted, and conversely, all the delays that wer

omitted are included. Secondly, the path will now terminat ‘has been shown that whein = 0.5, the IR of the lower

on the other output port. This observation can be formaliz%’&‘}pmésghe reverse O]f the upper OUt%UI'h” the Iog\{ercliR i.sh
using the expression elayed by an appropriate amount and then combined wit
Cy

the upper IR, the structure can, therefore, be used to generate
to(i) = tl(2(N_1) +1—4) (5) @ symmetrical IR (see Fig. 2). As windows are symmetrical,
(1-0Ch) they can be generated by using Ancoupler Mach—Zehnder
wheret, (i) is any path which terminates at the upper outp@hain to produce the first half of the window at the upper
port and contributes to output impu|3fe tl(i) is the lower output, and adding a final Mach—Zehnder section which is
output port equivalent, and’; is the first factor of the unbalanced by the delayr, and has a final coupling ratio of
magnitude oft,, i.e., eitherk; or (1 — ky). 0.5. Exploiting the symmetry of the IR in this way ensures that

By the same token, the effect of altering the way in whichn IR of (2(V —1)) impulses can be generated by a chaidvof

the path traverses the final coupler in the lattice section give@uplers, the first and last of which have coupling coefficients
Cn of 0.5. This clearly reduces the potential cost and size of the

t () = ————t(2) (6) structure. Knowing half of the window IR dictates the value of
(1-C) the last coupling coefficient in the main chain [from (9)] and
whereCly is the final factor of the magnitude ef, i.e., either knowledge of this value in turn enables the desired IR at the
kn or (1 —kn). input to the final coupler to be deduced. This then becomes the
output of the previous coupler which can be used to find the
value of the(/V — 1)th coupling ratio. The process is repeated,
gradually regressing to the first coupler in the chain, at which
In the synthesis technique presented in this paper, the fipgint all the values of the coupling coefficierits for ¢ from

coupling coefficient is given a value of 0.5, which has twa to N, are known.
important effects on the IR. Firstly, it divides all the optical The design procedure for a window response is, therefore,
power available from the input impulses equally between tlaes follows.

B. Synthesis
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Step 1) Calculate the required unit delay time from the TABLE |
desigp frequerjcy: In some cases it may be useful o Wingow T T T T
exploit the periodic nature of the intensity response Rectangular 0.2 0.25 0.3333 0.5
in the frequency domain. Triangular 0.3333 0.25 0.2 0.8333
Step 2) Evaluate the window coefficients bearing in mmd :a””'”g 8224112 (?-2256:1 %1181749 8-322
amming . . . .
that the number of impulses of the IR will be equal Biackman 03514 02395 01227 00674

to 2(x — 1) for a structure composed of a total of

x couplers. These values must then be normalized

so that their sum is 1. fe=0.35 k=024 ’“=‘”2
Step 3) Take the first half of this window to be the deagrfrE @‘( q‘@‘“

IR giving the values o (s) for i = 1 to V.

Step 4) Calculate the coupling coefficient of the final cou- #- FGIPC Uniter
pler using Fig. 3. The prototype structure showing the nominal coupling ratios used.
M1\
ky = <1 + . (10) 0.03 - . - . . T . T - .
h’ (N ) — measured

-+ theoretical

Step 5) Use this value dfy to calculate the values of the O_OQSL )
(N — 1) impulses at the input of the final coupler,
using whereh/(¢) is the new generated IR

3 o02- 1
(1 N 2kN) 7 éo.msL .
forie=2to N —1. (11) @

Step 6) Repeat steps 4 and 5 using the new IR to work ofit 001k
the preceding coupling coefficient, and so on, until
all the coefficients are known.

Step 7) Complete the structure by adding a delayNof

0.005

times the unit delay length to the output of the ) A J
lower arm of the structure, and combining this with 0 G -

. . 6 8 10 12 14 16 18 20
the output of the upper arm, using a coupler with Time (ns)

E =05
Fig. 4. Averaged time-domain response of the Mach—Zehnder lattice shown
There are some IR s that defy generation in this way. Thei@ng with the ideal Blackman window shape.

are two main difficulties which cause the process to fail to
generate a realizable final structure. One occurs when the first
and last impulses in the IR being generated are equal. This
necessitates a final coupling coefficient in the main chain of _s} —— measured
0.5, which means that as a consequence of (5) and (6) +_theoretical

hu(i) = hi(i) = hy(n+1—=49) =hn+1-14)  (12)

so that the upper-arm IR is both the same and the rever
of the lower-arm IR. This can clearly only be the case if th
upper- and lower-arm IR’s are themselves symmetrical.

The other problem arises when

1 h(%) kn
hv<g ad o) ok

because this implies negative coupling coefficients. The gen-3%f : ; : : 1
eral form of windows guarantees that neither of these situations L i S e
arise when the technique is being used to design window™3s o0& 07 08 08 1 11 12 13 14 15
responses. The rectangular window is the only window to Frequency(GH)
have the first and last impulses of half of the IR equal to om®y. 5. Comparison of the simulated and average measured optical-intensity
another, and this half IR is indeed symmetrical. Furthermorggguency response.
the increasing values of the first-half IR coefficients of all
windows ensure that the second problem is never encountettedhe required window IR and number of samples. Therefore,

The algorithm lends itself well to computer implementatiorusing the algorithm described above it is possible to pass from
It is possible to pass from the required intensity responsetimne design specifications via the appropriate window to the
terms of extinction ratio and stopband in the frequency domaitesign structure.

|
(9]
o
T
1

Optical IntensityRe
|
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The values of coupling ratios of the central couplers for tHeequency filtering functions on intensity modulated light.
best known windows for a six-coupler structure are shown the structure is attractive because it generates the window
Table | wherek; and k¢ are 0.5. coefficients using only passive components rather than relying
on optical amplification. A prototype structure has been built
and tested, with results validating the theory. The results also

[ll. EXPERIMENTAL RESULTS AND COMMENTS

show that the desired main lobe width is fairly insensitive to

A prototype structure was built using commercially avalil
able fiber-connector/physical-contact (FC/PC) connected fik{gr

patch-chords and fused tapered couplers. The coupling ratloéO
were chosen to be as close as possible to the ideal values

for the six-coupler structure which generates a Blackman IR.
The prototype structure is shown in Fig. 3 and was buil{ll
using a unit delay length of 40 cm. This corresponds to
time delay of 2 ns, or a frequency response period of 50
MHz. Measurements were made using the Hewlett-Packard
Lightwave Component Analyzer 8703A, with a Fabry—PerofB]
source at 1300 nm, which can be intensity modulated by
a microwave signal between 130 MHz and 20 GHz. Th 2
short coherence length of the source, estimated at arou d
300 im, was significantly shorter not only than the structure
unit delay, but also than the practical difference in nomiJ®
nally equal path lengths, making coherent optical interference
unlikely. The measured response is shown in the time anidl
frequency domains in Figs. 4 and 5, respectively. The time-
domain measurements show the impulses follow the windoyr]
coefficients closely for the first half of the window IR, but
show notable discrepancies in the second half. The frequencg%i)’J
domain optical-intensity response, shown around the center
frequency of 1 GHz, exhibits good agreement in the shap€!
of the main lobe, but a poor extinction ratio compared to theg)
expected value of approximately 27 dB (optical).

The shortfall in this response is believed to be due to
differences of the values in the prototype from the design
values. This is caused by three main factors. Firstly, there
is the loss in the couplers and the connectors. If the losses in
both arms of the structure were equal they would attenus
the response evenly and the extinction ratio and shape
the response would remain unchanged. However, in the ci
of the prototype, the loss is greater in the lower arm the
in the upper, as there is approximately twice the numb
of connectors in the former as there is in the latter. TF
second prototype discrepancy is concerned with coupli
ratios being inaccurate and a departure of the behavior
the couplers from the symmetrical model. This causes the
stopband floor of the frequency response to be raised in a
periodic way. The final source of error is due to inaccuracies
in the delay lengths, which are hard to avoid when using
connected components. These cause the response to ghi
slightly in the frequency domain, and again, raise the respo
floor. The effects become more pronounced as the freque
increases—unlike the periodic effects of coupler inaccuraci

IV. CONCLUSION

The passive Mach—Zehnder lattice has been rigorou
analyzed and the results used to create a synthesis algori

structure parameter errors, but that better accuracy is required

roduce a good extinction ratio.
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