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ABSTRACT

Planar Photonic Circuits can perform many useful functions in optical communications systems, such as wavelength
division multilplexing (WDM), optical channel add/drop, fibre/waveguide coupling, and amplifier gain equalization.
They perform these functions by the interaction of the device structure with the light inside them. There are very
effective and proven numerical methods available for modelling this interaction, such as the Beam Propagation Method
(BPM), the Finite Difference Time Domain (FDTD) method, and coupled mode theory (CMT). However, these methods
work on amicroscopic level (typically the smallest distance is about 0.1 microns), but photonic circuits, on the other
hand, can occupy an entire wafer (scale: 10 cm). The analysis must span 5 or more orders of magnitude in the changein
scale. The successful analysis needs to combine the basic microscopic techniques with an approach at a more abstract,
or system, level. Itisinteresting that software designed for the analysis of optical communication systems can be
applied to planar photonic circuits. This paper shows an example of a practical photonic circuit, alattice filter, that
cannot be analysed by BPM alone. It will be demonstrated that when used with a system level analysis, the whole
device can be simulated.
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1. Introduction

Photonic circuits have much in common with electrical circuits, and so it is not surprising to find electronic techniques
being applied to the optical domain. Techniques of digital filter synthesis have been successfully adapted for optical
filter synthesis[1], [2]. Using these techniques, it is possible to design filters having specifications as close as physicaly
possible to the desired characteristics. The realization of adigital filter is only limited by what can be achieved in digita
electronic circuits. However, photonic circuits have different constraints which are related to the technology of optical
waveguides. The limitationsimposed by limits on radius of curvature are hard to define in any theory, and are more
usually addressed by an empirical or numerical approach. Optical circuits must conform to certain design rules,
waveguides usually need to be connected such that the tangents at the endpoints are parallel, and sometimes need to be
offset to reduce coupling loss due to changes in curvature [3]. When taken with limitations on the radius of curvature,
and limitations on the size of the wafer, even the geometry of the layout can impose constraints that are hard to define in
advance. Naturaly, none of thisisin the scope of the synthesis theory, and so at some point the result of synthesis needs
to be assessed by optical waveguide analysis. The analysis of optical waveguidesistypically numericaly intensive, but
usually only afew common techniques are required to address most problems, so commercial software is practical for
this part of the task [4].

In this paper we present an example of the design of alattice filter for isolation of a single optical channel defined by the
ITU grid [5]. Thisexampleillustrates the typical challenge encountered in design of planar photonic circuits. The large
scale range of the analysis (100 nm to 10 cm, 5 orders of magnitude), makes it necessary to combine microscopic
analysis methods with those on a system level. The synthesis technique used for the lattice filter was first introduced by
Jinguji and Kawachi [1], and isalso illustrated in Ref 2. The end product of the analysisin photonic circuit designisa
mask for fabrication, the application of a synthesis technique to obtain adesign isonly the first step. Therefore we
illustrate as many of the following steps as possible, showing at each stage how software can be used to aid the process.
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2. Photonic Circuit Example: Lattice Filter

As an example of adevice that needs a system kind of analysis, this paper presents a lattice filter with specs suitable for
ITU grid applicationg5]. A schematic of the layout is shownin Fig. 1.

Fig. 1, Schematic of latticefilter. risthe optical delay, ¢ the phase shift, xthe coupling coefficient.

The device takes light in the fundamental mode of the waveguide, and may enter at either of the waveguides on the left.
The lattice filter consists of a planar network of waveguides. There are regions where the waveguides become close
enough for some optical coupling, passage of light from one waveguide to the other (optical coupler). The couplers are
connected by pairs of waveguides of unequal length. The light will take alonger time to reach the next coupler on the
curved path than the straight path. Thisdelay isdenoted 1. The delay isthe samein al the waveguide pairs, athough
there may be a very short additional length that can be expressed as a phase shift, ¢. Of course, this means that the
optical delays arein fact unequal, however, as will be shown in Section 2.2, there is a huge conceptua advantage to
thinking of these lengths as equal, and accounting for the difference with a phase shift. This phase shift, attained asit is
by an additional length of waveguide, will vary with optical frequency, and is not, strictly speaking, a constant phase
shift. However, the ITU specification is anarrow band one (ranging from 197.1 to 186.7 THz), so this phase shift will
not vary significantly over the whole ITU spectrum. The coupling level (the fraction of light transferred to the other
waveguide) is not usually the samein each coupler. The lattice filter design problem is therefore to find the coupling
coefficients and phases that will achieve a useful function, such as a selective filter for optical frequencies.

2.1 Lattice Filter Analysis
To discover the possibilities with this device, the first step is to perform an elementary analysis. A schematic of one of

the couplersis shown in Fig. 2, with labels at the input and output ports of the coupler, which represent the complex
amplitude of the fundamental mode of the waveguide (an optical phasor), with al waves travelling from left to right.

Al %v—) A2
B, —> mm— ——— B,

Fig. 2, Two port coupler

The relation between the inputs (A; and B,) and the outputs (A,, B,) comes from a solution to the Maxwell equations,
which we solve by the BPM. Since the Maxwell’ s equations are linear, it is possible to form new solutions from linear
combinations of aready found solutions, and so all possible solutions can be characterized with a matrix. Two
convenient solutions to start with are those corresponding to initial conditionsA;=1andB;=0,and A;=0and B; = 1.
These solutions, when resolved into the output complex amplitudes A, and B,, form the columns of the system matrix,

S..
A8 e8] o
BZ Sc21 S(:22 B.I.
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It isusual for reference planes 1 and 2 to have their own time origins, with the time origin 2 later than 1 by the time of
transit from 1 to 2 at the speed of the optical wave. With the time origins defined this way, the matrix S does not depend
strongly on wavelength, and can usually be considered constant. In any case it isindependent of the initial conditions at
1

If the coupler iswell designed to avoid losses, it can be considered loss-less. In this case, one constraint on the matrix is

that SCT §C =1, and consideration of symmetry of the design requires the matrix be symmetric. Asaresult, the matrix
reduces to a function of one variable, K, the fraction of power that crosses from one waveguide to the other:

a5 el

B,

The output of the coupler can be cascaded with the waveguides that connect it to the next coupler. With the time
reference of the reference planes adjusted so that the straight waveguides have no contribution, the effect of the curved
waveguide is modelled by an optical delay of time T in the curved path, the differential delay. When using the digital
filter theory, it is usual to normalize frequencies by thisdelay time. If the actual optical frequency in rad/secis Q, then
the normalized frequency is written as w = Q T In the frequency domain, we use a positive definition of time, with the
actual value of field components recovered from the real part of the complex field multiplied by exp[ jQt], or exp[ jwt /
1], With this normalization and time sense, the relative delay on the curved waveguide is modelled by multiplying the

@)

phasor at the input by e 1% In matrix form, one step in the lattice can be calculated by forming the matrix product

Xn — Xn—l
|:Ynj|_sn|:Yn—1} ©

where

_J\/K—n ‘\ll_Kn 0 1

Since one step in the lattice can be calculated this way, the matrix for the whole lattice can be found by multiplying the
steps

S=SySvaSS ©)
2.2 Lattice Filter Synthesis

Lattice filter synthesis starts by employing the Z-Transform
z=¢el? (6)

The motivation for moving the analysisto the complex z plane isthat, after the multiplications of S, in (5) are
performed, the resulting four elements of Swill be polynomials of order N and N+1 in z. (The polynomialsin the left
column come out one order higher than the ones in the right column). Polynomials are more amenable to theoretical
analysis than are transcendental functions, so the system matrix is more easily understood in the z plane than in the w
plane. The polynomial can be factored into N complex roots, and the function can be understood in terms of positions of
zerosin the complex z plane. In planar circuits that contain rings (where the output of a coupler is connected back to an
input), the system matrix isarational function. It consists of afinite number of poles as well as zeros, and some
researchers have found this graphical interpretation useful in its own right [6].
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Suppose the matrix multiplication in (5) has been carried out, and the S;; matrix element is written out as a polynomia A
inz

Su(2)=z"A(2) 7)

where

A2 =agtaz  +a,z - tayz

8

Suppose the lattice is excited at X;, in Fig. 1 with a short optical pulse of length much shorter than t. The light will be
divided in two unequal parts by the first coupler, with afraction kg of the input power going to the lower waveguide
path, Y. Thelight that entersthe Y path will be divided again at the next coupler. Since the fraction of the pulse that
entered the X path at 0 has not yet arrived at point 1, we can predict that after the second coupler, the power of the first

pulseinthe Y path will be A (1— Kl) . One can trace this path out to Xy, and predict the fraction of power that arrives
in the first output pulse. The path being described isthe fastest path through the filter, having unit delay in the

normalized units, corresponding to a term of ztin polynomial (7). The coefficient of thistermis @, in (8). Similarly,

we can identify a slowest path, the one that goes through all N+1 delays. Therefore the output at Xy will consist of N+1
pulses, each with amplitude a,. By setting arule that the optical delay should be the same for each stage of thefilter, itis
possible to use the Z-Transform, in which the output of any such filter is characterized by Nth order polynomialsin z.

Thislinear system has the same kind of impulse response as the moving average or Finite Impulse Response (FIR)

digital filter. Inthedigital FIR filter, theinput is sampled at rate T and the digital circuit stores N samples from the
recent past. The output isformed as alinear combination of the N+1 samplesthat exist at any instant. The objective of
thedigital FIR design is the same as the optical lattice filter design: find the best choice of coefficients g, such that the
response Ay(z) approaches adesired function. Inthedigita filter design, asin thelattice filter design, it isonly the value
of Ay over the unit circlein the z plane that isimportant, since the transfer function is obtained by reusing the Z
transform, substitution (6).

This optimization problem has been solved in the digital FIR filter design. The technique implemented is known as the
Remez exchange algorithm, which isinspired from the Alternation Theorem. Briefly, thisis an observation that the best
results are obtained when the function Ay has N+2 extrema as wvariesfrom O to 1. Although initially neither these
extremal frequencies or the corresponding a, are known, it is possible to set up an iterative process whereby the extrema
are guessed at, and the resulting a, found. Once the actual extremafor that choice is found, they are used as the next
guess, and soon [7]. Theagorithm iswell known in the field of digital signal processing, and is available as
commercia software. We used Matlab, which has a toolbox for signal processing [8].

At this point, the general form of the result of any lattice filter is represented by (8), and a suitable algorithm is available
to select the unknown coefficientsin the polynomial. Once those coefficients have been selected, the lattice filter itself
(the values of the coupling coefficients at each coupler) can be reconstructed by an iterative process. The reconstruction
can be considered the solution of an inverse problem, since the system is being reconstructed from a knowledge of the
spectrum. The details of the reconstruction are not presented here, since they are well described elsewhere [1] [2, page
198 to 206].

We present an example applied to the design of alattice filter for isolation of asingle optical channel defined by the ITU
grid. The spacing between channelsis 100 GHz, and the usual requirement is to isolate the given channel from the
nearest and next nearest neighbour. This means the Free Spectral Range (FSR) of the filter should be at least 300 GHz.
The FSR is determined by the differential delay 1 in the lattice filter stages. We set 1 = 3.2 psto obtain an FSR of 312.5
GHz. In normalized units, the stop bandwidth, 100 GHz, is 0.32. High speed optical links, on the other hand, can
require 40 GHz bandwidth, so the pass band should be set, in normalized units, to 0.128. We selected N = 14 and ran the
Remez exchange algorithm to obtain the coefficients found in Table 1. When the coefficients in the second column of
Table 1 areused in (8), and the function is evaluated over the optical frequency by eval uating the function over the unit
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circlein the z plane, as suggested from the substitution Z = el?, avery good approximation to an ideal band pass filter
isobtained. However, upon checking the maximum value of the transfer function, it is found to be slightly greater than
1, + 0.236 dB. Whilethisisnot aproblem in digital filter synthesis, it does pose a problem for optical filter synthesis.
The proposed optical filter is a passive device, and so the transfer function must be less than or equal to 1 for all
frequencies. The usual choice isto modify the Remez exchange result by reducing all coefficients by a common factor,
S0 as to obtain a maximum transfer function of unity. The coefficients normalized this way are shown in column 3 of
Table 1.

n | an normalized a, | Ky (O
0 | -0.02681 | -0.02609 0.99868 -
1 | -0.02655 | -0.02584 0.00349 -TT
2 | -0.01534 | -0.01492 0.00502 0 0
3 | 002169 | 0.02111 0.00165 | 0 i /SN
2 | 0.08197 | 0.07977 000280 | / \ a1 !
5 0.15052 | 0.14649 0.04434 0 0 ] \
6 0.20514 | 0.19965 0.14503 0 . 5 / \ ,m/ PR m\w
7 0.22600 | 0.21994 0.20877 0 Q
8 0.20514 | 0.19965 0.14503 0 v; »
9 | 0.15052 | 0.14649 004434 |0 S / \
10 | 0.08197 | 0.07977 0.00280 0
11 | 0.02169 | 0.02111 0.00165 T =1 [\m(\ /\ m, V\ mm /\
ig _88;222 _882222 8883; 8 40-1 ~(;.8 As 5.4 52 6 012 014 016 08 1
14 | -0.02681 | -0.02609 000132 |0 Normalized Optical Frequency, &/t
Table 1, The coefficients of the lattice filter
polynomial and the required coupling coefficients Fig. 3, The expected spectral response of
and phase shifts the lattice filter

The expected transfer function is shown in Fig. 3. The passhand has a maximum insertion loss of 0.5 dB, and the stop
band rejection ratio is greater than 31 dB.

Applying the synthesis of algorithm of Ref 1 gives the coupling coefficients and phase shifts for the lattice filter, shown
incolumns 4 and 5 of Table 1. To begin the synthesis algorithm, it is necessary to find a suitable polynomial for the
other arm of the lattice filter, corresponding to the matrix component S,;. This polynomial is not arbitrary, but it is not
unique either, it must be selected among alist of possibilities. The possibilities come from the observation that the
product of determinantsis equal to the determinant of productsin the multiplication in (5), and the determinant of the
system matrix is known in advance, owing to the unimodular property of the coupler matrix. The other polynomial can
be constructed by selecting N roots from the 2N roots available. The selection process is known as spectral factorization,
and our solution was found by selecting the roots found inside the unit circle. The synthesis algorithm works by taking
advantage of the fact that it is easy to gain information about the first and last coefficientsin the polynomial Ay, since
there is only one path through the filter that has the minimum or maximum delay. For thisreasonit is easy to determine
the coupling coefficient and phase delay of the last coupler. Once the details of the last coupler are found, the system
matrix for the lattice with N- 1 stages is found by multiplying by the single stage system matrix Sy.; *. Once this system
matrix for the shortened-by-one-stage filter is found, the process is repeated to find the next stage, until the wholefilter is
reconstructed.

One feature of the solution obtained from the synthesis algorithm is that all the coupling coefficients are small, with the
exception of the first one, which is close to unity (all power crossing over). Aswill be shown in Section 2.5, a small
value of coupling coefficient can be realized more reliably than alarge one, so the spec of the first coupler is undesirable.
On the other hand, if the input is changed from X;,, to Y;,, and the coupling coefficient set to 1- K, (and the Tt phase shift
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removed), the same optical transfer function will be obtained. The device with smaller coupling coefficients should be
easier to fabricate, being less sensitive to fabrication errors.

2.3 Photonic Circuit, System Level Analysis
Photonic circuits such as the lattice filter can be analysed by employing a suitable system level CAD, such as

OptiSystem [9]. The CAD has alayout in which the optical elements, such as couplers, phase shifts, and optical delays
can be placed and connected in the appropriate way. Fig. 4 shows
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Fig. 4, Schematic for System Level analysis of a photonic circuit

the layout of the circuit of Table 1. The couplers, phase shift, and delay components are dragged and dropped into the
layout, the parameters are set through dialog boxes that address each component, and the terminals on the components
are connected in any way, provided that inputs are connected only to outputs and vice versa. The component Optical
Filter Analyser in the upper |eft part of the layout sends an optical signal of unit amplitude out, and compares this with
the return wave. Thisanalysisisin the wavelength domain, the output is scanned over a range of wavelengths, and the
result is, of course, the same as the theoretical design of Fig. 3.

OptiSystem analysis can a so be done in the time domain. Since the lattice filter has a simple response to a short pulse, it
is useful to replace the source of Optical Filter Analyser in Fig. 4 with ashort pulse optical source, and then observe the
result in the time domain, as shown in Fig. 5.

Power (W)
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——— ——
mm— ———
0m 40

20m
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30p 40p s0p
Time (s}

Fig 5, Short pulse input to the circuit, and resulting time response. In thissimulation, the bit rateis set to 390 GB/s,

so the pulse width of 0.3 bit in the pulse generator creates a sub-picosecond pulse, to clearly resolve the coefficients of
the Z transform polynomial.
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There are 15 pulses on the output, corresponding to the 15 coefficientsin the polynomial (8). The amplitudes of the
pulses are equal to the squares of the coefficientsin the third column of Table 1. So far, the simulation by software
simply confirms the synthesis algorithm result. However, in section 2.6 the parameters will be changed to simulate the
effects of errorsin fabrication.

2.4 Photonic Circuit, Device Level Analysis

The ultimate aim of the design is a mask to use for fabrication of the device. The above analysis has provided some of
the basic specifications for the design, such as the required optical delay and the coupling coefficients for the couplers.
However, these specifications must be achieved in an optical circuit that conformsto certain design rules. The
waveguides need to be connected such that the tangents at the endpoints are parallel, and the limits on the radius of
curvature and possible bend coupling losses need to be investigated. For this task a software specialized to optical
device design, such as OptiBPM [9], can be used to advantage.

We choose values typical for waveguides made in silica, with a cladding index of 1.480 and coreindex of 1.500. The
waveguide cross section isasquare of 4 x 4 um. At aan optical wavelength of 1.55 um, OptiBPM predictsthisisa
single mode waveguide with modal index 1.49007. OptiBPM can predict loss and other effects of bending by direct
simulation of a curved waveguide, but the best results are obtained by applying the conformal mapping method [10-12].
This method uses conformal mapping in the complex plane to transform a curved waveguide in the original coordinate
system into a straight waveguide with a modified refractive index in a new coordinate system. The transformation is
very convenient for the BP method because, in the new coordinate system, the problem is paraxial, and the bend can be
maintained for as many revolutions as desired. In practice, the bend is propagated until the power lossis large enough to
make an accurate estimate of the bend |oss.

Refractive Index

Power
06 07 08 09

05

0 2000 4000 6000 8000 10000
Distance

Fig 6, Bend loss estimation by Conformal Mapping method. On the left is the perturbed refractive index
corresponding to a bend radius of 1 mm, on theright isthe power in the calculation window as a function of
propagation distancein microns.

When the waveguide is bent, the mode travels a greater distance with increasing radius. The conformal mapping method
works by increasing the refractive index to make the optical distance greater at larger radius. The mode responds by
leaking into the region of greater index, simulating the loss of light from abend. The power curve shows some
discontinuity at the position where the bend begins. Thisis atemporary response due to the coupling from the straight
waveguide mode field pattern to the bent waveguide mode field pattern. After this, the power loss settlesto an
exponential decay, and the loss coefficient can be estimated from the rate of decay. Asseen from Fig. 6, a bend radius of
1 mmistoo small for thiswaveguide. At alarger bend radius, 3 mm, the bend loss was found to be negligible (about le-
6/ cm). However, even at this bend radius, there isa small coupling loss, about 0.02 dB. Thislossisimportant because
it is experienced every time the waveguide changes its curvature. Secondly, it will be about twice this size at the points
of inflection of the S bends used to make the delayed path. Since there are 14 stages in the filter each with 4 changesin
curvature, thisloss will accumulate to 1.6 dB. Numerical experiments suggest that introducing a waveguide offset of
0.08 um can reduce the coupling loss in dB by an order of magnitude. Third, thisloss accumulates only in the curved
path, so its effect will be add distortion as well as contributing to theinsertion loss.  This problem with asymmetry
could be overcome by introducing similar losses in the straight path by putting offsetsin that path as well, if necessary.
In that case the loss would contribute only to insertion loss, and not to degrading the other filter specifications.
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The BPM analysis of the bent waveguide will show another important feature, the modification of the modal index by
the curve. This can be observed directly by noting the change in phase of the wave asit propagates through the
conformal region. The reference index is set to the modal index of the straight waveguide, but alinear decline of phase
over 1 cm of —1.722 was observed. This decline can be used to calculate the modal index of the bent waveguide.

Writing N, for the straight modal index and N’ for the bent one, A@ = k(n, —n')L , which implies

n'=ny,—AA@/ 27t . Theresultis N = 1.49011, a change in modal index of about 4.2 e-5. It isinteresting to

compare this with the thermo-optic effect, since tuning of such devicesis often achieved by local heating of different
parts of the circuit. In silicaa reasonable value for this coefficient is 8.3e-6 / °C, therefore the effect of the bend
corresponds to a temperature shift of about 2 °C. If temperature based control greater than 2 °C is expected, the effect of
the waveguide bend on modal index could be neglected in this example.

The next task isto create a suitable layout for the circuit given the constraint of radius of curvature. The essential feature
isthat the curved path in Fig. 7 needs to give the required time delay of 3.2 psfor the loops without phase shift. This

delay is expressed as an optical path length by multiplying by the speed of light, S, =C7 =959.3364m. The
required optical length for the 3.2 ps delay plus a phase shift of 1Tis 960.121 um.

Fig. 7, Geometry for one of the loops of the lattice filter. The radius of curvature of the circular arcs, R is reduced
by the waveguide offset, a.

Writing the waveguide offset as a, and the original radius of curvature as R, the geometry of the lattice filter loop comes
from solving the following transcendental equation for the angle, 6

4Rnsin@+s,—-4n'(R-a)8 =0 ©)

The total length of the device can be shortened by bending the straight waveguide in an arc with radius R in the 8" lattice
stage. The resulting layout can be fit in awafer of length 7 cm. Due to the scale of the layout, it is not possible to see
certain details, such as the waveguide offsets at the junction where waveguide curvature changes, and that in each of the
couplers the minimum waveguide separation is different, to achieve the required coupling coefficient for each stage.

0,000 1 10000,000 20000,000 30000, 000 40000,000 50000, 000 60000, 000 F0000,000
ST I v W T T o o ot WU i R oo e O

)

0,000
Lo i |I||||@

-10000,000

Fig. 8, Thelattice filter mask layout. Scalein microns.
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2.5 Sensitivity Analysis, Device L evel

Onthe devicelevel, it is possible to investigate the sensitivity of device performance on the inevitable errorsin
fabrication. Although theoretical models cannot model all possible deviations from the ideal, some deviations, such as
those caused by an error in waveguide width, can be estimated. We assume the accuracy of the lithography process to be
+0.1 um, and then repeat calculations of modal index and coupling coefficient to estimate the departure from the ideal
value. The numerical analysisis used to determine the sensitivity of the parameter to the variation of the process
variable. In thisexample, the rate of change of coupling coefficient with respect to waveguide width, m, is calculated.
The RMS value of the coupling coefficient is then m times the RM S value of the width. This variation depends on the
coupling coefficient itself, because the higher coefficients are obtained by making the waveguides in the coupler closer
together. This proximity makes the coefficient more sensitive to variations in waveguide width. Table 2 shows the
design value for each coupling coefficient and the RM S variation expected for each.

n Kn RM S(Kp)
0, 14 001324 4.23e-6
1,13 .003492 1.97e-5
2,12 .005018 4.32e-5
3,11 .001653 1.43e-6
4,10 .002796 9.94e-6
5, 9 044342 9.48e-4
6, 8 145027 3.85e-3
7 208767 6.09e-3

Table 2, RM S variation of coupling coefficients, calculated from variation of waveguide width. The waveguide width
deviated from the design value by 0.1 zm, with a uniform distribution.

The sensitivity of the modal index to waveguide width variation can be calculated in the same way. In fact, the
necessary data, the rate of change of the modal index with waveguide variation, comes as a byproduct of the BPM
calculation of table 2. The software automatically calculates and reports the modal index in order to set the reference
index for the coupler calculation. From this data it was calculated that the rate of change of modal index with respect to
waveguide width is 0.001578. Calling this slope m, and assuming a uniform distribution of waveguide width error, the

RMS variation of the modal index should be m(O.l)/ \/§ =9.1e-5. Itisinteresting to note that in thermo-optic terms,

this variation should correspond to a temperature variation of about 10 °C. This variation in modal index is translated
into variation of differential delay in the stages of the lattice filter. If L isthe physical length difference in one of the

lattice filter stages, thenthedelay is T =nNL/C. The RMSvariation of the delay is therefore

RMS (7) = %RMS (n) = rw = 0.19 fs (10)

2.6 Sensitivity Analysis, System Level
The sensitivity of device level properties to an expected fabrication error has been calculated in the previous section.

These results are now fed back to the system level analysisto calculate the expected errorsin the end result — the transfer
function of the filter.
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Figure 9, spectral response of thefilter, as calculated by OptiSystem, including the error bars at the pass band and
stop band.

During the system level analysis, the transfer function of the filter was cal culated 5000 times using the parameters from
Table 2. At the end of the calculation the standard deviations of the filter characteristics were calculated. The deviations
of the filter characteristics were 0.025 dB for the insertion loss at the pass band frequency, and 3 dB for the rejection at

the stop band frequency. Figure 9 presents the transfer function of the filter and the error bars at the pass band and stop
band.

3. Conclusions

Using the techniques of digital filter synthesis, it is possible to design filters with very good specifications. Although the
theory does not address many practical issues, there are many analysis techniques that can fill the gap to provide the
necessary constraints. In the assessment of areal device, the synthesis technique alone will probably not be sufficient.
Thisis because most synthesis techniques will follow some (in the end, arbitrary) rule to simplify the solution space. In
the case of the lattice filter, this rule was that the delay in the lattice stages should be the same for each stage. Thisrule
permitted the Z transform formulation and lead to a simplified solution space in which it is possible to construct an
optimum design. Inthereal device, dueto errorsin fabrication, there islikely to be some deviation in delay from one
stage to the next. Assessing the error introduced by this deviation is not possible from within the formulation that
employsthe Z transform, since the formulation precludes this variation a priori. Nevertheless, software-enabled
numerical analysisis practical and can answer the questions not addressed by the synthesis technique.

We have designed alattice filter for an application of isolating an ITU channel from its neighbour and next nearest
neighbours. The pass band insertion lossis limited by 0.5 dB, and the stop band rejection is greater than 31 dB. We
calculated the error from expected variations in processing (waveguide width). We conclude the effects from this error
should be small, only 0.025 dB in the passband and 3 dB in the stop band.
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