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Abstract

A multi-objective genetic algorithm is tailored to optimize the design of a wavelength
interleaver/deinterleaver device. An interleaver combines data streams from two physical
channels into one. The deinterleaver does the opposite job. The WDM requirements for
this device include channel spacing of 50 GHz, channel bandwidth of 20 GHz, free spectral
range of 100 GHz, maximum channel dispersion of 30 ps/nm, and maximum crosstalk
of —23 dB. The challenges for the optimization process include the lack of a closed-form
expression for the device performance and the trade-off between the conflicting perfor-
mance parameters. So, for this multi-objective problem, the proposed approach maneuvers
to find a compromise between the performance parameters within a few minutes, saving
the designer the laborious design process previously proposed in the literature, which
relies on visually inspecting the Z-plane for the dynamics of the transmission poles and
zeros. Designs of better performance are achieved, with fewer ring resonators, a channel
dispersion as low as 1.6 ps/nm, and crosstalk as low as —30 dB.

Keywords: SOI; silicon photonics; WDM,; interleaver; multiplexer; optimization

1. Introduction

Integrated optics continue to progress in various directions. One focus is the quest of
new materials with tailored optical properties [1,2]. Another involves circuit design, includ-
ing, for example, electro-optic modulators [3-7], filters [8], mid-infrared structures [9-11],
gyroscopes [12,13], switches, grating couplers, optical crossing structures [14], spot size
converters [15,16], vertical coupling [17], edge coupling [18,19], reflectors [20], polarization
splitters [21,22], polarization rotators [23-25], logic gates [26], sensors [27-33], and light
detection and ranging (LiDAR) devices [34]. The third direction includes design techniques
that have evolved from simple calculations [35] and modeling to numerical simulations [36],
optimization techniques, and machine learning [37—41]. One particularly intriguing device
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that has garnered significant attention is the wavelength interleaver/deinterleaver cir-
cuit [42]. The interleaver combines two different data streams to travel along one physical
channel. The deinterleaver circuit separates two data streams from one into two physical
channels. Typically, a single structure can switch from one function to another by reversing
the data flow direction. The design must adhere to wavelength division multiplexing
(WDM) requirements. These latter include channel spacing of 50 GHz, free spectral range
(FSR) for one channel of 100 GHz, channel 3 dB bandwidth of at least 20 GHz, maximum
channel crosstalk of —23 dB, and finally maximum channel dispersion of 30 ps/nm [42].

An interesting design approach was presented in [42]. In this approach, the de-
sign revolves around studying circuit transmission in the Z-domain. Single-mode
waveguides are employed. The ring circumference, R, is defined through the relation
FSR = 5—¢x- = 100 GHz, where N, = 4 is the group refractive index, which is dictated
by the technology of fabrication [43]. The design parameters are then the coupling coeffi-
cients for the circuit components, ring resonators, and buses. Then, adjusting the coupling
coefficients manipulates the transmission poles and zeros until they are placed as closely
as possible to the desired locations on the Z-plane. However, despite being an insightful
approach, it is tedious and time-consuming to rely on the visual inspection of the dynamics
of the poles and zeros. Furthermore, this complex approach makes it challenging for the
designer to inspect other designs with different structures or numbers of rings.

In this work, an alternative design approach based on the genetic algorithm
(GA) [38-40,44-51] using MATLAB 2024a is introduced along with a competitive final
design for the interleaver/deinterleaver. Using the GA in silicon photonics design con-
tinues to prove very attractive and useful in the literature [47,52-54]. However, applying
the GA to this specific problem is not straightforward. The classical GA approach requires
careful modification to overcome two main core challenges in this design. The primary
challenge lies in striking a balance between various conflicting performance parameters
to find the best design. For instance, increasing the bandwidth results in more overlap
between the channel transmission spectra, and hence worse crosstalk, and vice versa. In
other words, optimizing one parameter for the best possible performance may lead to
the deterioration of another performance parameter. Therefore, pursuing the best value
for each parameter individually is a pitfall for such a problem. The other challenge is
that there is no closed-form analytical expression that relates the output to the input in
this photonic circuit. The calculations are based on matrix multiplication and numerical
analysis. In short, this is a multi-objective optimization problem with no characteristic
equations. Therefore, in this work the classical GA approach is specifically tailored to
handle the complex design. The approach proposed here favors the smallest, and not the
largest, acceptable value for each parameter to the parent of the next generation. As the
calculations progress from one generation to the next, the new generation becomes closer to
finding a ‘middle ground’ for all of the device performance parameters and, consequently,
catching a viable solution where all, not some, of the conditions are met. The result of
this approach is a circuit design with five ring resonators instead of seven, as in [42], yet
maintaining a competitive performance. The proposed GA approach saves time and effort,
as it catches the best design within minutes for a regular laptop with 12 GB of RAM and an
Intel(R) Core(TM) i5-8250U CPU @1.60 GHz processor. There is no need to visually inspect
the Z-plane for the dynamics of poles and zeros.

The structure of this work is outlined as follows. In Section 2, the circuit structure
in [42] is quickly reviewed. Section 3 delves into the new genetic algorithm (GA) approach,
offering a comprehensive presentation of its methodology. In Section 4, the new design of
the interleaver/deinterleaver circuit is discussed before concluding in Section 5.
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2. An Overview of the Interleaver Circuit

The device configuration of interest [42] is shown in Figure 1. This device has two
stages. The rings in the entire structure are identical, with the same radius R. The first
section, to the left of the figure, is known as the parallel-cascaded micro-ring array [55] and
as “side-coupled integrated spaced sequence of resonators”, or SCISSORs [56]. The number
of rings in this section is given by N;. Here, the rings are not mutually coupled but instead
each ring is coupled to two bus waveguides. The distance from the center of one ring to
the next is the same and is designated by L;. Typically, L; is set to L, = 7R to attain Bragg
reflection peaks [56]. In the second section, the rings are coupled to one another and are
sandwiched between two bus waveguides. This section appears to the right in Figure 1
and is known as coupled-resonator optical waveguides, or CROWs [57], and its number of
rings is given by N.

R

——1

Drop port The SCISSOR section -~ =
: ‘ O |
a \ ®
= ' e
O O |;
9]
X - 2
I [ )3 ] g
Input port < >< > E,,  Throughport 3

Ein Lb Lb Er

Figure 1. A schematic of the interleaver/deinterleaver circuit. The SCISSOR stage comprises three
equally spaced rings to the left, while the CROW stage is composed of two rings to the right.

As shown in Figure 1, mixed data streams, given by the input electric field E;;,, enter
at the input port to split into two distinct channels, referred to as the through and the
drop ports with the fields E, and Ej, respectively. This configuration represents the device
operating in the deinterleaving mode. The interleaver action takes place by reversing the
data flow direction. The through field of the SCISSOR section, Es, serves as the input to
the CROW section. The drop field at the CROW upper bus, E;, is irrelevant in the context
of this work. Also, it is worth noting that there is no electric field at the ports with no
arrows in Figure 1, i.e., the right port of the SCISSOR top bus and the left port of the CROW
upper bus.

Such structures are generally analyzed using the matrix formalism. For the SCISSOR
section of N; rings, while neglecting the CROW section in Figure 1, the formulation goes as
follows [55]. There are only three electric field components to consider: the input electric
field, E;;;, the lower bus through the electric field before the CROW section, E;s, and the
upper-bus output or drop electric field, E;. As previously mentioned, there is no electric
field at the upper right port of the SCISSOR section. The field E;s is then the input to the
CROW section. The scattering matrix, M, representing the relation between the SCISSOR

fields, is given by:
Ein Eys
=M p 1
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where:
N;—1
M, = (Hn:l (Tsps)n) X Tstr )
1 1-— rlnrme’i‘s —klnkune_%
Tpm— - L ©)
Tin — Tun€ ki kyne™ 2 Yiplun — €
el‘&b O
Ps, = [ 0 % ] 4)

In this context, n corresponds to the ring order in the SCISSOR section, with n = 1
for the leftmost ring (closest to the input field), while k;,, and r;,, represent the field cross
and transmission coupling coefficients between ring n and the lower bus waveguide,
respectively. Similarly, k,,;, and r,, are the cross and transmission coupling coefficients
between ring n and the upper bus, respectively. These coefficients are related to one another

through r, ,,,, = (1 —k?

Tou n) . The values for the coupling coefficients are determined

for each ring according to the coupling apodization discussed below. The field propagation
loss and phase are accounted for using § = (ZK—:“ - %) L for one trip of the field around

the ring and 9, = (2%” - %) Ly, for the field propagation from one ring to the next through

the bus. Here, A, is the free-space wavelength, . is the effective refractive index of the
propagation mode, « is the power loss coefficient, and L is the ring circumference. As
mentioned above, L, = R = %, which means that §, = %. Note that since L and L; are
constant values for the whole structure, the matrix P; is the same for any ring n.

Then, for the SCISSOR section, the through field transmission coefficient, p;, is given by:

Eys 1
=—_—= . 5
s Ein M1y ©)
And the drop field transmission coefficient, T, is given by:
E
r= i _ Mo 6)
Ein M1y

Note that since the CROW section does not contribute to the drop transmission, T is
calculated solely based on the SCISSOR design.

Regarding the CROW section, the formulation proceeds as follows [55,58,59]. The
input to the CROW section is the through field from the SCISSOR section, E,;. There are
two output fields. The field of interest is the through field, E,. The other field at the CROW
upper bus is the CROW drop field, E;., which is irrelevant in this work. As mentioned
above, there is no field present at the left port of the top bus of the CROW section. The
CROW section scattering matrix is given by:

Es| 0
o)-wic)

where:
Me = (TT,5,(QP), ) X Qnesn, ®)
1 (r, -1
Qn:ikn[’l _r], ©)

e2

i
0 e 7
P, = [ ) 0 ] (10)
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Here, the symbols bear the same definitions from the SCISSOR description. The ring
order is denoted as 1, with n = 1 representing the lowermost ring. The values of the coupling
coefficients are determined according to the coupling apodization discussed below. Then, for
the CROW section, the through field transmission coefficient, g, is given by:

E, M
== = , 11
Pe Eys M1z ( )
And the drop field transmission coefficient, 7, is given by:
E 1
= % = (12)

TC — — .
Ers Mc12

For the whole structure, the drop transmission is found from Equation (6), while the
through transmission coefficient, p, is then:

0 =psxep, . (13)

The factor e~ accounts for the propagation from the SCISSOR to the CROW and, for
simplicity, we assume a distance L; between them.

The through and drop field transmission coefficients can be put, respectively, in the
following forms:

p=lple™?, (14)
T =|tle /¥, (15)

Here, @ and ¥ represent the phase shift for the output field at the through and drop
ports, respectively, w.r.t the input field.

Consequently, the device through and drop power transmission coefficients are ex-
pressed as follows, respectively:

= |pl%, (16)
= |7~ (17)

At this point, we define the round- trip phase shift around a ring resonator, also

known as the normalized frequency, ¢ = {&. Here, w = 27f = 22¢ i

is the signal angular
frequency and f is the signal frequency. This means that a change of ¢ of 27T corresponds
to one free spectral range, in this design 100 GHz. From [60], the dispersion of the signal
is given by D = %, where G is the group delay and is given by G = —%. Here, x is
the phase delay, which is @ for the through port and Y for the drop port. This leads to

the relation D = —j—x do Byt 40 = ﬁfc and de = Fisz Z (;2‘, which eventually gives

D= A22p7gc1<2 - So, the expressions for the signal dispersion for the through and drop ports
are given by D, and Dy, respectively, as follows:

2mc A2
Pr=Yorsee de?’ (19
2
2itc d°Y¥Y (19)

Pt = Torsee dg?’

More design rules include maintaining equal ring-bus coupling coefficients on both
sides of each ring in the SCISSOR section, in order to evade undesirable notches in the
passband [61]. Specifically, it means that k; = k,, in the formula mentioned earlier. Moreover,
the coupling coefficients need not be uniform across the entire structure. Coupling spatial
apodization is usually needed to attain low crosstalk [61] and steeper side walls for the
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main passband [56]. One common apodization function is Gaussian apodization [62],
which is adopted in this work. For the SCISSOR section, the apodization formula is:

2
kn — Asest(nf%f()E) , (20)

where k;, is the ring-bus field coupling coefficient, A; is the coupling prefactor, B; is the
apodization coefficient, and n = 1,2, .., Ns. On the other hand, for the CROW section, the
formula is:

Ky = Age~Beli=% 17, (21)

In the CROW section, the symbols A, and B; bear the same definition as As and
B, respectively. Recall that in the CROW section, only two rings are coupled to the bus
waveguides. Therefore, the given formula with n = 1,2,.,, N; 4+ 1 ensures the spatial
symmetry of the coupling coefficients. Note that the ring-bus coupling is given by k; at the
bottom of the CROW and ky,_ 11 at the top, with ky = knc1.

3. The Compromised Optimization Approach

As previously discussed, optimizing the device performance entails determin-
ing the coupling coefficients for each pair of coupled elements to satisfy the inter-
leaver/deinterleaver WDM requirements. This challenge characterizes the problem as
multi-objective, with conflicting performance parameters and no closed-form mathematical
expression for the transmission. The approach introduced in this work addresses this issue
by selecting the minimum acceptable values for each parameter to propagate through the
generations instead of the maximum possible values. This concept is elucidated through
the following formulation.

The primary focus lies on six key performance parameters, namely, the bandwidth
(BW, and BW,), the crosstalk (CT, and CTy), and the dispersion (D, and D) for the through
and the drop channels, respectively. For each, a ‘performance metric” is established, rep-
resenting the difference between the value of the performance parameter and the value
set by the WDM conditions. This metric is computed such that if the metric value is zero,
then the performance parameter precisely fulfills the requirement. If the performance
metric is positive, it indicates that the performance parameter exceeded the requirement.
Conversely, a negative metric suggests that the performance parameter falls short of the
specified requirement. Therefore, for the above performance parameters, listed in the same
order, the following performance metrics are defined:

MBW, = BW, — 20, (22)
MBW,; = BW, — 20, (23)
MCT, = —23 — CT,, (24)
MCT,; = —23—CTy, (25)
MD, = 30— D,, (26)
MD,; = 30— Dy, 27)

with the units GHz for the bandwidth, dB for the crosstalk, and L= for the dispersion. As
an illustration, if MD; = 3 £ then the dispersion of the drop port Dy = 27 £ which is
3 % better than the allowed maximum of 30 %.

The design parameters, serving as inputs to the algorithm, are As, Bs, Ac, and B,
which determine the coupling coefficients. The values of A; and A, cannot be zero or less,
while B; and B, can take any value, whether positive or negative, but not zero. Of course,
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the values of the design parameters are rigorously examined to ensure that the coupling
coefficient does not exceed 100%, which is the physical limit. If such a scenario arises, the
selected values for the design parameters are omitted and other values are attempted.

In line with the approach described in [42], losses are assumed to be 10% per one
complete trip around the ring. The number of rings for each section, SCISSOR and CROW, is
predetermined by the designer and remains constant throughout the optimization process.

In the first step, the genetic algorithm components are prepared as follows. A genera-
tion is given by a matrix. In this matrix, each row represents a chromosome. The number
of chromosomes is 7, and can be chosen according to the trade-off between the processing
time, which decreases as 7, decreases, and the probability of hitting a solution or more,
which increases as 7, increases. In other words, if n. increases, then the probability to hit
a solution increases at the expense of the processing time. Each chromosome consists of
genes, which are the columns in the generation matrix. There are four genes in this problem,
which are the four design parameters As, Bs, Ac, and B.. These genes are encoded in the
binary format. So, the generation matrix has the size n1. x 4. Only for the first generation
in the process are random numbers assumed for the four design parameters. The random
numbers must be checked before being employed, such that the values of A, B;, A;, and
B, do not give coupling coefficients above 100%. The number of generations, ng, is chosen
by the designer in the same way the number of chromosomes per generation, 7, is chosen.
It is a trade-off between the processing time and the probability of hitting a solution of
more. In this work, we found n, = 100 is good enough to ensure finding a proper solution
in a few minutes. After the first generation is done, the jump to the next generation is
determined according to the selection criteria explained below.

Second, each chromosome is employed to calculate the through and drop transmission
of the interleaver. The performance parameters are calculated, and hence the performance
metrics for each chromosome.

In the third step, for each chromosome, the performance metrics are classified into
two groups. Group A includes the metrics with values greater than or equal to zero.
These metrics correspond to the performance parameters that met or exceeded the WDM
requirements. In contrast, Group B includes the negative metrics, which correspond to
the performance parameters that fell short of the requirements. An optimal chromosome,
or a “good” design, is characterized by having an empty Group B. In other words, it
indicates that all of its performance parameters have successfully met or exceeded the
WDM requirements.

The optimization process relies on calculating two crucial values, denoted as “a” and
“b”, which play a pivotal role in the ‘middle ground” approach:

"1

. a” represents the average of the values in Group A, which contains metrics corre-
sponding to performance parameters that have either met or exceeded the wavelength
division multiplexing (WDM) basic targets. A higher “a” value for a chromosome
indicates that its performance parameters are further beyond the WDM requirements.

o “b” represents the average of the values in Group B, consisting of negative metrics
corresponding to performance parameters falling short of the requirements. Since “b”
is negative, larger values imply values closer to zero. Therefore, a higher “b” value
suggests that some performance parameters performed poorly.

The challenge is to select which chromosomes will parent the next generation. In
this context, a good chromosome is one with low a values and/or large b values. Note
that b is negative and hence ‘larger values’ means values closer to zero. Half of the
current generation is used to parent the next. Then, a quarter of the generation is selected
where the chromosomes have the smallest a values and another quarter with the largest b
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values. These two quarters are allowed to mate to generate the next generation during the
crossover step.

The value of b serves as the ‘cost function’ for the process and can be employed as
a guiding metric to monitor the evolution of the optimization process. Again, a chro-
mosome with b = 0 represents an acceptable design since for this chromosome, i.e.,
this set of coupling coefficients, no performance parameter is below the corresponding
WDM requirement.

In the fourth step, an additional tool, mutation, is utilized. Mutation is needed for
two reasons. In case the search process hits a solution, mutation is applied to intentionally
perturb the solution, forcing the search process away from the current solution in the
hope of discovering another viable solution that may better meet the optimization goals.
Also, if the process saturates away from a solution, mutation provides a means to inject
randomness and encourage the process to explore alternative regions of the solution space.

Upon completing these four steps, the process starts over with the next generation.
Instead of starting with a random guess of coupling coefficients, as done for the first
generation, the subsequent generations are created through the crossover and mutation
processes, as in steps 3 and 4. This iterative process continues until a predefined stopping
criterion is met. The stopping criterion in this work is defined as completing 7, = 100
generations of calculations.

4. Optimization Results

In the design proposed in this work, the number of rings used is five, with three rings
in the SCISSOR section and two in the CROW section. This configuration aligns with
the design reported in [63], which is two rings less than the design presented in [42]. A
comparison of these designs is detailed in Table 1.

Table 1. Comparison of interleaver designs.

BW,/BW, CT,/CT; D,/D,

Design N N. Ag Bg A B, (GHz) (dB) (%)
Target ] ] ] ] ] 20/20  -23/-23  30/30
Performance or more or less or less
Work in [42] 4 3 /0.5 0.88 0.5971 —0.1796 27/27 —-37/-35 25/25
Work in [63] 44 12 - - - - 60/35 —24/-24 22/21
This work

Design 1 3 2 0.62 0.22 0.74 —0.16 51/37 —27/-30 29/12
This work 3 2 0.59 0.25 0.71 —0.16 56/32 —27/-24  23.6/1.6
Design 2

2 The circuit in [63] has two stages, one stage with four rings and the other with one ring. However, none of these
two stages is in the form of SCISSOR or CROW, unlike the work in [42] or the current work.

The assumption in [42,63] that 10% of light power is dissipated per one ring resonator
cycle is adopted in this work too. Also, the power loss due to light propagation through
the straight waveguide linking the SCISSOR section to the CROW section is not stated
clearly in [42]. In this work, we assume this link to be L, or R long, which means power
loss of approximately 0.2 dB. Therefore, to ensure a fair comparison, the insertion loss for
the through port in [42] is adjusted by increasing it by 0.2 dB. Apodization is not used
in [63], but instead all ring-ring coupling coefficients are assumed to be equal [64]. Also, the
ring-bus coupling is equal for both bus waveguides in the first section, which is different
from that in the second section in [63]. The bandwidth values for the final design in [42]
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are extracted from the graphs, as they are not explicitly mentioned. Finally, the coupling
coefficients in [42] are power coupling coefficients instead of field coupling coefficients, as
followed in the current work. For the SCISSOR section in [42], the apodization prefactor
is 0.5 and the apodization factor is 0.176. For the CROW section, the power coupling
coefficient between the bus and the ring is 0.8, and that between a ring and the next is
0.39. Taking the square root of these values and assuming Gaussian apodization, as in the
current work, the prefactor and the coupling coefficient are calculated and documented
in Table 1.

The values in Table 1 show that the two proposed designs exceed the WDM require-
ments for the interleaver/deinterleaver device. Note that the reported values for the
dispersion and crosstalk are the highest within the £10 GHz bandwidth boundaries. There-
fore, it is not very advantageous for the bandwidth to go beyond the WDM minimum
of 20 GHz since the very high crosstalk and dispersion will cause too much distortion
to the data. Compared to the design in [63], which has the same number of ring res-
onators of five, the proposed design 1 shows better crosstalk and drop signal dispersion.
Design 2 also shows better crosstalk and a significant low dispersion at the drop port
of 1.6 . Compared to the design in [42], which has seven rings, the dispersion of the
proposed designs is very low for the drop port and comparable for the through port. It is
natural, though, for seven rings to do better in terms of the crosstalk because the bandwidth
can be much limited with extra zeros available to the filter system. However, with five
rings, higher fabrication density on-chip can be achieved. More importantly, considering
the sensitivity of the device performance to the values of the coupling coefficients, the
effect of fabrication tolerance is expected to have a much smaller effect on the practical
results for a design with five rings when compared with a design with seven rings. The
power transmission, dispersion, and pole-zero diagrams are shown in Figures 2 and 3 for
designs 1 and 2, respectively.
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Figure 3. Design 2 performance: (a) normalized power transmission, (b) through port signal disper-

sion, (c) drop port signal dispersion, (d) pole-zero diagram for the through port transmission, and

(e) pole-zero diagram for the drop port transmission.

Equally important are the advantages provided using the proposed optimization tech-

nique. This technique provides quick access to multiple designs with diverse advantages.

The designer can quickly catch a design with very low dispersion or another with very
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low crosstalk, as discussed above. On the other hand, the design approach in [42] utilizes
the Z-transform in order for the designer to study the dynamics of the poles and zeros
of the device’s two transmission ports as the coupling coefficients are varied. The visual
inspection is then necessary to achieve the target positions of the poles and zeros before
checking the corresponding transmission power diagrams. This tedious and very slow
process should be re-carried out for a device with different features.

As explained above, the optimization algorithm has a cost function, b, that represents
the average of the negative performance metrics. A solution is valid when the correspond-
ing b equals zero, which means that all performance metrics met their targets. The number
of generations in these calculations is ny = 100 generations, and the number of chromo-
somes per generation is 1, = 100 chromosomes. Each chromosome represents one set of
coupling coefficients. The stopping criterion is when all generations are attempted. In
Figure 4, the evolution of b is drawn versus the generation number. In this figure, for each
generation, the corresponding b is the best amongst all chromosomes in this generation.
Clearly, within a few generations, b = 0 is achieved. The time taken from the beginning
of the calculations until finding the first acceptable solution depends on how good the
initial guess is, i.e., the coupling coefficient values chosen randomly for the first genera-
tion. Typically, it takes about half a minute to do the calculations for 1 generation with
100 chromosomes using an i5 laptop with a 1.6 GHz processor and 12 GB of RAM, and the
first solution is found within 10 generations, i.e., 5 min.

Cost function

_7 Il Il Il Il
0 20 40 60 80 100

Generation

Figure 4. The evolution of the cost function for the negative performance metrics, b, throughout the
generations of the optimization process.

5. Conclusions

In this work, a customized genetic algorithm was proposed to optimize the design of
a wavelength interleaver device. The algorithm handles a multi-objective problem that has
no closed-form expression with contradicting objectives. Targeting the best possible value
for each objective, or performance parameter, results in deterioration of another parameter.
Therefore, the proposed approach for the genetic algorithm navigates away from extremely
outperforming parameters and, instead, targets the middle ground, where all parameters
satisfy the WDM requirements even if some can do much better. The result is two new
designs with competitive performance in terms of dispersion, crosstalk, fabrication density,
and fabrication tolerance. The proposed approach saves the designer the tedious design,
formerly followed by other works, where the poles and zeros of the interleaver transmission
are optimized visually. Such an approach consumes time and does not facilitate catching
various circuit designs. It can also be used to handle similar design problems, such as
electro-optic modulators.
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