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Abstract: In integrated photonics, the precise control and routing of light signals is crucial.
Conventionally, light routing in photonic devices is achieved using multi-mode interferometers
and microresonators. An alternative approach is to use n X n waveguide couplers. In this study,
we explore the use of such devices both theoretically and experimentally in the realization of a
versatile 3 X 3 coupler on the silicon photonics platform. We demonstrate that this device can
effectively route signals in multiple ways: crossing signals between the external waveguides
for a specific coupling, or distributing signals evenly across the three output waveguides, as
well as functioning as a versatile switch for other arbitrary output combinations. By fitting
the experimental results with a theoretical model, we extracted its characteristic parameters,
highlighting both the model’s behavior and the impact of non-idealities. Our work lays the
foundation for the design of an efficient and tunable 3 x 3 waveguide coupler device.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Coupled waveguide arrays have been widely used in photonics to study various phenomena
ranging from non-Hermitian physics [1,2], to quantum systems [3,4] and to artificial neural
networks [5,6]. To study these effects, precise control over light and its routing is pivotal.
Conventionally, light routing is achieved using multimode interferometer (MMI) [7], directional
couplers [8], coupled ring resonators [9], and also adiabatic passage to improve the robustness
of simple directional couplers [10—12]. For a multiport device, either cascading of simple 2
couplers or direct coupling n waveguides are used [5,13-16].

Despite growing interest in n X n devices for photonic integrated circuits (PICs), comprehensive
studies that compare theoretical predictions with experimental results are still lacking. To provide
a basis for future development, we present here the analysis of the experimental response of a
3 % 3 coupler showing the trend of the characteristic parameters obtained through a fitting process.
Several other studies have implemented 3 X 3 couplers on different material platforms and for
other applications. For instance, Ref. [17] explored 3 X 3 couplers on LiNbO3; but without
thermal tuning, while Ref. [18] investigated 3 X 3 MMI couplers in InP. Additionally, Ref. [19]
focuses on silicon-on-insulator SOI wavelength-independent directional couplers and Ref. [20]
on 3 X 3 coupler-based microring resonators for sensing applications.

A 3 x 3 device can be realized by the evanescent field coupling of the optical modes in a
system of three straight waveguides. Here, the coupling can be controlled by design parameters
or by varying the waveguide refractive index of the waveguide by using microheaters positioned
above the waveguides. We have demonstrated, both theoretically and experimentally, that in
3 % 3 couplers, light can be routed from each input port to a combination of output ports. To
accomplish this, we have designed and tested various 3 X 3 couplers based on silicon waveguides,
see Fig. 1. We characterized the experimental results using coupled mode theory, demonstrating
that the device can cross-route the signal between the external waveguides while leaving the
central waveguide signal unchanged or achieving a balanced output across all three output ports.
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To further manage the splitting ratio of light, we utilized an active micro-heater on top of the
central waveguide, controlled by current, resulting in a change in the propagation and coupling
parameters. This allows both crossing and splitting functionalities. We characterized our
structures by extracting characteristic parameters from experimental data, collected by varying
both the wavelength and the electrical power applied to the micro-heater.
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Fig. 1. The 3 x 3 coupler device. The three grating couplers on the right (triangles numbered
from 4 to 6) represent the input ports, while the three on the left (triangles numbered from 1
to 3) represent the output ports. These ports are connected by a 3 X 3 coupler of length L.
The light orange pads indicate the electrical contacts where the current is applied. The red
rectangle encircles the three equally spaced and equal-length coupled waveguides, with a
micro-heater (transparent brown layer) placed on top of the central waveguide for thermal
tuning.

2. Theory and design

We examine a configuration of three coupled waveguides, which are equally spaced and of
equal lengths, as shown in Fig. 1. We employ coupled mode theory (CMT), a method highly
effective for characterizing the behavior of weakly coupled three-waveguide directional couplers
with a constant coupling coefficient [13,21]. Additionally, the theory assumes that the external
waveguides do not interact with each other due to the exponential decay of their coupling fields.

We aim to establish a general method, as described in [21], to relate the electric field at the
waveguides entry at z = 0 to the electric field at their exit, at z = L, where z represents the
propagation direction of the wave and L is the length of the coupling section of the waveguides in
the structure, as shown in Fig. 1. To achieve this, we construct a transformation matrix, 7', to
show the field propagation in three coupled waveguides in the following way:

E(z=L)=TE(z=0). (D

Due to the lateral separation between the waveguides, the segments of each waveguide from the
grating couplers (numbered pads in Fig. 1) to the coupling section are assumed to be negligible
in influencing light propagation. To obtain 7', we begin by defining the coupling matrix M, which
encapsulates the interactions within the system using the following set of differential equations
[22-24],

= ME(z) 2)

-1

dE(z)
dz

Here, E(z) is a vector associated with the electric field for each waveguide as a function of
propagation distance z, i.e., E(z) = [E1(2); E2(2); E3(z)]. M is the coupling matrix governing the
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interactions in the coupled system [24],

B ki O
M=k B k
0 k pBs

where (3, are the propagation constants for each waveguide (from top to bottom: n = 1,2, 3),
kj is the coupling coefficient between the top and middle waveguides, and k;, is the coupling
coefficient between the middle and bottom waveguides. The couplings between the waveguides
are assumed to be Hermitian, and the coefficients are considered to be real and positive.

We then compute the eigenvalues A; and the eigenvectors v; of the M matrix. These calculated
eigenvalues A; and associated eigenvectors v; of matrix M form the foundational components for
the transformation matrix. By using the eigenvectors, we construct the modal matrix M, which is
the transpose of the matrix formed by the eigenvectors.

The evolution matrix U is calculated using the expression:

U=es A3)

where D is the diagonal matrix of the eigenvalues. The exponential term e~'P represents the
evolution of the three supermodes of the system under the influence of the eigenvalues A; over
the spatial coordinate z.

Finally, the transformation matrix 7 takes the following form:

T =M,UM," . 4)

Through the construction of this transformation matrix 7, we establish a linear relation that
maps the field from the initial position z = 0 to the final position z = L, thereby providing a
systematic approach to calculate the outputs of the fields.

In general, the knowledge of T allows relating any input to any output. In the specific example
we are showing in Fig. 1, matrix T has a simplified expression. In fact, given the symmetry of the
external waveguides, we can assume §; = 3. In addition, we define A = 8, — 81 = 52 — B3.
Additionally, we account for fabrication errors in the structure, making A an intrinsic property
of our static device. Using these definitions, the coupling matrix takes the following form:

0 k O
Ml = k1 A,B kz (5)
0 k O

It is worth noting that changing the sign of AS does not affect the output intensities of the
structure. Note that the microheater placed on top of the central waveguide (Fig. 1) allows tuning

Ba, ie., AB.
We then compute the transformation matrix 7 for Matrix M, by following the procedure
outlined in Egs. (1) to (4). Consequently, 7 takes the following form:
as1 dsy  del
Tl = lasy asy aef- (6)

aq3 ds3z  de3

where a;; are the complex amplitude coefficients with the first and second index referring to
the input and output ports, respectively. The explicit form of T is reported in the appendix.
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Assuming that there is no loss (see Appendix for more about losses) and the incident light is
distributed among the waveguides, the following conditions hold true for each column of matrix
T::

2 2 2
lai1|= + lap|” + las|” =1,

where i = 4,5, 6 refer to each input port. This is the equation of a sphere in a 3-dimensional space
defined by a;1, a;, and a;3. Thus, we have many solutions for the values of a;, a2, and a;3 that
represent the points on the surface of this sphere. The specific solutions or points on the sphere
depend on how a;1, ap, and a;3 are functionally related to kq, k>, and AB. These parameters are
real in our model.

Now, let us analyze a simple symmetric scenario when light is injected in port 4. We set
AB = 0and k| = ky = k (three perfectly equal waveguides with the same gap between adjacent
waveguides). If we want to achieve a complete transfer of the input signal from port 4 to port 3,
we have to tune the 3 X 3 coupler parameters such that:

las (L) = lan(DP =0, Jas(L)? =1. ™
This condition is met for discrete values of the coupling coefficient k given by:

k= Qm—1)——, wherem=1,2,3,... (8)

V2L

as it is clear from Eq. (18) reported in the appendix.

Figure 2 illustrates the outputs for ports 1, 2, and 3 when the input signal is injected into ports
4 (gray color scale) or 5 (cool scale) or 6 (autumn scale) as a function of the coupling k, = k; =k
value ranging from 0 to %L at z = L = 60 um. We can represent the outputs as a point laying on
a sphere, where the axis of the sphere are nothing else than the field mode intensities in each
output waveguides. Consequently, the points representing different combinations of input to
outputs, normalized and summed to unity following the energy conservation, form a surface on
a unit sphere. Notice that, when the coupling between the waveguides is equal to zero (k = 0,
darker hues), the light remains in the same waveguide. Consequently, |a41| = 1, |asz| = 1 and
lag3] = 1 (left, top and right corners of the eighth of the sphere).

In Fig. 2(c), it is observed that when the system is excited from port 4, with increasing k, the
light passes from the top waveguide to the middle waveguide, fully reaching the bottom one at
k= ﬁ (from left to top corners of the sphere in Fig. 2(a)). Due to the symmetry of the structure,
the line corresponding to the excitation from port 6 is similar to the one corresponding to the
excitation from port 4, and so the output field starts from the top corner and reaches the left corner
of the sphere, see autumn color scale line in Fig. 2. On the other hand, as shown in Fig. 2(d),
when light is fed from port 5 (middle waveguide), increasing k, the electromagnetic wave passes
symmetrically from the middle waveguide to the external (top and bottom) waveguides reaching
the combination (|a;1 |%, |an|?, |ai|?) = (0.5,0,0.5) atk = ﬁ As can be seen from the cool
color scale curve in Fig. 2, after this point the light gradually returns to the central waveguide,
exiting from port 2 for k = ﬁ Note also that in this figure the lines corresponding to the
excitation from port 6 and the second half of the excitation from port 5 have been plotted in
Fig. 2(b) to give a clearer picture.

It is worth noting that Fig. 2 shows a very specific case, where the structure is symmetric and
AB = 0 (three equal waveguides). However, the solutions presented here are general and can be
used in cases where the structure is asymmetric and the waveguides are different.
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Fig. 2. Theory. Three dimensional visualization of the output combinations of the structure
for a single excitation from ports i = 4,5,6 as a function of the coupling parameter
k = k1 = kp, ranging from O to k = \/_%L, where L = 60 um. (a) shows the outputs for
excitation from port i = 4 (gray scale color), varying from k = 0to k = ﬁ along with the
excitation from port i = 5 (violet scale color) for k ranging from O to k = 3 \/_L (b) shows

the output for excitation from port i = 6 (cyan scale color), varying from k = 0 to k = T

along with the excitation from port i = 5 (violet scale color) for k ranging from k = 3 "/’_L

tok = ﬁ (c) and (d) show the transmission outputs for excitation from ports 4 and 5,

respectively. Note: the output combinations for excitation from port 6 can be inferred from
(c) by replacing |aq3| with |ag |, |agp| with |agy| and |ag1| with |ags].

3. Experimental measurements
3.1.  Experimental samples and setup

The 3 x 3 waveguide coupler device is based on 450 nm X 220 nm silicon waveguides embedded
in a silica cladding. The input and output ports are provided by grating couplers. These allow
coupling only the Transverse Electric (TE) mode. The waveguide cross section is designed to
ensure single-mode operation. The device was fabricated in a run at the IMEC/Europractice
facility as part of a multi-project wafer program. The coupling region of the device has waveguide
lengths of 60 um and an inter-waveguide gap of 0.25 um. Note that the gap and length of the
coupling region rule the energy exchange that occurs via the evanescent field. In addition,
the device is tunable via current injection through a micro-heater positioned above the central
waveguide. Alternatively, one can use a p-i-n junction across the waveguide to achieve a faster
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tuning. The metal used for the microheater is Titanium Nitride (TiN), which operates as a 345 Q
resistor. The micro-heater is operated with an injected electrical current from 0 mA to 16 mA.

We explore the transmission through the output ports under two distinct conditions: (1) in
the absence of electrical current flow through the microheater, where the device is passive, and
(2) with an injected electrical current, where the device is active. Measurements are made
using a typical optical characterization setup. A fiber-coupled tunable continuous-wave laser
is used as the source. It operates at 3 mW with a tunable wavelength range from 1490 nm to
1640 nm. The light polarization is tuned by a fiber polarization controller and the signal is coupled
to the grating coupler by a stripped fiber mounted on an alignment stage. The output signal
from the structure is collected by another stripped fiber and sent to a detector. A write-board
(Measurement Computing USB-3106) with an amplification stage controls the current applied
to the micro-heater. The optical chip is placed on a thermostat holder whose temperature is
controlled by a proportional-integral-derivative controller connected to a Peltier cell and a 10kQ
thermistor.

3.2. Results and discussion

Figure 3 shows the experimental results and fitting parameters obtained using the theoretical
model for an input signal at ports 4, 5, and 6. Figures 3(a)—(c) show the output transmission at the
different output ports as a function of input wavelength and their fit when there is no electrical
current applied to the micro-heater. In our fitting procedures, all nine experimental output signals
corresponding to each input-output combination were used simultaneously to increase the overall
confidence in the fitting. This combined fitting was performed with the parameters allowed to
vary freely. For the device with no current applied, the sum of the normalized Squared Residuals
(SSR) with respect to the model was found to be SSR = 1.1 x 107>, while when current is applied,
SSR = 5.3 x 1073, During the fitting, the experimental data were normalized to the sum of the
transmissions at the output ports for each input. Therefore, an SSR much smaller than 1 means a
very good agreement between the model and the measured data. Since the designed structure
is composed of three equal waveguides with the same gap, we simplify the general equation
using the assumption AB = 8> — 1 = 5> — 3. In addition, we allow for k| # k; to account for
fabrication errors. The extracted parameters are illustrated in Fig. 3(d). We observe that the
coupling coefficients k| and k», although slightly different, increase with increasing wavelengths.

This is particularly noticeable at longer wavelengths. This phenomenon can be attributed
to the enhanced mode spreading within the waveguides. Since the mode confinement in each
waveguide decreases for longer wavelengths, there is a greater extent of mode overlap across the
waveguides, facilitating stronger coupling.

Despite the structures being designed to exhibit identical coupling between the waveguides,
we observed a slight difference between the extracted k; and k. This suggests the presence of
imperfections arising from the fabrication processes and results in a nonzero AS term. Note that
AB =~ 0.05 1/um is easily explained by fabrication errors. In fact, it corresponds to a change in
waveguide width of about 7 nm (see Fig. 6 in the Appendix). This value is in agreement with
the value of the standard deviation of the waveguide width declared by IMEC. Additionally, the
observed decrease in AS as a function of increasing wavelength is coherent with the relationship
AB = 27”(713[12 — nefr,1), Where neg; is the effective refractive index of the waveguide number
i and A is the wavelength. As shown in Figs. 3(a)—(d), changing the wavelength changes the
parameters of the structure. This gives rise to a variation of the ratio between the intensities at
the output ports.

Let us now focus on two specific situations highlighted by the colored boxes in Fig. 3. The first
case is represented by the gray box at A = 1560 nm and corresponds to A ~ 0.029 + 1.56 X
107 1/um, ky = 0.022 + 5.25 x 107® 1/um, and k> = 0.021 + 5.67 X 107 1/um. By injecting
light into any of the input ports (4, 5, 6), the intensities at the output ports (1, 2, 3) are almost
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Fig. 3. Experimental results and extracted parameters. (a) to (c) show the measured
transmission spectra (solid lines) and fit (dashed lines) for single excitation from ports 4,
5, and 6, respectively. (d) provides the values of k1, kp, and AS extracted from the fit for
a passive device (no electrical power applied). (al)—(c1) [(a2)—(c2)] depict the measured
(empty circles) and fit (dashed lines) output intensities at A = 1560 nm [A = 1637 nm], as
indicated with a grey [brown] bar in the top panels, as a function of the power delivered to
the micro-heater. (d1) and (d2) display variations in k1, k», and AS extracted from the fit as
a function of the power delivered to the micro-heater. The numbering in the legend: the first
number refers to the input port and the second to the output port.

equal, indicating that the optical power is equally split among the output channels, as shown in
Figs. 3(a)—(c). This equal distribution of optical power demonstrates the symmetric behavior of
the system at this specific wavelength, where each output port receives approximately one-third
of the input power, ensuring balanced operation.

In contrast, for the second case at A = 1637 nm, the power distribution exhibits selective
routing behavior. When light is injected into port 4, the signal is routed to port 3, as shown in
Fig. 3(a), while the intensities at ports 1 and 2 approach zero . Similarly, injecting light into
port 5 routes the signal to port 2, with the output at the ports 1 and 3 reduced to nearly zero, as
depicted in Fig. 3(b). When light is injected into port 6, the signal is directed to port 1, with
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output at ports 2 and 3 simultaneously approaching zero, as illustrated in Fig. 3(c). This selective
routing indicates that at 4 = 1637 nm, the system preferentially directs power to specific output
ports based on the input port used, enabling cross-routing between the external waveguides.

Starting from these initial states, as we increase the electrical power delivered to the micro-
heater, the parameters of the system are altered, leading to a redistribution of the output field
ratios, as illustrated in Figs. 3(al)—(d1) and (a2)—(d2). Figure 3(al) demonstrates that at an
electrical power of 115.08 mW, the intensity at port 1 reaches 55%, while port 2 settles at
20% and port 3 decreases to 25% . When light is injected from port 5, as shown in Fig. 3(b1)
with an electrical power of 115.08 mW, port 2 now has the output value of 60%, while ports 1
and 3 are reduced to values around 20%. Similarly, in Fig. 3(c1), we observe behavior akin to
that in Fig. 3(al): when light is initially coupled to one of the external waveguides, more light
remains in the same waveguide, while less light couples to the others as the electrical power is
increased. This is due to the design symmetry. Note that the experimental points in the graphs
are well-fitted by the theoretical model (dashed lines). The extracted parameters from the fit
are shown in Fig. 3(d1). Notice that AB increases to 0.045 1/um from 0.030 1/um with the
application of approximately 115 mW of electrical power. Since the micro-heater is positioned
over the central waveguide, this is expected because the increase of AS means a faster increase
of the effective refractive index of the central waveguide with respect to that of the external
waveguides. Additionally, at 1560 nm, the coupling coefficients k; and k, remain almost constant
as a function of the electrical power. This stability is attributed to the high confinement of the
optical mode within the waveguide at this particular wavelength, which remains relatively stable
despite the temperature changes induced by the micro-heater. Figures 3(a2)—(d2) show the results
at 4 = 1637 nm. At this wavelength, when the light enters from port 4 exits almost entirely
through port 3, the light from port 5 exits through port 2, and the light from port 6 exits through
port 1 (see Figs. 3(a)—(c)). In essence, light traverses (crosses) between the external waveguides
while remaining confined within the middle waveguide. However, when the micro-heater is
activated, the light distribution at the output ports changes for the same input. As a result, some
of the light that previously exited through one of the external waveguides (port 1 or port 3) is
now routed through the middle waveguide and exits at port 2. Additionally, only a very small
percentage of the input light exits from the same waveguide (i.e., output port 1 (3) for input port 4
(6)) as illustrated in Figs. 3(a2) and (c2). In fact, for these two cases, the observed distribution of
light at the output ports is 70% , 25% and 5% at 115 mW of electrical power. On the other hand,
when the light is injected into the middle waveguide (port 5), some of the light that previously
exited through the same waveguide (port 2) is equally routed through the external waveguides
and exits at port 1 and port 3 (see Fig. 3(b2)). The observed distribution of light at the output
ports is 40%, 30% and 30% at 115 mW of electrical power.

Figure 3(d2) shows the parameters extrapolated from the fit for = 1637 nm. Here we see that
at longer wavelength, both k; and k, values exhibit a decrease as the electrical power increases.
This trend is not observed at 4 = 1560 nm (see Fig. 3(d1)). This can be explained by the fact
that, at longer wavelengths, the light confinement inside the waveguide is lower and consequently
the coupling coeflicients are more sensitive to the variation of the effective refractive index of
the waveguide. Figure 3(d1) shows an increasing AS as a function of the injected electrical
power, while Fig. 3(d2) shows a decreasing behavior. The behavior of Ag in Fig. 3(d1) could
be explained by the fact that 5 decreases as a function of wavelength (making the AS variation
less pronounced), and by the fact that the optical mode of the waveguide is less confined and
therefore less affected by local temperature variations. On the contrary, the slight decrease of AS
as a function of power in Fig. 3(d2) cannot be explained in this way. This behavior may be due to
either an imperfect noisy fit or to the fact that coupled mode theory is valid for small couplings
and well-confined waveguide modes. In the present case, where the coupling is high and the
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confinement of the light is low, the parameters obtained are not directly related to those of the
ideal case.

In Fig. 4(a), the output intensities are shown for signal input at ports 4, 5, and 6. Output
intensities are normalized and mapped onto the surface of a sphere as a function of wavelengths
and injected electrical power. The various colors, as shown in the color bars, represent an increase
in wavelength, while the size of the dots, from smaller to bigger, indicates the increase of the
injected electrical power. The distribution of points on the sphere surface illustrates the range of
output combinations achievable by the system.
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Fig. 4. Representations on a sphere and extracted parameters. (a) displays the experimental
outputs for combinations 4, 5, and 6, mapped onto the surface of a sphere as a function of
increasing wavelength values and injected electrical power from smaller to larger dots. (b)
and (c) present the extracted A values and coupling coefficients, respectively, derived from
simultaneous fits of the output signals.

From a fit of the experimental data, the characteristic device parameters are extracted.
Figure 4(b) shows a wavelength dependent AS value increase with rising injected electrical
power. Furthermore, Fig. 4(c) reveals that at injected electrical power lower than 60 mW,
as the wavelength increases, the coupling constant values — though slightly different — are
consistently increasing. However, at higher injected power levels, not only the difference between
k; and k, widens for lower wavelengths, but also k| and k, decrease before rising again with
further increases in wavelength. This unexpected increase of the coupling coefficients at short
wavelengths as the injected power increases could be due to the simplified model used to fit
the data. In fact, we have assumed that 8; = B3 and that the micro-heater is symmetrically
positioned on top of the central waveguide. However, as can be observed from Figs. 3(d) and 4(c),
at lower wavelength we detect an asymmetry in the structure. This asymmetry is more relevant
at shorter wavelengths because the optical mode is more confined and thus more sensitive to
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local perturbations. For these reasons, at shorter wavelengths, the fabrication errors, e.g., in the
symmetry of the waveguides and position of the micro-heater) and the simplified model make
the parameters obtained from the fit less physically meaningful.

4. Conclusion

We investigated, both theoretically and experimentally, a 3 x 3 waveguide coupler device capable
of routing light signal between three input ports (4, 5, 6) and three output ports (1, 2, 3) in
various combinations. For specific coupling condition or wavelength, we demonstrated that the
device can cross the signals between the external waveguides, i.e., from input port 4 to output
port 3 and from input port 6 to output port 1, while pass the signal in the central waveguide. In
addition, the device can realize other input-output combinations, such as a balanced split of the
input to all three output ports (1, 2, 3). To achieve this, a careful selection of the coupling values,
or of the wavelength, is needed. When a micro-heater atop the central waveguide is activated,
it induces a variation of the propagation constant of the central waveguide and modulates the
coupling coefficients between the waveguides. This variation yields an effective modal index
mismatch between the central and external waveguides, thereby redirecting the signals from one
output port to another. Consequently, the device enables output signal re-routing. Our model
of the device allows extracting the characteristic device parameters (coupling coefficients and
propagation constants), which vary with injected electrical power and signal wavelength, from the
experimental measurements. Consequently, this study provides a comprehensive parameter space
for the various routing combination achievable within the 3 X 3 coupler device. As a final note,
similar functionalities can be achieved using Multi-Mode Interferometers and Mach-Zehnder
Interferometers. However, the 3 x 3 coupler device has a small footprint, a simple design and an
excellent tunability between input and output ports. These features make it particularly suitable
for easy integration into more complex photonic circuits such as photonic neural networks or
quantum interference devices. Finally, a potential extension of this study to quantum photonics
could be relevant. In fact, three coupled waveguides can form a three-level system where a single
photon exists as a superposition of path-encoded qutrit states [25].

Appendix

We report here the analytical functions derived from the matrix M; used in Eq. (5). These
functions are the elements of the transformation matrix 77 mentioned in Eq. (6):

Let us define @ = /AB? + 4(k% + k%) for simplification.

1

e—;imﬁm)z(Aﬁk%(-l ) 4 (0 + 6 + 26;,-01,(%)&)], ®

as) = —————
TR+ e
2ie~ 3B sin (%cxz)
ap = - " , (10)
1 . . . .
W3 = [e%l(Aﬁm)zklld (Aﬁ(_l +6i9) 4 (1 = 2¢O+ 4 em)a)]’ (1h
2% + )a

Die~ 1B, sin (%az)
asy = — « 5 (12)

. . (1

' 1 iAB sin (Eaz)

asy = e~ 27 [ cos (zaz) -—=, (13)
a
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1 ) ) ) )
g1 = ——5——>— e—i’<Aﬁ+">Zklk2(Aﬁ(—1 +e9) + (1 + €% - 2e—5l<Aﬁ+“>Z)a)], (15)
2(ky + k3)a
2ie~ 32k, sin (%cxz)
agy = — " , (16)
1 1 . . 1.

n = ——— ezl(Aﬁ+Q)Z(A k2 —1 + &%) + k2 + ezazk2 + 2k2k2671(Aﬁ+a)z a) . 17
63 Z(k% + k%)a [ ﬁ 2( ) ( 2 2 2™1 ) ( )

The transformation matrix 7 takes a simple form when the coupling is symmetric (k| = ky = k)
and detuning is zero (A = 0):

cos? (ﬁ) _isin(\/ﬁkz) _ gin? (ﬁ)

2 V2 V2

isin(V2kz i sin(V2kz
e ]y b

_ sin? (\k—é) _zsm(\}sz) cos? (%)

Optical power loss in 3 x 3 coupler with microheater and propagation constant simulation

To evaluate the impact of power loss as a result of microheater heating when electrical power is
applied, we measured the sums of the transmitted signals from the three outputs (41+42+43,
51+52+53, and 61+62+63) and normalized them to their values at zero applied electrical power.
Figure 5(a) illustrates how these sums evolve for 1560 nm, when changing the applied electrical
power. As depicted, random variations of about 3.3 Y% are observed. These variations are
attributed to several factors: (i) mechanical relaxation of the fiber holders during repeated
measurements as the current increased from 0 to 16 mA, (ii) random fluctuations due to noise, and
(iii) variations of the Fabry-Perot (FP) oscillations resulting from reflections at the waveguide ends.
This FP interference is shown in the broad spectral sum transmissions shown in Fig. 5(b) whose
overall lineshape reflects the grating transmission. At longer wavelengths, the signal-to-noise

1.005 ‘
@
g i ]
0
g 0.995 5
v -
Z0.99 S
a8 wn
2] £
g 2
5 0.985 Z
5 098 &
= —e—41,42,43 @ 1560 nm
2 0.975 [|—+—51,52,53 @ 1560 nm
61,62,63 @ 1560 nm
0.97 ‘ :
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Electrical Power [mW] Wavelength [nm]

Fig. 5. (a) shows the sum of three outputs (41+42+43, 51+52+53, and 61+62+63)
normalized to the zero applied electrical power as a function of the electrical power applied to
the microheater for 1560 nm. (b) shows the 51+52+53 spectral transmission for two applied
electrical powers: P = 0mW and P = 115.19 mW. The arrow refers to the wavelength used
in (a).
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Fig. 6. Simulation results showing the variation of AB (the propagation constant difference)
as a function of waveguide width and operating wavelength.

ratio is lower, and the FP fringes are more prominent compared to shorter wavelengths. The
propagation losses are estimated to be approximately 2 dB cm™! at 1550 nm, according to the
foundry data. Given the short length of the 3 X 3 coupler waveguides (about 310 pm), the device
losses are negligible. We also observed a grating insertion loss of less than 3 dB.

To further support our interpretation given in section 3.2 that a waveguide-width deviation of
approximately 7 nm can explain the measured AS, we performed numerical simulations using
COMSOL Multiphysics. Figure 6 shows a color map of AS as a function of wavelength and
waveguide width.
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