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Abstract: We demonstrate a compact (367× 67 µm2) four-channel wavelength division multiplexer us-
ing an arrayed waveguide grating based on multimode interference couplers, and built on a monolithic
silicon photonics platform. The design is particularly attractive due to the thin device layer. A semi-
numerical approach was used for device design and simulation. Optical measurements were found to
be consistent with simulation results. The device channel spacing, 3-dB bandwidth and crosstalk were
measured to be 97 GHz, 87 GHz and 9.6 dB, respectively, for the designed wavelength of operation
near 1310 nm.

Index Terms: Arrayed waveguide grating, multimode interference coupler, monolithic platform, silicon-
on-insulator, silicon photonics

1. Introduction
The continuous growth in telecommunication traffic demands communication systems to be ef-
ficient, flexible, and high speed. Optical communication systems have attracted considerable
interest due to their potential in meeting the ever-increasing bandwidth demand. In addition to
the inherent ultrahigh bandwidth, optical communication offers wavelength-division multiplexing
(WDM), which provides extra degrees of freedom to increase the channel capacity by multiplexing
signals of different frequencies/wavelengths in a single optical waveguide. Silicon-based integrated
optics technology has proven to be a prime approach that meets the optical communication
requirements via miniaturized optical components and circuitry on a planar substrate [1].

Several silicon-on-insulator (SOI) based photonic components such as Mach-Zehnder interfer-
ometers (MZIs) [2]–[4], arrayed waveguide gratings (AWGs) [5], [6], and microring resonators,
have been demonstrated for WDM applications. Among them, ring resonator-based WDM filters
are promising due to their compact footprint [7]–[10]. However, the temperature dependent spectral
response of silicon waveguides is an adverse factor in its manufacturability [11]. In addition,
the performance of ring resonators is strongly affected by fabrication-induced errors [12]. To
obtain a wideband filter response, higher order ring filter configurations are often used [13].
The coupling conditions demand stringent fabrication requirements that are impractical in the
absence of active elements such as heaters. Alternatively, filters based on MZIs offer wideband
operation, but wavelength dependency of the directional couplers significantly influences the filter
performance in terms of crosstalk/extinction-ratio. Furthermore, the large footprint of the device is a
significant setback in MZI filters, as multiple stages need to be cascaded to multiplex/de-multiplex
more channels. In contrast, filters based on AWGs are more attractive due to their simple design
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approach and compactness, particularly on silicon substrates. AWGs are recognized as the sole
solution to multiplex hundreds of channels with very narrow channel spacing (DWDM applications).
S. Cheung et al. [14] have demonstrated an AWG on an SOI platform with 512 output channels and
channel spacing of 25 GHz. Conventional AWG structures use power splitters based on wavefront
division using free propagation regions (FPRs) [15], [16]. The shortcomings of these power
splitters are the following: higher insertion loss, non-uniform power splitting, stringent fabrication
requirements, and large device footprint [17], [18]. Multimode interference (MMI) couplers are
commonly known for their wavelength-independent and fabrication-tolerant performance, together
with uniform splitting ratios [19]–[21]. Consequently, the replacement of FPR power splitters with
MMI-based power splitters is considerably favored in terms of device footprint, uniform power
distribution among the outputs, and fewer waveguide arrays. Hence, they are prone to less phase
errors and high throughput (low loss) due to the self-imaging principle [20]. In addition, MMI
coupler phase relations can be well estimated analytically, enabling MMI-based designs to be
less computationally intensive.

In this work, we demonstrate an MMI-based four-channel AWG designed on a monolithic
silicon photonics platform with a thin device layer [22]–[24]. The work supports that the studied
configuration can be further scaled for future technologies with improved performance figures.

2. Device Design and Simulation
From a footprint point of view, building AWGs in an SOI platform is preferred over other photonics
platforms such as silica on silicon or lithium niobate [25], [26]. In comparison to AWGs based on
the wavefront division, MMI-based AWGs can benefit from uniform power distribution, low loss
power splitting, and a further reduction in the device footprint [20]. Moreover, the image resolution
is significantly improved due to the self-imaging property of MMIs. A schematic illustration of the
MMI-based AWG used in this work is shown in Fig. 1.

The device has three essential components: an input MMI that serves as a power splitter, single
mode arrayed waveguides as the dispersive elements, and an output MMI coupler serving as a
power combiner. Light launched from any input access waveguide (input waveguides are denoted
by iN ) of the 4×4 MMI splitter is reproduced at each output waveguide (output waveguides of the
input MMI splitter are denoted by jN ) in the form of multiple self-images with varying phase and
uniform intensity distribution [20]. Light then propagates through the array of waveguides before
reaching the output MMI coupler (output waveguides of the output MMI coupler are denoted by

Fig. 1: Schematic perspective view of a 4 × 4 arrayed waveguide grating based on multimode
interference couplers.
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kN ). Due to the different lengths of the waveguides, light propagating in the array acquires different
phases. Therefore, the length of the single-mode waveguides must be carefully designed such that
the desired wavelengths interfere constructively at the various output ports of the MMI-based AWG
with optimal spectral efficiency and resolution. A further consideration, to ascertain low crosstalk
and symmetrical pattern of the multiple self-images, is the spacing of the MMI output ports and
their positions in the MMI region. Therefore, the geometrical dimensions of the MMI coupler
are crucial and must be carefully designed. In general, the access waveguides (input/output
waveguides of the MMI coupler) are single-mode. However, waveguide tapers are used to interface
the single-mode waveguides to the MMI section, resulting in better mode-matching at the interface
and low-loss power coupling [27], [28].

The initial geometry of the 4 × 4 MMI coupler was designed using the well-known self-imaging
principle [29]. To further optimize the design parameters, Lumerical FDTD and MODE Solutions
simulation tools were used. Ideally, 3D FDTD simulations should be used for design optimization;
however, due to the large footprint of the MMI couplers, it is more computationally intensive and
time consuming. Therefore, Variational FDTD (varFDTD) was used for the parameter sweeps
to optimize the device geometry. The device layer thickness, single-mode waveguide width, and
sidewall angles are specific to the monolithic silicon photonic technology used in this work [24].
Relevant back end of line (BEOL) layers of the technology were also considered in the device
simulation. As mentioned earlier, the MMI section was interfaced with tapered access waveguides,
with a maximum width of 1.2 µm and a minimum width equal to the access waveguide width
(350 nm). The length of the tapers was sufficient to ensure a smooth transition of the optical
mode (15 µm). The width of the MMI splitter (WMMI ) was set to 6 µm to allow for the output
ports of the MMI to be well separated (center-to-center separation of 1.58 µm) without any
significant mode overlap/coupling. Simulation results showed an optimum MMI length (LMMI )
of 79 µm. Fig. 2(a) depicts the simulated top view of the 4 × 4 MMI coupler (LMMI = 79 µm
and WMMI = 6 µm) when input port 2 (i2) is excited with TE polarized light at a wavelength
of 1310 nm. The AWG design is optimized for TE polarization as the waveguide geometry and
other photonics components (bends, splitters, grating couplers, etc.) in GLOBALFOUNDRIES
process design kit (PDK) are optimized for the same polarization. The waveguide configuration
allows higher confinement for TE modes and the fabricated vertical grating couplers were also
designed specifically for TE mode operation.The AWG device was designed for 100 GHz channel
spacing to be operating near the wavelength of 1310 nm (O-band) as the fabrication technology
(GLOBALFOUNDRIES) is optimized for this wavelength. To verify the accuracy of the varFDTD
simulation results, the optimum geometry simulation was repeated using 3D FDTD, and the results
are presented in Fig. 2(b). The comparison clearly shows the agreement between 3D FDTD and
varFDTD, which validated the use of the latter for further optimization of the complete device. The
excess loss of the optimum design was simulated to be 0.66 dB, and the maximum non-uniformity
was estimated to be 0.78 dB. Fig. 2(c) shows the simulated (normalized) wavelength-dependent
output response of the MMI splitter for various input excitation ports. The normalization of the
results was performed for each port by taking the ratio of the transmission in the respective port
to the total output transmission (sum of the transmission in all output ports). Given that the design
is based on a thin device layer, realizing a wavelength independent response over the entire O-
band is challenging. Therefore, the device response was optimized for an operating wavelength
near 1310 nm. Simulation results in Fig. 2(c) show that the splitting ratio stays nearly 0.25 for all
output ports at wavelengths near 1310 nm.

An important factor in the MMI-based AWG design is the arrayed waveguide length estimation.
The relative phase between the arrayed waveguides, in conjunction with the self-imaging induced
phase at the output of MMI couplers, is critical in optimizing the array length of the AWGs. In this
study, in order to obtain a compact device footprint, the second arm (L2) was set as the shortest
and as the reference arm of the array [29]. Setting the first or the last waveguide in the array as the
reference arm would result in higher crosstalk and significantly longer arms. Moreover, to achieve
a nearly symmetrical pattern of the self-images, the reference arm selection is limited to L2 or
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Fig. 2: Variational FDTD simulation results: (a) top-view of the 4 × 4 input MMI coupler with
length = 79 µm and width = 6 µm, when input port #2 is excited with a TE-polarized source of
wavelength 1310 nm; (b) comparison of the simulated transmission obtained at various output
ports for varFDTD and 3D FDTD; and (c) wavelength-dependent transmission (normalized) of the
4 × 4 MMI coupler, for excitation at the various input ports.

L3 in a 4 × 4 AWG. In contrast to the FPR-based power splitter, the MMI-based power splitters
introduce a non-uniform phase among the output ports [29]. As a consequence, the length of the
arrayed waveguides must be designed such that the additional phase difference is balanced out.
Therefore, an array arm factor (dj) is used to estimate the length of the arrayed waveguides for
phase compensation, as well as ensuring no overlapping in the arrays [29]:

Lj ≈ Lm + dj∆L , (1)

where ∆L is the length difference required to obtain a phase delay of 2π/N between the adjacent
wavelength channels, Lm the reference arm, and dj an integer number. The following formalism
shows the steps needed to calculate the length of the arrayed waveguides such that the respective
phase delays of each arm, along with the phase of the self-imaged output from the input MMI
splitter, result in a constructive interference at the output of the 4 × 4 AWG-based WDM. The
phase at the output of the input MMI splitter jN , attributed by input iN , is defined by [29]:

φi,j = φ1 −
π

2
(−1)i+j+N +

π

4N

[
i+ j − i2 − j2 + (−1)i+j+N (2ij − i− j +

1

2
)

]
, (2)

where φ1 is a constant phase. The phase difference between jN and kN (see Fig. 1) with respect
to the reference input, which we define here as m, is calculated by [29]:

(3)
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where φj,k is a multiple of 2π/N , which is the phase shift separating neighboring wavelength
channels. Subsequently, the phase of the array arms which compensates for the transfer phase
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TABLE I: Calculated values of ψj,k for m = 2 in a 4 × 4 MMI coupler.

j1 j2 j3 j4
k1 3 0 2 1
k2 0 0 0 0
k3 2 0 0 2
k4 1 0 2 3

TABLE II: Optimum values of dj for the 4 × 4 AWG-based WDM.

d1 d2 d3 d4 dmax

k1 3 0 2 5 5
k2 0 0 0 0 -
k3 2 0 4 6 6
k4 1 0 2 3 3

of the MMI splitter is given by [29]:

ψj,k =

[
−N

2π
∆φj,k

]
mod(N) , (4)

where the modulus operator is used to restrict the result of ψj,k to a range between 0 and N − 1.
Finally, the array arm factor is calculated using the following equation [29]:

dj = ψj,k +BjN , (5)

where the term Bj is the smallest integer number that prevents intersection/crossing between
adjacent waveguides in the array. As mentioned, the reference arm was selected to be the second
arm; using Eqs. 3 and 4, ψj,k was calculated for m = 2, and the respective values are shown
in Table I. From the table, it is seen that in the case of output k1, the phase ψj,k at the fourth
arm (j4) was calculated to be less than the phase at arm j3. Therefore, the computed array arm
factor d4 was less than d3 for B4 equal to unity. Accordingly, the term B4 (Eq. 5) needs to be
incremented in order to increase d4 and avoid intersection between the two arms. However, the
goal is to find the best combination of ψj,k values for m = 2 that would prompt the smallest dj
values, hence the shortest combination of arm lengths of the array. The optimum values of dj
are shown in Table II, and the selected set of dj values is the one for output k4, for which the
calculated dmax is the smallest.

To ensure compact routing of the waveguide array, the reference arm length was set to be
100 µm, and the differential length (∆L) of the other waveguides in the array was then estimated
using Eq. 1 as [29]:

∆L =
λ0 (λ0 + ∆λ)

N ∆λ ng
, (6)

where λ0 is the center wavelength, ∆λ the channel spacing around 1310 nm (which in this case
is 0.572 nm, corresponding to 100 GHz), N the number of access waveguides, and ng the group
index of the arrayed waveguides. The lengths of the arrayed waveguides were then derived using
Eq. 1, and are shown in Table III. To obtain the complete simulation response of the AWG, the
output MMI coupler was evaluated as follows. A mode source was placed at each input port of
the input MMI splitter. The recorded intensities and phases from the output waveguides of the
input MMI splitter were then used as sources at each input waveguide of the output MMI coupler.
The phase delay associated with the different lengths of the AWG arms was also accounted for
in the simulation, by introducing an offset to every input source, which results in launching each
source at different times. The corresponding offset was calculated using the following expression:

Tj =
Lj

vg
, (7)

Vol. xx, No. xx, April 2021 Page 5



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JPHOT.2021.3099436, IEEE
Photonics Journal

IEEE Photonics Journal xxx

TABLE III: Calculated lengths of the arrayed waveguides, with the second arm set as the reference
arm of the array.

Array # Length (µm)
1 275.66
2 100
3 450.32
4 625.98

Fig. 3: Spectral transmission of the four-channel WDM, with channel spacing of 100 GHz. The
spectral response at all four outputs is shown for excitation at input #2 of the input MMI splitter.

where Tj is the offset (time delay), Lj the length of the array arms, and vg the group velocity of the
single-mode arrayed waveguides. The spectral transmission of the AWG-based WDM is shown
in Fig. 3. The four different channels are conspicuous, where good uniformity and low side lobes
are observed within adjacent channels. Simulation results show that the channel spacing and the
3-dB optical bandwidth are around 100 GHz, and that the device has low crosstalk (20-25 dB) and
a crosstalk at 25 GHz channel bandwidth ranging from 12-15 dB, making it suitable for operating
as a wavelength-division multiplexer. This confirms that the selected access waveguide separation
was sufficient to mitigate crosstalk between neighboring channels, thus enhancing the extinction
ratio of the spectral response. Crosstalk is defined as the ratio of the power level (in dB) of the
desired channel to the adjacent channel, measured from the waveguide port designed to drop
the desired channel. The power levels were measured at the center wavelength of each channel.

3. Fabrication and Characterization
GDS layouts with the optimum device geometries were prepared based on a monolithic silicon
photonics technology [24]. Grating couplers were used at the input and output ends of the devices.
Optical characterization was conducted using an O-band tunable laser source and a broadband
photodetector. The light from the tunable laser was coupled to the input grating coupler through
an inline-polarization controller. The polarization controller was used to align the input light to
TE polarization. At the output of the device, light was collected using another grating coupler
and fed to the photodetector. Both laser and photodetector were interfaced using LabVIEW to
automatically acquire the wavelength-dependent response of the device under test. Fig. 4 shows
the measured wavelength-dependent transmission of the 4 × 4 input MMI splitters when various
input ports were excited. Fig. 4 (a) and (b) correspond to different MMIs lengths (79 µm and
80 µm, respectively). The width of the MMI was designed to be 6 µm for both devices. The
transmission is normalized such that the total output power (sum of all four output ports) is unity.
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Fig. 4: Wavelength-dependent transmission measured at all output ports, for excitation at various
input ports of the devices with: (a) LMMI = 79 µm; and (b) LMMI = 80 µm. The MMI width was
set to 6 µm for both devices.

The oscillations in the measured transmission curves are likely due to reflections, and were also
observed in the theoretical plots in Fig. 2 (c). The measured transmission shows a significant
wavelength dependency over the entire O-band, apart from the region near the desired wavelength
(λ = 1310 nm), where the splitting ratio remains close to 0.25 for both devices. The experimental
results were in good agreement with the simulated curves, thus validating the varFDTD simulation
analysis performed on both devices. A small wavelength shift was observed in the measured
transmission between the two devices in Fig. 4, which was expected due to the minor difference
in the MMI length.

Fig. 5 shows the transmission spectra around 1310 nm for a four-channel AWG with various MMI
lengths, for excitation at input #2. Four different designs were studied in this work, with LMMI =
80 µm, 79 µm, 78 µm, and 77 µm, for Design #1 to Design #4, respectively. The other AWG
parameters, including the MMI width (6 µm) and arrayed waveguide lengths, were kept constant
for all four designs. Each measured spectrum incorporates the response from the grating couplers
positioned at the input and output of the devices. It is evident from Fig. 5 that the output response
of the AWG depends on the length of the MMI couplers. Simulation results were found to be
optimum for the design with LMMI = 79 µm (Design #2); however, experimental results indicate
that the best performance was achieved for the design with LMMI = 78 µm (Design #3).

The measured results of the four AWG designs are summarized in Table IV. The channel
spacing varies between 88-104 GHz for Design #2, close to the target spacing (100 GHz). The
slight variation in the channel spacing is attributed to phase errors in the waveguide array. For
the best performing device (Design #3, with LMMI = 78 µm), the measured channel spacing
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Fig. 5: Transmission spectra of the arrayed waveguide gratings, for excitation at input #2, with: (a)
LMMI = 80 µm; (b) LMMI = 79 µm; (c) LMMI = 78 µm; and (d) LMMI = 77 µm.

varies between 94-102 GHz, with channel bandwidth between 87-94 GHz and crosstalk between
9.6-12.6 dB. The crosstalk at 25 GHz bandwidth was measured to be ranging from 7.6-11.4 dB.
The device was designed to have a channel center wavelength of around 1310 nm, however a
channel drift of around 0.2 nm was observed in the experimental spectrum.

The small deviations between simulated and experimental results can be attributed to two main
factors: (i) the full simulation was done in parts due to the large footprint of the device; and (ii) small
variations of the geometrical parameters in the fabricated devices (compared to design), which
translates to phase errors. The deterioration of the extinction ratio results from the non-uniform
splitting at the output ports of the MMIs. As shown in Fig. 4, the splitting ratio of the MMI with
LMMI = 80 µm was nearly uniform around 1310 nm, while for the device with LMMI = 79 µm
the splitting was uneven. This non-uniformity explains why the optical performance of the device
with LMMI = 80 µm was better than Design #2 (as also seen in Table IV). Further optimization
of the minimum waveguide separation is needed for reducing channel crosstalk. Fine-tuning of
the MMI splitter geometry and the position of the access waveguides can also improve the power
splitting uniformity, and therefore further improve the performance of the 4 × 4 MMI. Additionally,
multistage designs can achieve lower crosstalk at the expense of device footprint. [30]
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TABLE IV: Summary of the measured performance of the four devices near the design wavelength
of λ = 1310 nm.

Device MMI Length [µm] Chanel separation [GHz] 3-dB bandwidth [GHz] Crosstalk [dB]
Design #1 80 90 - 104 86 - 87 7.0 - 7.3
Design #2 79 88 - 104 85 - 94 4.3 - 5.8
Design #3 78 94 - 102 87 - 94 9.6 - 12.6
Design #4 77 94 - 101 85 - 99 2.2 - 6.0

4. Conclusions
In summary, we design and demonstrate a compact four-channel wavelength-division multiplexer
using an AWG based on MMI couplers. Despite the compactness of the device, high-quality results
were achieved. The MMI couplers have tapered input and output access waveguides to reduce
back reflections and the overall insertion loss. The device was designed for a 100 GHz channel
spacing in a 4-channel WDM, a 3-dB optical bandwidth of about 87 GHz, high channel uniformity,
and excess loss less than 1 dB for the MMI couplers. The best measured performance was for
the device with MMI lengths of 78 µm (and a width of 6 µm). A maximum crosstalk up to 12.7 dB
was measured for this design. The performance can be further enhanced by improving the power
splitting uniformity of the MMI couplers, particularly by optimizing the access waveguide separation
and orientation. Ideally, the proposed device can be extended to multiplex hundreds of channels.
However, increasing the number of channels result in a non-uniform power splitting and hence
increasing the crosstalk between adjacent channels. In order to extend the device performance to
support several channels, it would require increasing the number of MMI waveguide input/output
ports with optimal power splitting characteristics.
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