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Abstract—Dense wavelength division multiplexers are key com-
ponents of data communication networks. This paper presents a
silicon-photonic eight-channel multiplexer device with a channel
spacing of only 0.133 nm (17 GHz). Devices were fabricated in
a commercial silicon foundry, in 8" silicon-on-insulator wafers.
The device layout consists of seven unbalanced Mach–Zehnder
interferometers in a cascaded tree topology, and each interfer-
ometer unit also includes a nested ring resonator element. The
transfer function of each unit is that of a maximally flat, auto-
regressive, moving-average filter. The devices are characterized
by uniform passbands, sharp spectral transitions between pass
and stop bands, and strong out-of-band rejection. The worst-case
optical power crosstalk is −22 dB. The proper function of the
device requires careful control of optical phase delays over 14 dis-
tinct optical paths. Post-fabrication trimming of phase delays was
performed through local illumination of a photo-sensitive upper
cladding layer of chalcogenide glass. The de-multiplexing of three
adjacent QAM-16, 40 Gbit/s wavelength-division channels was suc-
cessfully demonstrated. The devices are applicable in data commu-
nication and in integrated-photonic processing of radio-over-fiber
waveforms.

Index Terms—Silicon photonics, optical communication, wave-
length division multiplexing, photonic integrated circuits, data
communication, chalcogenide glasses, optical filters.
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I. INTRODUCTION

PHOTONIC integrated circuits are widely regarded as
key enabling technology for sustaining the growth of

data communication. Silicon-on-insulator (SOI) is a favorable
material platform for the realization of passive photonic
devices, due to a broad transparency window, mature fabrica-
tion technology, comparatively tight confinement of light in
high-contrast waveguides, and compatibility with electronic
integrated circuits [1], [2]. A common and significant task of
silicon-photonic devices is wavelength-division multiplexing,
de-multiplexing and filtering of communication channels [3]–
[6]. Silicon wavelength-division multiplexers are realized based
on Mach-Zehnder interferometers (MZIs) [7], coupled ring
resonators [8], arrayed waveguide gratings (AWGs) [9]–[13]
and echelle gratings [13]–[16]. Device performance metrics
include large port count, narrow transmission bandwidth,
uniform in-band transmission, strong out-of-band rejection,
and sharp spectral transitions between pass and stop bands.

Most dense wavelength division multiplexing (DWDM) SOI
devices rely on interference among multiple optical paths. Their
proper function mandates the precise definition of the optical
phase delay along each path. Unfortunately, nanometer-scale
tolerances in the widths and heights of silicon waveguides often
induce excessive uncertainty in optical phases. Phase variations
scale with waveguides lengths. Hence, DWDM devices with a
narrow free spectral range (FSR) are more susceptible to phase
delay errors. In most cases, the correct transfer function cannot
be obtained with open-loop fabrication, and some form of post-
fabrication tuning is necessary.

Optical phase delays may be adjusted using continuous ac-
tive methods, such as the injection of current to p-n junctions
across waveguides [17], [18], or local heating through metallic
or implanted silicon resistors [19], [20]. Active tuning provides
maximum flexibility, but requires continuous feedback and in-
creases the complexity of device fabrication and operation. In
addition, continuous heating increases power consumption. In
many cases, the device is designed to carry out a single func-
tion with no reconfiguration, and the operation temperature may
be fixed. Under such conditions, one-time, permanent trimming
of the device response is preferable [21]–[24]. The complex-
ity of all tuning protocols, one-time or continuous, scales with
the number of wavelength channels. Due to difficulties associ-
ated with phase control, many silicon-photonic DWDM devices
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are restricted to only four channels, and/or comparatively wide
channel spacing of 100 GHz or more, and/or compromised re-
sponse metrics.

In this work, we report a silicon-photonic eight-channel
DWDM device with a narrow spacing of only 0.133 nm
(17 GHz) between adjacent spectral channels. The device con-
sists of seven filter stages in a cascaded tree topology. Each
stage includes a MZI unit with an unbalanced differential group
delay, and a ring resonator nested in its shorter arm. The fre-
quency response of each stage is that of a maximally-flat, auto-
regressive, moving-average (ARMA) filter [25]. Compared with
finite impulse response elements, such as MZIs-only layouts or
AWGs, the ARMA filters provide more uniform passbands,
stronger out-of-band rejection and sharper spectral transitions
with fewer waveguide paths [25]. Multi-stage ARMA DWDM
devices in silicon were successfully demonstrated in several
previous works [26], [27]. However, the relative complexity of
the layout restricted these devices to four-port operation, wide
channel spacing and elevated crosstalk levels. MZIs with nested
ring resonators were also used in linearized silicon-photonic
electro-optic modulators [28].

The large number of output ports and the narrow FSR raise
a formidable challenge in phase delay trimming. To that end,
patches of a thin upper cladding layer of As2Se3 chalcogenide
glass were deposited on top of the silicon waveguides in select
locations [29]–[31]. The illuminations of the upper cladding
with a focused laser beam locally modifies its refractive index,
and with higher exposure can even result in the removal of the
cladding layer [32], [33]. Both mechanisms modify the local
effective index of the guided optical mode, and adjust the overall
phase delay in small controllable increments. Successive tuning
steps were taken, subject to closed-loop monitoring of transfer
functions, until the target response was reached.

All 14 phase delay degrees of freedom were corrected
sequentially according to a tuning procedure. No cross-
interference was observed in the adjustment of different paths.
The full width at half maximum of the transfer function in each
output port is 0.11 nm. Out-of-band crosstalk is particularly
low: −28 dB on average, with a worst-case upper bound
of −22 dB. Following the trimming procedure, the device
response remained stable over months. Lastly, three adjacent
wavelength-division channels, with 17 GHz spacing between
their central frequencies, were successfully de-multiplexed at
the device output. Each channel carried data in quadrature-
amplitude modulation-16 (QAM-16) format and 10 Gbd/s rate
(40 Gbit/s). The spectral efficiency of the transmitted data was
2.35 bit/s per Hz, in a single polarization.

The design of the DWDM device is presented in Section II.
Device fabrication, tuning and testing are reported in Section III.
A data transmission experiment is described in Section IV,
and concluding remarks are given in Section V. Results were
briefly presented at a recent conference [34].

II. DESIGN OF WAVELENGTH-DIVISION MULTIPLEXING DEVICE

The design of the DWDM device relies on the mathematical
equivalence between the transfer functions of optical filter ele-

Fig. 1. Schematic illustration of an eight-channel dense wavelength division
multiplexer device, based on cascaded Mach-Zehnder interferometers. Differ-
ential phase and group delays are noted for each stage (see main text).

ments and those of digital filters [25]. The transfer function of
an unbalanced MZI stage is analogous to that of a single-stage,
finite-impulse-response (or moving-average) digital filter. As
such, it is completely defined by the location of a single zero-
transmission point, (or ‘zero’ for short), in the complex Z plane
[25]. Similarly, the transfer function of a photonic-integrated
ring resonator is equivalent to that of a first-order infinite-
impulse-response digital filter. Such filters are also referred to
as auto-regressive [25]. Their response is entirely determined
by the location of a single pole in the complex Z plane [25],
where the transfer function approaches infinity. The response of
the most general digital filter may be expressed in terms of sets
of zero and pole locations [25]. Designs that exhibit both zeros
and poles are often referred to as ARMA filters [25].

A. Cascaded Mach-Zehnder Interferometers

The DWDM layout consists of seven filter stages, each based
on an unbalanced MZI. Let us first examine the response of a
filter comprised of MZIs only, with no resonators (Fig. 1). All
MZI units are built with equal 50/50 directional couplers at both
ends. Incident light is coupled to the upper input port of the first
MZI (stage A). The differential group delay between the two
arms of this MZI is the largest: it equals 4τ , where τ represents
a fundamental group delay unit. We denote the differential phase
delay between the two arms of the stage A MZI at a reference
optical frequency ω0 as φA .

The upper output port of MZI A is connected to the lower
input port of a second MZI, denoted as B1 . The lower output
port of MZI A is connected to the upper input port of MZI B2
(see Fig. 1). MZI units Bk , k = 1, 2, constitute the second (B)
filtering stage of the device. Both are characterized by differen-
tial group delays of 2τ . We denote their respective differential
phase delays at ω0 as φBk . Lastly, the four output ports of the
B-stage MZIs are connected to input ports of four final MZIs,
which make up the final C-stage of the device (Fig. 1). We refer
to the four MZIs as Ci , with i = 1 . . . 4.The differential group
delays in all four equals the basic unit τ , and their differential
phase delays at ω0 are denoted by φC i .

The overall transfer functions from the common input port of
the device to each of the eight output ports may be brought to
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Fig. 2. Locations of zeros of the Z-domain transfer function of output port 1 of
a cascaded Mach-Zehnder interferometer wavelength-division multiplexer de-
vice (circles). Four locations correspond to stage A (red), two to stage B (green),
and one to stage C (magenta). Zeros are located at normalized frequencies that
are integer multiples of π/4. The passband is centered at a normalized frequency
of π/4, where no zero is placed.

TABLE I
CHOICE OF DIFFERENTIAL PHASE DELAYS WITHIN A CASCADED

MACH-ZEHNDER INTERFEROMETERIC WAVELENGTH

DIVISION MULTIPLEXER

the following form [25]:

hl (Z) =
7∏

m=1

(
zl,m − Z−1). (1)

Here hl(Z) denotes the Z-domain transfer function from the
input to output port l = 1 . . . 8, and zl,m is the mth zero of
hl(Z), m = 1 . . . 7. The locations of its seven zeros completely
define each of the eight transfer functions. The zeros, in turn, are
determined by choices of the seven differential phases: φA , φBk

and φC i . All zeros are located on the unit circle of the complex
Z plane: zl,m = exp(jφl,m ).

The device design aims to locate all zeros at integer multiples
of π/4 radians, φl,m = nπ/4, n ∈ {1 . . . 8}, with the following
distinction among output ports: For each output l, zeros are
located at all n �= l positions, and no zero is placed at n = l (see
Fig. 2 for illustration). The passband of output port l is centered
at normalized frequency lπ/4. One possible choice of the seven
differential phases is listed in Table I.

Figure 3 shows the calculated normalized-frequency power
transfer functions |hl |2 , obtained by substituting Z = exp(jΩ).
The input spectrum is divided into eight periodic bands, each
routed to a different output port. The proper functioning of
the device critically depends on accurate adjustments of the
differential phase delays within all seven MZI units.

Fig. 3. Calculated normalized-frequency transfer functions of the eight output
ports of a cascaded Mach-Zehnder interferometer, wavelength-division multi-
plexer device.

Fig. 4. Schematic illustration of an eight-channel dense wavelength-division
multiplexer device, based on cascaded Mach-Zehnder interferometers with
nested ring resonators. The transfer function of each of the seven filter stages is
that of a maximally-flat auto-regressive, moving-average filter. Orange-colored
patches denote the locations of photo-sensitive upper cladding of chalcogenide
glass (see below). Differential group and phase delays are noted for each Mach-
Zehnder stage. One-pass group and phase delays are noted for each resonator
(see main text). TP: test port.

B. Auto-Regressive Moving-Average Filter Stages

Figure 4 shows a schematic illustration of a DWDM device,
in which each of the seven constituent MZI units also includes
a nested ring resonator in its shorter arm. The single-path group
delay along each ring resonator is chosen as twice longer than
the differential group delay between the host MZI arms [25]: 8τ ,
4τ and 2τ for filter units in the A, B and C stages, respectively
(see Fig. 4).

Consider for example filter unit C4 . Let us denote the single-
path phase delay along its ring resonator at ω0 as φ

(R)
C 4 . The

Z-domain transfer function between the upper input port and
the upper output port of the unit is given by [25]:

h
(1)
C 4 (Z)=

1
2

exp
(
−jφ

(R)
C 4

) ρ exp
(
jφ

(R)
C 4

)
− Z−2

1 − ρ exp
(
jφ

(R)
C 4

)
Z−2

− 1
2
Z−1

=
1
2

ρ − Z−1 − exp
(
jφ

(R)
C 4

)
Z−2 + ρ exp

(
jφ

(R)
C 4

)
Z−3

1 − ρ exp
(
jφ

(R)
C 4

)
Z−2

.

(2)
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Fig. 5. Calculated normalized-frequency transfer functions of a single-stage
auto-regressive, moving-average filter (solid lines), alongside those of a single-
stage Mach-Zehnder interferometer filter (dashed line). Black (red) traces cor-
respond to the upper (lower) output port of the filter stages.

Here ρ denotes the fraction of the optical field magnitude
that is directed to the through port of the directional coupler
that forms the ring resonator [25]. The complementary transfer
function to the lower output port is given by [25]:

h
(2)
C 4 (Z)

=
j

2

ρ + Z−1 − exp
(
jφ

(R)
C 4

)
Z−2 − ρ exp

(
jφ

(R)
C 4

)
Z−3

1 − ρ exp
(
jφ

(R)
C 4

)
Z−2

(3)

For ρ = 1/3 and φ
(R)
C 4 = π, the Z-domain responses of Eq. (2)

and Eq. (3) become those of maximally-flat, third-order Butter-
worth filters [25]. The passbands of the two filters are centered
at normalized frequencies Ω/(2π) of 0.5 and 0, respectively
[25]. Fig. 5 shows the calculated normalized-frequency power
transfer functions of the two output ports, alongside those of a
simple MZI. The incorporation of the ring resonator, and proper
choices of coupling ratio and phase delay, provide more uniform
pass-bands, stronger out-of-band rejection, and sharper spectral
transitions.

The transfer functions of all seven ARMA units can be simi-
larly calculated. A value of ρ = 1/3 is chosen for all. The phase
delays at ω0 vary among the seven resonators, in order to retain
the different central transmission frequencies of all output ports.
The phase delays in all MZIs and resonators are summarized
in Table II. Fig. 6 shows the calculated normalized-frequency
power transfer functions of all output ports of a cascaded ARMA
filter DWDM device. The calculations also include the effect of
propagation losses in our specific waveguides (see detailes in
Section III). The corresponding transfer functions of a MZIs-
only device (Fig. 3) are drawn again for comparison. The bene-
fits of the ARMA layout are evident.

The performance enhancement, however, is not achieved
without cost: the number of phase delay degrees of freedom
that must be corrected post-fabrication is increased from 7 to
14. Simulations suggest that the out-of-band crosstalk parame-
ter is the most sensitive to residual errors in phase delays and
coupling ratios, whereas the spectral shapes of the passbands are
more robust. The transmission of QAM-16 data sets stringest

TABLE II
CHOICE OF PHASE DELAYS WITHIN CASCADED AUTO-REGRESSIVE

MOVING-AVERAGE FILTER MULTIPLEXER

Fig. 6. Calculated normalized-frequency transfer functions of the eight out-
put ports of a wavelength-division multiplexing device, comprised of auto-
regressive moving-average filter stages (solid lines). The corresponding trans-
fer functions of a device consisted of cascaded Mach-Zehnder interferometers
(Fig. 3) are shown for comparison (dashed lines).

crosstalk limitations: the relative power of interfering signals
must be kept below −24 dB for a 1 dB pernalty at a bit error
ratio of 1e-3 [35]. This requirement corresponds to residual er-
rors of ±0.1 rad in phase delays, and uncertainty of ±0.1 in the
values of the coupling parameter ρ.

Compared with most realizations of silicon-photonic mul-
tiplexing devices, the proposed layout is rather complex. The
challenge of phase-delay adjustments is addressed by a one-
time trimming protocol, as described next.

III. FABRICATION AND TUNING OF DEVICES

A. Device Fabrication

The silicon-photonic DWDM devices were fabricated by the
commercial silicon foundry Tower-Jazz in Migdal Ha’Emek,
Israel. Standard 8" SOI wafers were used. The thicknesses of
the silicon device layer and the buried oxide layer were 220 nm
and 2 μm, respectively. Ridge waveguides were defined in the
silicon device layer using ultraviolet stepper photo-lithography,
followed by an inductively-coupled plasma, reactive ion etching
process. The waveguides were partially etched to 70 nm depth,
and their width was 700 nm. The basic differential group delay
unit τ was chosen as 15 ps (path imbalance of 1.3 mm). This
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Fig. 7. Image of a SOI wafer containing multiple wavelength-division multi-
plexer devices.

delay corresponds to a channel spacing of 0.133 nm (17 GHz).
The device layout included an input port, eight output ports, and
test ports at the unused input ends of each MZI (see Fig. 4).
Fig. 7 shows an image of a processed wafer. Wafers were
diced into 1.2 × 1.2 cm2 dies for subsequent processing and
testing.

The directional couplers forming all MZI and resonator units
were successfully fabricated to obtain the designed coupling
ratios as described in Section II above, within tolerance and
with no tuning required. The same holds for all group delays
within MZIs and resonators. In contrast, the values of the critical
phase delays were arbitrary. To allow for phase delay trimming,
patches of photo-sensitive As2Se3 chalcogenide glass were de-
posited on top of the silicon-photonic waveguides, at selected
locations [30], [31]: one on the longer arm of each MZI and one
within each ring resonator (see Fig. 4).

The DWDM devices were first covered with a 10 nm-thick
buffer layer of SiO2 by ion beam sputtering from a silicon
target. The deposition was performed at a pressure of 6.7e-
4 mbar, and at 0.26 nm/s rate. The SiO2 layer covered the
entire surface of the sample. Lastly, regions of 150 nm-thick
As2Se3 chalcogenide glass were defined by photo-lithography,
thermal evaporation and lift-off. A bulk target was evaporated
from a molybdenum boat at 1.3e-5 mbar pressure. The depo-
sition rate was 0.5 nm/s. The chalcogenide cladding layer was
sufficiently thin to prevent the leakage of light from the silicon
core.

The refractive index of the chalcogenide cladding layer at
1550 nm wavelength is 2.8 refractive index units (RIU) [36].
Numerical simulations suggest that the effective index of the
single transverse-electric (TE) mode of the silicon waveguide at
the same wavelength is 2.85 RIU and 2.72 RIU, with and with-
out the chalcogenide cladding, respectively. The chalcogenide
cladding modifies the group delays of waveguide paths as well
[30], [31]. In order to retain the proper ratios among group de-
lays along different elements, the lengths of the chalcogenide
cladding patches scaled with the group delay: from 50 μm in
the C-stage MZIs (unit delay τ ) to 400 μm over the ring res-
onator of the A-stage unit (delay of 8τ ). Fig. 8 shows a top-view

Fig. 8. Top optical microscope view of part of a fabricated eight-channel
wavelength division multiplexer device (20× magnification). Patches of chalco-
genide glass upper cladding may be seen on top of the waveguide paths, in three
locations. The scale bar represents 100 μm.

microscope image of parts of a DWDM device, including three
chalcogenide cladding patches.

B. Tuning of Phase Delays

Light was coupled in and out of the TE mode of devices
under test using vertical grating couplers. Standard fibers were
positioned above the grating couplers using six-axes position-
ing stages. The input fiber was moved between the main input
port and the different test ports throughout the tuning proce-
dure, and the output fiber was coupled to various output ports
as necessary. Coupling losses of optical power between a stan-
dard optical fiber and the device under test were 10 dB at each
end. Propagation losses along the waveguides were measured
separately as 1.8 dB/cm.

Phase delays were adjusted by local illumination of the upper
As2Se3 cladding. The device under test was exposed to the beam
of a Ti:Sapphire ultrafast laser. The duration of the laser pulses
was 200 fs, their repetition rate was 80 MHz, and the central
wavelength was 810 nm. The average power of the pulses was
controlled by a variable optical attenuator. The laser beam was
focused on the surface of the device under test, to a spot-size
diameter of 2 μm. A three-axes linear stage was used to scan
the device, with input and output fibers in place, through the
focused beam.

The two-photon absorption of the Ti:Sapphire laser light mod-
ifies the chalcogenide cladding layer through two mechanisms
[32], [33]. When the illumination intensity is comparatively
modest, the refractive index of the layer is locally increased due
to a photo-darkening process [33]. The change in cladding index
is on the order of 0.05-0.1 RIU [33], raising the local effective
modal index by approximately 0.01 RIU [30], [31]. At higher
intensity, a mass transfer effect takes place instead, locally re-
moving the upper cladding layer altogether [30], [31]. In this
case, the local effective index of the optical mode is reduced by
0.13 RIU.
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Both mechanisms were used in the phase-delay trimming
procedure: coarse adjustments through local mass transfer, and
fine-tuning via photo-darkening. The intensity of the laser beam
was 320 kW/cm2 in the former process, and 160 kW/cm2 in
the latter. During illumination, the As2Se3-coated areas were
translated through the focal point of the beam at 4 μm/s speed.
The upper cladding patches were large enough to allow for
several 2π cycles of phase delay adjustments, in cases of
errors.

Phase delays within the seven filter units were corrected se-
quentially. The four C-stage filters were tuned first. The response
of each unit was characterized using an optical vector network
analyzer (OVNA) with a spectral resolution of 3 pm. Light was
launched into the test port of the C-stage unit under test, and
collected in one of its output ports. As noted in Section I above,
the initial phase delays within the MZI and ring resonator fol-
lowing fabrication were arbitrary. The initial transfer function
(Fig. 9(top), solid light green line) was therefore very different
from the target response of the filter unit (dashed black trace).
The actual values of the two phase delays within the unit were
fitted based on the model of Section II.B, using offline process-
ing. The necessary phase delay corrections were determined, and
the motorized linear stages were programmed to scan waveguide
segments of appropriate lengths through the laser writing beam.
Waveguides were illuminated in discrete steps, and the transfer
function was repeatedly measured following several such steps
for validation purposes. Both MZI and ring were addressed dur-
ing each step. The filter response was gradually adjusted from
the arbitrary initial shape to that of a maximally-flat, ARMA
bandpass filter (Fig. 9(top)).

Following the adjustment of the four C-stage filters, phase
delays within the two intermediate B-stage units were trimmed
next. The transfer function from a B-stage test port and an out-
put of the entire device was measured using the OVNA (Fig. 9
(center)). Here too, the initial measured response was arbitrary.
However, with the cascaded C-stages already tuned, the two
phase delays within the B-stage unit under test could be retrieved
based on the device model. Successive illumination steps grad-
ually brought the measured response to its target shape. Note
that the proper transfer function between the B-stage test port
and the device output is not that of a de-multiplexer filter (Fig. 9
(center), dashed line). Lastly, the device response was measured
between the common input and one of the outputs, and the two
phases within the A-stage unit were adjusted using the same
procedure (Fig. 9 (bottom)). The tuning of multiple elements
did not introduce cross-interference: the illumination of a given
upper cladding patch had no effect on any of the other phase
delays.

Figure 10(top) shows OVNA measurements of the power
transfer functions of all output ports, at the conclusion of the
tuning procedure. A magnified view of the transfer functions
within a single FSR is presented in Fig. 10(center). The input
spectrum is divided in eight output channels with 0.133 nm
spacing. The channels passbands are uniform, with full widths
at half maximum of 0.11 nm. The wavelength-averaged out-
of-band rejection is −28 dB, with worst-case crosstalk level of
−22 dB. The spectral transitions between pass and stop bands

Fig. 9. Post-fabrication trimming of the relative power transfer functions. Top:
Tuning the response of filter stage C3 , from its test port to output port 5 (see
Fig. 4). Solid lines show measured transfer functions, starting from an arbitrary
initial state (light green) to a final state that meets the design (orange). The
dashed line shows the designed transfer function. Center: Tuning the response
of filter stage B2 , from its test port to output port 5 (see Fig. 4). Solid lines show
measured transfer functions, starting from an arbitrary initial state (orange) to
a final state that meets the design (green). The dashed line shows the calculated
transfer function from test port to output. Note that the response seen from the
test port is not that of a de-multiplexer filter. Bottom: Tuning the response of
filter stage A, from the common input port to output port 5. Solid lines show
measured transfer functions, starting from an arbitrary initial state (orange) to
a final state of an auto-regressive moving-average eight-channel de-multiplexer
(blue). The dashed line shows the expected transfer function.

are considerably sharper than those of MZI-based DWDM de-
vices, as expected.

The measured power transfer functions are in very good
agreement with design (Fig. 10(bottom)). The figure also shows
the measured and calculated group delays of a single output,
within a single passband. Group delay variations of 40 ps are
observed between the band edges and the central transmission
wavelength. Measured group delays are in very good agreement
with preductions. End-to-end in-band transmission losses were
−22 dB. Losses were dominated by input and output coupling at
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Fig. 10. Top: Measured relative power transfer functions of all eight output
ports of a silicon-photonic dense wavelength-division multiplexer device. Cen-
ter: magnified view of the transfer functions within a single free spectral range.
Bottom: Magnified view of a single pass-band of one ouput port. Blue traces
present relative power transfer functions (left vertical axis). Red traces show
relative group delay variations (right vertical axis). The designed response is
noted in solid lines, and measurements are shown in dashed traces.

the vertical gratings. The coupling losses are not fundamental,
and may be reduced if fibers are permanently fixed to the device
under test. The high quality of the periodic transfer functions
is retained over a 10 nm-wide bandwidth, limited by residual
imbalance of group delays.

IV. DE-MULTIPLEXING OF DATA CHANNELS

Figure 11 illustrates the measurement setup used in the de-
multiplexing of adjacent wavelength-division communication
channels. Light from the output of a distributed feedback laser
diode at 1542.15 nm wavelength was modulated by QAM-16
data, at 10 Gbd/s rate (40 Gbit/s). The data-carrying optical
waveform was split into two paths. The signal in the lower
branch served as a central communication channel. Light in the
upper branch passed through an electro-optic amplitude mod-
ulator that was biased for carrier suppression, and driven by
a sine-wave at 17 GHz frequency from the output of a mi-
crowave generator. The modulation generated two replicas of the

Fig. 11. Schematic illustration of the experimental setup used in the de-
multiplexing of three data channels. EOM: electro-optic modulator. PC: polar-
ization controller. EDFA: erbium-doped fiber amplifier. Att.: variable attenuator.
QAM: quadrature amplitude modulation. Tx: transmitter. Rx: Receiver.

Fig. 12. Top, blue solid trace: Relative power spectral density of three optical
communication channels at the input of a silicon-photonic wavelength-division
multiplexer. Each channel carried 40 Gbit/s data at QAM-16 format. The spacing
between the optical carrier frequencies of the three channels was 17 GHz.
Dashed red trace: relative power spectral density of the waveform at the output
port of the device that corresponds to the central channel. The outer channels
were suppressed by at least 25 dB. Bottom: Constellation diagram of QAM-16
data of the central optical channel following de-multiplexing. The measured bit
error ratio in 1 million bits was 5e-4. The average error vector magnitude in a
block size of 10,000 bits was 0.105.

data-carrying channel, at central optical frequencies that were
17 GHz above and below that of the original one.

The two outer communication channels were recombined
with the central channel by an optical coupler (see Fig. 11).
The waveform in the lower path was delayed over few meters
of fiber, so that data in the central channel were uncorrelated
with those in the outer two. A variable optical attenuator was
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used to equalize the power levels of the three channels to within
2 dB. Fig. 12(top, blue trace) shows the normalized optical
power spectral density of the three channels combined. The
spectral efficiency of data transmission was 2.35 bit/s per Hz.
In a control experiment, the combined waveform was directly
connected to the optical input port of a QAM-16 receiver. With-
out channel de-multiplexing, the receiver could not identify the
data transmission pattern due to inter-channel interference.

The combined three channels were then coupled to the
input port of the device under test. The overall power level
at the input fiber was 16 dB (approximately 6 dBm coupled
into the chip). The device temperature was maintained at
25 ± 0.001 °K. Fig. 12(top, red trace) shows the normalized
optical power spectral density at the output port corresponding
to the central channel. The two outer channels were suppressed
by at least 25 dB. Lastly, Fig. 12(bottom) shows the detected
QAM-16 constellation diagram of the de-multiplexed central
channel. The measured bit error ratio in 1 million bits was 5e-4,
well within the specifications for forward error correction. The
average error vector magnitude of the 16 symbols over a block
size of 10,000 bits was 0.105. No electronic filters were used
in the detection scheme.

V. CONCLUSION

An eight-channel DWDM silicon-photonic device based
on cascaded ARMA filter stages was designed, fabricated
and tested. Compared with most previous realizations, the
device layout is comparatively complex. In return, however,
the response of the device is characterized by ultra-narrow
channel spacing of only 0.133 nm (17 GHz), highly uniform
passbands, strong out-of-band rejection and sharp spectral
transitions. The proper functioning of the device requires
precise control over 14 phase delays. One-time trimming of
these delays was achieved through the local illumination of
upper cladding regions of photo-sensitive chalcogenide glass.
Individual phase-delay degrees of freedom could be adjusted
with no cross-interference effects. The de-multiplexing of three
adjacent 16-QAM, 40 Gbit/s wavelength-division channels,
with a spectral efficiency of 2.35 bit/s per Hz in a single
polarization, was successfully demonstrated.

The tuning process is suitable for automation: The transfer
function of a filter unit under study is measured following every
illumination step, phase delays are fitted using a numerical
model, and the next trimming step is defined accordingly. The
response of the device was tested over several months following
fabrication, with negligible changes. The device, however, must
be packaged and kept away from exposure to ambient light
during service, to prevent unintended phase delay modifications.

Due to the large thermo-optic coefficient of silicon and the
dense channels spacing, the alignment of transfer functions with
the absolute wavelengths of the input data requires the stabiliza-
tion of device temperature to within several milli- Kelvin. Note
that the thermo-optic coefficient of the chalcogenide glass up-
per cladding is smaller than that of silicon. Hence the tempera-
ture control requirements of most silicon-photonic devices with
comparable channels spacing would be similar. Post-fabrication
trimming of phase delays is required in many other silicon-

photonic devices, such as AWGs. The protocol described in this
work is applicable to those devices as well. Lastly, arsenic-free
chalcogenide glass compositions, such as gallium-lanthanum-
sulfide (GLS) [37], may be used as alternative photo-sensitive
upper cladding materials in future studies.

Due to the relative layout complexity, access to a commer-
cial silicon foundry was central to the fabrication success.
The proposed DWDM devices are applicable to data center
communications, as well as chip-level all-optical filtering of
mobile communication waveforms and radio-over-fiber signals
[38], [39]. Future work would include additional data transfer
experiments, scaling of devices to larger channel counts, and
the development of a fully-automated trimming process.
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