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Abstract: A thermally tunable 1 x 4 channel optical demultiplexer was designed using an
ultra low-loss Si3N4 (propagation loss ~3.1 dB/m) waveguide. The demultiplexer has three
2 x 2 Mach-Zehnder interferometers (MZI), where each of the MZI contains two 2 x 2
general interference based multimode interference (MMI) couplers. The MMI couplers exhibit
—3.3 dB to —3.7 dB power division ratios over a 50 nm wavelength range from 1530 nm to
1580 nm. The chrome-based (Cr) heaters placed on the delay arms of the MZI filters enable
thermal tuning to control the optical phase shift in the MZI delay arms. This facilitates
achieving moderately low crosstalk (14.5 dB) between the adjacent channels. The optical
insertion loss of the demultiplexer per channel is between 1.5 dB to 2.2 dB over the 1550 nm to
1565 nm wavelength range. Error free performance (BER of 107!2) is obtained for all four
40 Gb/s data rate channels. The optical demultiplexer is an important tool towards building
photonic integrated circuits with complex optical signal processing functionalities in the
low-loss Si3N4 waveguide platform.

Keywords. photonic integrated circuits; silica and silicon nitride photonics; wavelength
filtering devices
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1. Introduction

The growth of internet traffic over the last decade has pushed data capacity and increased the
processing speed demand in modern computational server based networks such as data centers. Optical
interconnection between the servers of the data centers can further enhance the data processing capacity
of the network by exploiting space, time, and wavelength domains [1-3]. An important challenge is to
design photonic integrated circuits (PIC) with complex optical signal processing functionalities such that
many of the data processing tasks can be transferred from the electrical to the optical domain. PICs using
low-loss optical waveguide on Si3sNa [4] platform technology are a promising solution to implement
some complex optical functionalities on-chip such as generating large optical time delay (i.e., by using
optical buffers [5]) or building high quality factor resonators [6].

Propagation losses of 2.8 um % 80 nm cross-section area Si3N4 waveguides first reported in [7] were
measured to be 8 dB/m (0.5 mm bend radius), and as low as 3 dB/m for larger bends (2 mm bend radius).
Large bend radius is required in the low-loss Si3N4 waveguide to reduce the mode-mismatch loss at the
bending regions. Therefore, in the PIC applications, where compact waveguide routing is required, high
index contrast waveguides, such as silicon on insulator (SOI) waveguides are preferable to SizNa4
waveguides. Standard SOI waveguides (220 nm x 500 nm cross-section area) with propagation losses
of ~2.5 dB/cm have been demonstrated with bending radii as low as 7 um [8]. However, to design optical
buffer circuits using long length delay waveguides (i.e., in the range of meters to introduce several ns
time delay [1,5]), SOI waveguides are not suitable. For example, to design the 12.86 ns delay line
demonstrated in [5], a ~0.92 m long 220 nm x 500 nm cross-section SOI waveguide will exhibit around
~230 dB loss. Therefore, recently demonstrated low-loss SisN4 waveguides are investigated to build
integrated long optical buffers. Using a wafer-bonded silica-on-silicon planar waveguide platform,
propagation losses as low as 0.1 dB/m are reported in [9], where the waveguide thickness is set to 40 nm
and the waveguide width varies from 3 pm to 14 um. The low trending propagation loss of SizN4
waveguides suggests that these waveguides can be used to build all optical packet routing PICs where
long optical delay lines or low-loss optical buffer circuits are required [10]. In [1], for example, we
proposed an analytical model of a passive wavelength striped (PWM) circuit, where an optical serial
packet stream is converted to a parallel stream to increase the bandwidth scalability of optical
interconnect networks. The PWM circuit implements simultaneous optical filtering and delays each time
segment of the data with respect to its adjacent channel by a specific amount of time using optical buffers
or long optical delay waveguides. To design an integrated version of the PWM circuit, low-loss SizN4
waveguides can be used to build its key building blocks (i.e., a demultiplexer to filter the optical channels
and the long delay lines to implement the time delay between the adjacent channels). A low-loss
arrayed-waveguide grating (AWG) demultiplexer using SisN4 waveguide platform is proposed in [11].
An AWG based demultiplexer on Si3N4 waveguide platform presented in [11] (<0.5 dB insertion loss
and 40 dB cross-talk) demonstrates better performance than the MZI filter based optical demultiplexers.
However, in [1] we find that the AWG approach to build the demultiplexer in a PWM circuit incurs
overall greater loss and increases the footprint of the PWM device due to the individual time delay
requirements for each of the channels after the AWG. MZI based demultiplexers can solve this problem
by simultaneously filtering and delaying the optical channels with respect to their adjacent channels. In
addition to this, some optical signal processing circuits require MZI based lattice filter architecture such
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that filter parameters can be tuned (electro-optically or thermo-optically) to generate tunable optical
signals [12]. Therefore, MZI based thermally tunable wavelength demultiplexer is an important device
which adds more functionalities or tunability in the low-loss Si3N4 delay waveguide based components.
For the applications where large optical time delays are required in addition to the wavelength filtering,
the AWG based multiplexer and MZI filter based demultiplexer can be used together to build the
complete PIC on chip [1].

In this paper, we present the analysis and experimental results of a 1 x 4 channel MZI based
wavelength demultiplexer designed using the 2.8 pm x 72 nm cross-section area Si3sN4 waveguide. The
waveguide has a SiOz substrate and a plasma-enhanced chemical vapor deposition (PECVD) SiO2 upper
cladding, where the thickness of both layers is 15 pm. The demultiplexer is fabricated using the TriPleX
photonic platform [13] from LioniX BV. Performance result of the general interference based 2 x 2 MMI
couplers used to build the MZ interferometers shows —3.3 dB to —3.7 dB power division ratio over 50 nm
wavelength range from 1530 nm to 1580 nm. We have measured 1 x 107!2 bit error rate (BER) for all of

the four demultiplexed 40 Gb/s data rate channels after electrically time demultiplexing them at a
10 Gb/s rate.

2. Design of the 1 x 4 Channel Wavelength Demultiplexer

In this section, we first describe the structure and properties of the low-loss 2.8 um x 72 nm cross-section
area Si3N4 waveguide. Next we will present the simulation method and results used to design the MMI
couplers and the overall MZI based demultiplexer.

2.1. Low-Loss SizNs Waveguide

The low-loss single stripe geometry Si3N4 waveguide from the TriPleX photonic platform [13] was
chosen to design the photonic components presented in this paper. The waveguide fabrication process is
similar to the methods reported in [4]. The width and height of the waveguide was chosen such that
minimum propagation loss is achieved at the bending radius equal to or more than 4 mm. The cross-section
area of the waveguide is shown in Figure la. Figure 1b shows the TE mode profile of the optical
waveguide obtained from 2D finite-difference time-domain (FDTD) simulation using the Lumerical
Mode software.
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Figure 1. (a) Cross-section (not to scale) of the single stripe geometry SizN4 waveguide,
(b) Simulated TE mode profile (in linear scale) at 1550 nm wavelength, where the 72 nm

thick Si3N4 waveguide is superimposed (drawn to scale).
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We calculate the effective index (nef) and group index (ng) of the waveguide using the 2D FDTD
method over the wavelength range from 1530 nm to 1580 nm. Figure 2a,b shows that the effective index
and group index of the waveguide varies by Aney = —0.0015 and 4ng = —0.006, respectively, over the
wavelength range from 1530 nm to 1580 nm. The change in both the effective index and in the group
index of the waveguide with respect to the wavelength results in a wavelength dependency in the
transmission response of the demultiplexer, which will be discussed in Section 3.2.
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Figure 2. Variation in the (a) effective index (nef) and (b) group index (ng) of the SizN4
waveguide from the wavelength range from 1530 nm to 1580 nm.

2.2. Design of the 2 x 2 MMI Coupler

The general interference based 2 x 2 MMI couplers were used to build the MZ interferometers of the
demultiplexer. It is necessary to perform numerical simulations to accurately estimate the core
waveguide length (“Lamr”) of a MMI coupler for a given core waveguide width [14]. In this work, we
use FDTD simulation from Lumerical Mode software to estimate the core MMI waveguide length
“Lmmr”. Figure 3a shows the waveguide geometries of the 2 x 2 MMI coupler designed in this work. The
core waveguide width (Wamr = 30 um) was chosen to make the lateral separation between the two input
waveguides and between the two output waveguides large enough (“Li”” = 10 pum) such that no
inter-coupling occurs between the two side-by-side I/P waveguides. The access waveguide width (W) is
increased to 5 um to minimize the mode mismatch loss at MMI core waveguide input and output edges [14].
A 200 pum long taper waveguide is designed to lower optical loss transition from the 5 pm wide
waveguide to the 2.8 um wide waveguide. Figure 3b shows the electric field distribution (in linear scale)
in a 2D plane of the MMI coupler for a MMI core waveguide length of Lanz = 1860 pum at
1550 nm wavelength.

To determine the effect of the variation in the MMI coupler length on the insertion loss and the power
coupling between the two output (O/P) ports of the MMI coupler, we have simulated three MMI
structures with different core waveguide lengths, while keeping the core waveguide width fixed to
Wwymr = 30 pm. Table 1 shows that at 1550 nm wavelength, MMI coupler with the core waveguide length
Ly = 1860 pm exhibits minimum insertion loss per O/P waveguide (~0.3 dB).
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Figure 3. (a) Schematic of the 2 x 2 multimode interference (MMI) coupler with taper
waveguide length, Liper =200 pm and access waveguide width, W, =5 um and (b) the electric
field distribution in a 2D plane of the MMI coupler at 1550 nm wavelength.

Tablel. Simulation values of the power coupled to the two O/P waveguides of the MMI coupler.

Lmwmi Per centage of the Input Input Power Coupled
(UM) Power Coupled tothe Two tothe Two O/P
O/P Waveguides Waveguides (dB)
O/P 1 O/P2 O/P 1 O/P2
1850 42% 40% -3.76 -3.97
1860 47.1% 46.5% -3.27 -3.32
1870 43% 42.5% -3.66 -3.71

2.3. MZI Based 1 x 4 Channel Wavelength Demultiplexer

Figure 4 shows the schematic of the proposed demultiplexer architecture. The demultiplexer is
designed to filter four 40 Gb/s data rate channels, where the wavelength separation between the adjacent
channels is 3.2 nm. Therefore, in the demultiplexer structure shown in Figure 4, each of the four output
channels is designed to have 4 x 3.2 nm = 12.8 nm free spectral range (FSR) in its corresponding optical
spectrum. The detailed design method of the MZI based optical demultiplexer/filter can be found in [15,16].
In addition to the extra delay lengths (L:, L2 and L3) each of the MZI filters contains two equal length
s-shaped bend waveguides (= 25.13 mm long), with a bending radius of 4 mm. As shown in Figure 4, on
top of these bend waveguides, 12 mm long heaters are situated for thermal heating. To achieve 12.8 nm
FSR at the four output channels (ch-1, ch-2, ch-3 and ch-4) of the demultiplexer, the first MZI (MZI
with the extra delay waveguide length, L;) is designed to have 6.4 nm FSR at its two output channels
(41and A42), where the wavelength separation between the two channels is 3.2 nm. We have set the delay
length, L; = 249.5 um in the first MZI to obtain FSR = 6.4 nm at its output channels (4; and A42). The
following equation is used to estimate the value of L;:

AZ
M= ESR % ny M

where, the group index, ng = 1.505 at A = 1550 nm wavelength (from Figure 2b).
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Figure 4. Schematic of the 1 x 4 channel wavelength demultiplexer architecture with the
integrated Cr heater on the delay arms of the Mach-Zehnder interferometer (MZI) (not to scale).
V1 to Ve: electrical pad to apply the DC voltages for thermal tuning, G: ground pad, L; to Ls:
delay waveguide lengths (in green color).

The values of the delay waveguide lengths, L2 = 124.7 um + Lz and L3 = 124.7 pm, are chosen such
that the corresponding MZIs containing these delay lines have an F'SR = 12.8 nm. Note that an extra
delay length, Lz> = 0.257 pm, is added to L: in the second MZI, to induce a phase shift of 7/2 in the
optical signal of the corresponding delay arm. This extra z/2 phase shift is necessary to obtain the
required wavelength separation of 3.2 nm and low crosstalk between the output channels c/-7 and ch-2.
Figure 5a presents the simulation result of the overlapped optical transmission response of the four
channels (ch-1, ch-2, ch-3 and ch-4) of the demultiplexer, where a ~15 dB crosstalk between the channels
is obtained. We find that it is important to implement thermal tunability in the delay arms of the MZIs
to ensure low crosstalk as well as the required channel separation between the output channels. As an
example, a 100 nm length offset error is added in the simulation to all the three delay arms (L; to Ls3) of
the demultiplexer to assess the impact of fabrication error on the demultiplexer. From Figure 5b, it is
clear that this error results in a significant degradation in the crosstalk performance of the demultiplexer
(from 15 dB to 8 dB). The 100 nm length offset error induces 0.197 of phase error. It will be shown in
Section 3 that the thermal heaters designed in this work, can compensate up to 0.5x of phase shift error
at the expense of 150 mW (25 V, 6 mA) electrical power consumption. We have also investigated the
effect of waveguide width variation on the phase shift between the two long delay arms (25.13 mm) of
each MZI filter. As an example, we include a 2 nm width variation on the two delay arms (i.e., 2.8 pm
and 2.802 um wide) of each of the three MZI filters in the demultiplexer. From a similar mode simulation
method described in Section 2.1, we find that for a 2.802 pm waveguide width, the group index increases
by Ang = 1.55 x 107> at 1550 nm wavelength. The change in group index induces /2 phase mismatch
between the two 25.13 mm long delay waveguides which can be compensated by the thermal heaters.
However, if the waveguide width variation is more than 2 nm over 25.13 mm long waveguide, the
thermal heaters designed in this work cannot compensate for the phase error. However, the MZI delay
waveguides are placed in proximity, and it is unlikely that two waveguides maintain such width
difference over the 25.13 mm length. In fact, two delay waveguides in proximity are more likely to have
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the same width offset, which would induce near zero phase shift in the demultiplexer compensable by
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Figure 5. Simulation result of the (a) overlapped transmission responses of the four optical
output channels and (b) overlapped transmission responses of the four optical output
channels in the presence of a delay length mismatch error 100 nm.

Thermal heaters were integrated on top of the MZI delay waveguides for tuning the phase of
the optical signal upto 7/2. As mentioned in the paragraph above, we have added an extra delay
length of L2 = 0.257 pum to passively achieve the 7/2 phase shift. Despite this delay, thermal
heaters make the design of the demultiplexer more robust against fabrication variations. The
electrical contact pads on the heaters were 2 mm X 0.5 mm in dimension with pitch = 1 mm
(Figure 6a). The large separation between the contact pads will simplify and lower the cost of wire
bonding to the chip. However, in this work we have applied electrical voltage to the heaters using
external DC probes. We have used proprietary data from LioniX BV to keep the separation
between the thermal heaters from 8 mm to 16 mm, to avoid thermal crosstalk (Figure 6b).
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Figure 6. (a) Dimension and vertical separation between the electrical contact pads,
(b) Layout of the thermal heaters, minimum distance is kept to 8 mm to avoid thermal crosstalk.
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3. Experiment Setup and Results

To determine the performance result of the 1 x 4 channel wavelength demultiplexer, first, we have
measured the transmission responses of the different passive test devices which were designed on the
same chip. The test devices include a 10 cm long SisN4 waveguide having nine alternating bends of 4 mm
bending radius, a spiral shaped 1.5 m long delay waveguide, a heater integrated Mach-Zehnder
interferometer, and three test structures for MMI couplers with different core waveguide lengths. The
1.5 m long test delay waveguide has a 4 mm bending radius at the center and routing regions (Figure 7a).
Several 10 cm long test structures were designed next to each of the test components. The transmission
response of these test devices allowed us to determine the propagation loss of the SisNs waveguide and
the insertion loss of the MMI couplers. These test results also facilitate assessing the insertion loss of
each channel of the demultiplexer. We proceed to measure the BER performance of the demultiplexer.

Figure 7 shows the experimental setup used to measure the transmission response of the passive
components. A continuous wave (CW) signal from a laser with an optical power of 10 dBm is connected
to a polarization controller (PC) and tuned over the wavelength range from 1530 nm to 1580 nm. At the
output of the polarization controller (PC), the measured optical power is around ~8.8 dBm. The polarized
CW optical signal is applied to the input edge coupler (I/P) of the test device. The output optical power
i1s measured for each of the test components and their corresponding 10 cm long test waveguide. The
optical power transmitted through the 10 cm long test SisN4 waveguide is subtracted from the output
power of the other test devices such as the MMI couplers and wavelength demultiplexer to find their
corresponding insertion loss. The distance between the i/0 waveguide edges of the test components and
the 10 cm long test waveguide at the polished facet was kept to 60 pm. This minimizes the error in
measuring the test component’s insertion loss due to the variation in fiber to chip coupling loss.

Output waveguide

Input waveguide

(a) (b)

Figure 7. (a) Layout of the 1.5 m long spiral waveguide, (b) Experimental setup to measure
the transmission responses of the different test devices, (10 cm long waveguide, 1.5 m long
spiral waveguide and the 1 x 4 channel wavelength demultiplexer).

Figure 8 shows the optical transmission response of the ~10 cm long straight waveguide and ~1.5 m
long spiral delay waveguide. The optical coupling to the chip was implemented using two cleaved fibers
at the input and output edge of the chip. It also shows the transmission response of the CW signal after
the PC. From this figure it is seen that the total edge coupling in and out loss is around 9.8 dB
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(8.8—(—1) dBm) at the wavelength of 1550 nm, considering the propagation loss in the 10 cm long Si3N4
waveguide is negligible compared to the edge coupling loss. The measured coupling loss variation over
all the 10 cm long waveguides is less than 0.05 dB. From Figure 8, it is also seen that the 1.5 m long
spiral delay waveguide suffers an extra 4.6 dB optical loss compared to the 10 cm long Si3N4 waveguide.
From this result, we measured an approximate 3.1 dB/m propagation loss for the 72 nm thick Si3N4
waveguide, where the total fiber to chip coupling loss is assumed to be 9.8 dB.
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Figure 8. Optical transmission response of the continuous wave (CW) signal from the laser,
10 cm long Si3N4 waveguide and 1.5 m long Si3N4 waveguide.

We have experimentally determined the group index of the 72 nm thick SizN4 waveguide using
the transmission response of a test Mach-Zehnder interferometer (MZI). The length difference
between the two arms of the MZI is 4.4 mm (the two MZI arms are 12.26 mm and 16.66 mm in
length). In addition to this, a ~12 mm long and 20 pm wide heater was placed on top of the longer
arm of the MZI filter to find the Px (input power required at the heater to achieve © phase shift in
the CW signal) of the heater. All the heaters in the 1 x 4 channel wavelength demultiplexer have
similar geometry. It should be mentioned that the test MZI structure is similar to the MZI filters of
the 1 x 4 channel wavelength demultiplexer shown in Figure 4. However, as mentioned in Section 2.3,
the extra delay lengths in the MZI filters of the 1 x 4 channel wavelength demultiplexer is much
smaller (i.e., L1 =249.5 pm, L2=124.96 pm and L3 = 124.7 pm) compared to the extra delay length
(4.4 mm) of the test MZI filter. Therefore, in the test MZI filter we expect to have smaller FSR,
which will facilitate the experimental measurement of the group index of the waveguide within a
small wavelength range. In both the test MZI and demultiplexer, Px of the heaters will be similar,
as the heaters have same length (~12 mm) in all the MZI filters presented in this article. Figure 9a
shows the zoomed optical transmission response of the test MZI structure, where the input CW
signal from the laser with an optical power of 10 dBm is tuned over the wavelength range from
1547 nm to 1552 nm. We found that at a heater bias voltage of 25 V (6 mA), the optical
transmission response of the filter shifts in wavelength by an amount equal to 1/4th of its FSR
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(0.09 nm). Therefore, the measured resistance and Px/2 is 4.17 kQ and 150 mW, respectively, for
the MZI delay arm’s heater. From this result, the approximate value of Pz can be interpolated to
be 300 mW. Next, we used the method provided in [17] to measure group index (ng) of the
waveguide from the transmission response of the MZI. In this method, the measured FSR at
different wavelengths is used to calculate the group index. Figure 9b shows the simulated and
experimental value of the group index at wavelength near 1550 nm. From this figure, it is clear
that the experimental value of the group index is within ~0.001 error limit from the simulation
value. We calculated that within this error limit of the group index, the FSR of the filter would
change by only ~0.003 nm. As the wavelength separation between the adjacent channels of the filter
is 3.2 nm, this FSR variation due to this group index variation does not affect the filter performance.
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Figure 9. (a) Optical transmission response of the test MZI filter at two different bias
voltages to the heater, (b) Measured and calculated group index of the 72 nm thick
Si3Ns waveguide.

3.1. Power Splitting Ratio in the Si;N+ Waveguide Based MMI Couplers

We assess the power splitting ratio in the two output arms of the MMI couplers. Three test MMI
couplers were designed such that all the MMI couplers have the same core waveguide width (Wami) of
30 um. The core waveguide lengths (L) of the three MMI couplers are varied from the first beat length
(~1860 pm found from simulation, Section 2.2). Figure 10 shows the normalized output transmission
response of the MMI couplers. From this figure, it is seen that optical power splitting ratio within 0.3 dB
power range is obtained for all the MMI couplers at both ports. The MMI coupler with Ly = 1860 um
exhibits 0.4 dB loss per output channel at 1550 nm wavelength. The optical loss per channel increases
to 0.8 dB and 1 dB for the MMI couplers with +£10 pm variation from the simulated optimum core
waveguide length. The 0.4 dB to 1 dB insertion loss for the MMI coupler is still high, considering the
low-loss SisNs platform used to design the devices. This suggests that in future runs the MMI coupler
should be designed more carefully by considering both the simulation and experimental result obtained
from this run.
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Figure 10. Normalized output transmission response at the two output ports of the
MMI couplers.

3.2. Transmission Response of the Four Channel Wavelength Demultiplexer

To determine the insertion loss and crosstalk between the adjacent channels of the 1 x 4 channel
demultiplexer, we have used a similar setup as in Figure 7b. The optical phase shift in the delay arms of
the MZI interferometers was thermally tuned. We applied a set of DC voltages to implement thermal
heating in the corresponding delay arms. The thermal heating occurs from the electrical power loss in
the resistive load of the heater. Figure 11 shows the optical transmission response of each of the four
channels of the demultiplexer. The applied DC voltages in the thermal heaters of the delay arms were
V>2=1.5V (032 mA), 3=4V (0.9 mA) and Vs = 2.5 V (0.55 mA). All the voltages were applied
simultaneously to the heaters to minimize the crosstalk between the channels. Each of the heaters has
separate signal and ground contact pads, therefore no electrical cross-talk was observed in the
simultaneous biasing. From this figure it is seen that the side lobe suppression ratio for ch-1, ch-2, ch-3
and ch-4 are 12 dB, 12.8 dB, 12.6 dB and 11.2 dB, respectively from 1530 nm to 1580 nm wavelength
range. The free spectral range (FSR) from 1550 nm to 1580 nm wavelength range for ch-1, ch-2, ch-3
and ch-4 are 12.85 nm, 12.9 nm, 12.85 dB and 12.9 nm, respectively.

Figure 12a shows the overlapped transmission responses of all four channels of the demultiplexer. In
the transmission response from wavelength range 1550 nm to 1565 nm (Figure 12b), we measured that
the transmission peaks of ch-1, ch-2, ch-3 and ch-4 are at 1552 nm, 1558.45 nm, 1555.3 nm and 1561.6 nm.
Therefore, the wavelength separation between ch-1 and ch-3 is 3.1 nm, between ch-2 and ch-3 is 3.15 nm,
and between ch-2 and ch-4 is 3.15 nm. The FSR and wavelength separation between two channels is
within the 0.1 nm range of the simulation result presented in Section 2.3. We used the results of Figure 12b
to set the four CW laser signals at the wavelength range from 1552 nm to 1561.6 nm to demonstrate
wavelength division multiplexing (WDM) operation in Section 3.3.
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3.3. 160 Gb/s Wavelength Division Multiplexing Operation
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Figure 13 shows the experimental setup that was used to record the eye diagrams and to evaluate the

BER performance of the four WDM channels. To demonstrate the WDM operation, four laser sources

emitting continuous-wave (CW) light at wavelengths of 1552 nm, 1555.2 nm, 1558.4 nm and 1561.6 nm

set with an optical power of 10 dBm/channel. The wavelengths of the CW signal were chosen such that

they were aligned with the transmission power peaks of the four channel optical demultiplexer

(Figure 12b).
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Optical spectrum analyzer, DCA: digital communication analyzer. Inset shows the optical
spectrum of the four modulated channels.

Polarization controllers (PC-1 to PC-4) were inserted at each of the CW channel paths to maximize
the extinction ratio of the modulated signal from the polarization sensitive electro-optic LiNbO3
modulator. Prior to the external optical modulator, the four CW signals were multiplexed onto a single
fiber using a 4:1 optical power coupler. The 4:1 optical power coupler has an insertion loss of around
6.4 dB. We measured around 9.5 dBm of total optical power from the output of the 4:1 optical coupler.
The optically multiplexed four CW channels were given as input to the commercial LiNbO3 modulator.
The modulator has a measured insertion loss of 7 dB. The optical modulator was driven by a 40 Gb/s
non-return to zero (NRZ) on-off keying (OOK) electrical data generated from four 10 Gb/s pulse pattern
generators (PPG). The four 10 Gb/s data generated from the PPGs were time multiplexed by the electrical
multiplexer (MUX) to create the 40 Gb/s data. The electrical signal is a pseudorandom binary sequence
(PRBS) data with a bit pattern of length 23! — 1.

To compensate for the insertion loss of the optical modulator and the device under test, two EDFAs
(EDFA-1 and EDFA-2) with 5 dB noise figure were used before and after the chip. A polarization
controller (PC-5) was used before the chip to control the polarization state of the input signal to the
polarization sensitive Si3N4 waveguide. A variable optical attenuator (VOA) was used to control the
received optical power by the commercial photodetector such that BER performance of the
demultiplexer can be evaluated in terms of the average received power. A 90/10 optical coupler was
used after the VOA to measure the amount of received power by the photodetector and to record the
optical spectrum of the output signals. Figure 14 shows the recorded eye diagrams from the DCA for

each of the four channels of the demultiplexer.
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To measure the BER of all four channels, we used an electrical demultiplexer after the commercial
photodetector to electronically demultiplex each of the 40 Gb/s channel to a 10 Gb/s channel. The 10 Gb/s
data rate signal was used to measure the BER performance of each channel using a BER tester (Anritsu
MU181040A-002). Figure 15 shows that an average received power of —2.5 dBm is required at the
photodetector input to achieve 1 x 107'2 BER for all four channels. It should be mentioned that the BER
performance result does not include errors due to the crosstalk between channels, as all the channels
were modulated with same PRBS data. In the case of the back-to-back link, only one CW signal source
is modulated without using the 4:1 optical coupler, where the device under test is replaced by an optical
attenuator set to the insertion loss of the SizN4 demultiplexer (approximately 11.1 dB). The power
penalty of 1 to 1.5 dB for ch-1 to ch-4 is attributed to the different optical gain setting in the two EDFA’s
for the back-to-back case.
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Figure 15. Measured BER as a function of the average optical power at the input of the
photodetector for the back-to-back and four output channels of the demultiplexer.
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4. Conclusions

The performance results of the 1 x 4 channel optical demultiplexer circuit reported in this article
suggests that complex optical signal processing functionalities can be added to the SizN4 waveguide
based components (i.e., phase shifting by thermal tuning, integrating optical buffers) such that more
advantage from this ultra low-loss PIC technology can be harnessed. Using the integrated thermal tuners,
the optical phase shift in the MZI delay arms can be controlled, which promises the scalability of the
proposed demultiplexer architecture from four to eight channels by decreasing the adjacent channels’
separation. In this paper, we have designed the demultiplexer using 3.1 dB/m propagation loss SizNa4
waveguides with PECVD top cladding. However, by changing the waveguide cross-section of SizNa4
waveguides (50 nm x 6.5 pm) and by increasing the minimum bend radius to 9.8 mm with the PECVD
top cladding, lower propagation losses (i.e., 0.5 dB/m in [9]) than a 3.1 dB/m loss are demonstrated.
Therefore, in future designs, the losses of some application specific PICs (i.e., that includes long optical
buffer waveguides with MZI based demultiplexers [1]) can be reduced by using the Si3N4 waveguides
demonstrated in [9].
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