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An Ultra-Compact, Narrow-Bandwidth, and
High-Density Channel Photonic Integrated
Channelizer Based on Serial Arrayed
Waveguide Grating Architecture

Fabrizio Gambini *“, Renan Moreira

Abstract—An ultra-compact, narrow-bandwidth, and high-
density photonic integrated channelizer has been developed on a
silicon nitride platform and demonstrated for parallel processing
of wide band hyperspectral microwave spectra. This device is based
on an updated generation of arrayed waveguide gratings (AWG)
named serial-AWG (SAWG). The design consists of 33 tunable
optical delay lines and 10 output channels. Fabrication inaccuracies
are compensated by the use of metal heaters to obtain narrow
bandwidth and channel separation, and high side lobe suppression.
Our experimental results demonstrate ten 2.6 GHz-bandwidth
channels, separated by 3.9 GHz and with 20 dB of side-lobes
suppression.

Index Terms—Photonic integrated circuit, serial arrayed
waveguide grating, wavelength filtering, hyperspectral microwave,
channelizer.

I. INTRODUCTION

NTEGRATED photonics is a breakthrough technology that
I enables the process of wideband measurement spectra,
within an efficient size, weight, power, and cost (SWaP-C). As
such, photonic integrated devices have been finding growing
applications in different fields such as automotive, communi-
cation and sensing. In particular, microwave remote sounding
by means of photonic technologies promises to open a new era
for hyperspectral microwave measurements from space, with
important implications for numerical weather prediction and
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climate science [1], [2]. Traditional radiofrequency (RF) tech-
nology does not provide a viable solution for the processing of an
ultra-wide bandwidth in the microwave domain at hyperspectral
resolution (< 1 GHz), due to large SWaP-C constraints. To
that end, our team at NASA Goddard Space Flight Center has
initiated the development of HyMPI (Hyperspectral Microwave
Photonic Instrument): a hyper- and multi-spectral (i.e., hundreds
to thousands of spectral channels) microwave sensor by the use
of integrated photonic circuits (PIC) to obtain improved Earth
remote sensing capabilities [3], [4]. The core of our photonic
back end is an optical channelizer. This building block is a filter
that requires multiple narrow-bandwidth channels to parallel
processing the detected RF spectrum with minimum spectral
distortion. In this work, we report the experimental results
obtained from an ultra-compact photonic filter based on silicon
nitride (SiN) photonic integrated technology. This provides ten
ultra-narrow bandwidth (2.6 GHz) channels with 3.9-GHz sepa-
ration and, at least, 20 dB of side-mode suppression. The device
design is based on an updated generation of arrayed waveguide
gratings (AWG) named Serial-AWG (SAWG) [5], [6]. In the
new version, we optimized the design of the optical splitters
and heaters, and increased the number of tunable delay lines.
The filter consists of 33 tunable delay lines that use platinum
(Pt) integrated heaters on top of the photonic waveguides. This
solution enables the use of thermo-optical effects to compensate
for the optical delay mismatch due to fabrication inaccuracies.
Several passband optical filters have been previously pro-
posed using different platforms and architectural solutions, such
as the freespace bulk-optic based filter reported in [7]. These
filters can be built with commercial-off-the-shelf parts, with
a consequent reduction of the implementation costs, and can
achieve a flat-top filtering response, minimizing the distortion of
the optical signal. However, the number of channels is limited,
and the shape of the filters degenerates to a Gaussian shape
for narrow operation bandwidth (less than 10 GHz). Other
solutions focus on phase sampled fiber Bragg-grating (FBG) [8]
to minimize the filter’s footprint, without impacting on the
filtering performance (loss, bandwidth and spectral response).
Unfortunately, phase sampled FBG filters do not offer tunable
solutions, and the fabrication of highly-density multi-channel
filters particularly difficult. Single ring resonator PICs provide
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TABLE I
COMPARISON OF PERFORMANCE METRICS FOR SEVERAL STATE-OF-THE-ART PHOTONIC FILTER ARCHITECTURES AND THE PROPOSED SAWG
Central Num. Bandwidth Channicls S1de—mo_de Waveguide Footprint Num. of Architecture .
Ref. | wavelength of [GHz] separation | suppression loss [mm?] active e Filter shape
[nm] output [GHz] [dB] [dB/cm] controls YP
[12] 1550 16 1 1 12.5 1 0.65 14 MZ1 Gaussian
[15] 1550 11 1 1 15 3 1.1 35 AWG Gaussian
[19] 1560 8 160 380.9 38.9 > 39 0.5 AWG Gaussian
[20] 850 160 < 30 50 26.8 0.5 25 AWG Gaussian
[21] N/A 16 25 1.6 N/A 0.02 N/A 16 AWG Gaussian
[22] 1550 30 19 200 22 < 0.1 10.8 0 AWG Gaussian
Improved
Gaussian
This (experimentally
1550 10 2.8 39 20 0.2 243 33 SAWG demonstrated)
work
Flat-top
(theoretically
demonstrated)

a viable solution when it comes to passband filters with few
controls. However, these solutions generate Lorentzian filtering
shapes which are responsible for decreasing channel selectivity.
For this reason, resonating structures have been designed [9]
and developed [10], [11] using different ring resonators. While
improving filter SWaP-C, these solutions enable generating
multiple tunable channels with flat-top spectral responses and
improved selectivity. However, they all require a larger number
of controls due to the multiple rings per channel. Moreover,
narrow-bandwidth ring filters in parallel coupled configuration
require additional controls to optimize the optical delay intro-
duced by the waveguides connecting the rings input/output ports.
The number of controls poses a limitation on the scalability of
the system. Finally, narrow-bandwidth solutions can be severely
affected by fabrication constraints and inaccuracies on the op-
tical loss and couplers’ splitting ratio. Different architectures
based on Mach-Zehnder interferometer (MZI) enable multiple
output channels with a lower number of controls, however it is
difficult to obtain high extinction ratios and a filtering response
different from Gaussian shape [12].

Photonic integrated AWGs are common planar devices that
offer multiplexing/demultiplexing functionalities in wavelength
division multiplexing (WDM) schemes [13]. This design re-
quires an input star coupler to divide the optical input power into
an array of waveguides with different phase delays. A second
star coupler recombines the output from the delay lines. Narrow
bandwidth and high density channel AWGs are characterized by
a large number of waveguides in the array. The optical delay of
each waveguide needs to be accurately calculated to optimize
the filter response. However, the fabrication inaccuracies affect
the optical length of the waveguides, introducing phase errors
that alter the spectral performance [14]. [15] developed an 11-
channel AWG with active phase correction using 1 GHz channel
spacing and 15 dB side-mode suppression. This architecture, on
the other hand, does not allow for a flat-top filtering response.
Our previous work [5] introduced an alternate AWG design.
The SAWG design utilizes heaters on top of its 17 delay lines to
compensate for fabrication inaccuracies. This solution exhibits
limited inter-channel cross-talk, with a bandwidth and channel
separation of 4.5 GHz. Similar AWG designs, with reusable

delay lines, have been proposed for a lower number of filter-
ing channels, coarser bandwidth and channel separation [16],
[17] or for narrow bandwidth channels but with the support of
serpentine integrated grating and external lenses that worsen
the fabrication complexity and the integration [18]. Table I
proposes a summary on the state-of-the-art in photonic filters
performance. The SAWG architecture proposed in this work pro-
vides narrow-bandwidth and high-density channel filters with
improved passband selectivity and filter shape.

II. DEVICE ARCHITECTURE AND DESIGN

Fig. 1 reports the generic SAWG architecture. The device
consists of a single long delay line with IV tunable directional
couplers (DC) and one star coupler (SC). The DCs split fractions
of the optical signal in the delay line, and the SC performs the
Fourier transform of the input distribution. Each DC has been de-
signed to provide a power splitting ratio (X;). The signals at the
output of the different DCs arrive to the SC with an intensity and
an optical delay which are related to the K; values and the length
of the optical path traveled in the delay line, respectively. The SC
performs the Fourier transform of the signal distribution at the
input ports. For this reason, the control of the K; values and the
optical delay is the key to optimize the filter response in terms of
shape, bandwidth, rejection, and channel separation. This feature
is impossible to obtain using a standard AWG design, since the
first SC splits the input signals with a Gaussian distribution at its
own output ports. Fig. 2 reports some examples that demonstrate
the effect of the splitting ratios on the filter performance for a
SAWG with 17-input SC. Three different intensity distributions
at the SC’s input ports (Fig. 2(a)—(c), left) generate different
filtering shapes (Fig. 2(d)—(e), right). Fig. 2(a) reports a case
in which the DCs enable a uniform intensity distribution, while
Fig. 2(b) shows a non-uniform Gaussian distribution at the 17
input ports of the SC. An interesting case is reported in Fig. 2(c)
which describes a 17-points sinc function distribution. Fig. 2(d)
shows that the uniform intensity distribution enables a filter’s
main lobe with a round passband shape and limited side lobe
suppression. Theoretically, the Fourier transform of a constant
signal is a delta function however, the finite number of points (or
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SC input ports) limits the shape and the side-mode suppression.
The result obtained in Fig. 2(e) is related to the Gaussian input
distribution. This solution improves the side-mode suppression,
but the main lobe maintains a round passband shape. On the
other hand, the filter shape reported in Fig. 2(f) and related
to the sinc function intensity distribution, enables a flat-top
response and this introduces a minimum distortion of the signal
in the passband. In this example the secondary lobes are still
high, but their intensity can be lowered with a higher number
of SC input ports. The proposed SAWG has been implemented
considering 33 SC input ports. Another important benefit intro-
duced by this innovative architecture is the access to the optical
delays of the filter without compromising the footprint of the
circuit. In the standard AWG architecture the waveguides in the
array are kept close to reduce the footprint and to maintain a
suitable delay length. However, the fabrication inaccuracies on
the waveguides can generate significant delay mismatches with a
consequent degradation of the optical filtering performance. For
this reason, it is important to independently control the delay of
the signals in the array, in order to maximize the performance of
the channelizer. In our proposed SAWG scheme it is possible to
space the waveguides to introduce optical delay tuning elements,
such as metallic heaters to the circuit layout. Fig. 3(a) shows
the microscope image of the fabricated SAWG. The PIC was
manufactured at Ultra-Low Loss Technologies (Santa Barbara,
USA) as a part of a SiN wafer run. The cross-section of the
SiN waveguide is a 175 nm-thick and 1.8 pm-wide strip (see
Fig. 3(b)). The optical loss are below 0.2 dB/cm. The SiN
waveguides support at least one transverse magnetic (TM) and
one transverse electric (TE) propagating modes. However, in
order to optimize the performance of the device, only the TE
is allowed in the circuit. For this reason, a mode-filter is added
at the input port in order to reject the TM mode and sustain
only the TE mode. The mode-filter consists of a 100 pm-radius
and 1.5 pm-wide s-bend waveguide. A 150 pm-long linear taper
minimizes the optical loss at the interface with the 1.8 ym-wide
edge coupler and SAWG input waveguides. The fabrication
constraints limit the minimum gap between the waveguides at
500 nm. Finite-difference time-domain (FDTD) analysis has
been performed on both symmetric and asymmetric DC con-
figurations (Fig. 7(b)). Symmetric DCs show K; > 11% for
coupling lengths L p>0pm, due to the s-bends transitions. For

Generic serial arrayed waveguide grating architecture showing the delay line, the directional couplers and the respective splitting ratio values (K, for

this reason, asymmetric DCs are used to achieve lower splitting
ratios.

Fig. 4(a) reports the 33 K; values that enable a sinc function
intensity distribution at the input of the SC, as shown in Fig. 4(b).
The color of the points indicates the configuration of the DCs
along the delay line: red for asymmetric and blue for symmetric.
The analysis performed using our model indicates that a 33-input
SC provides an improvement of the channel selectivity com-
pared to the Gaussian filtering shape provided by the standard
AWG design. The SC has been designed to provide 10 output
channels to cover a 40 GHz-range in the optical domain. The
footprint of the PIC is 12.5 x 19.5 mm? and it is related to the
SiN platform selected for the fabrication of the PICs which limits
the minimum waveguide bending radius to 200 ;m. Two sets of
38 (north) and 36 electrical pads (south) are used to control the
optical delays and the splitting ratios, while 15 edge couplers
are used to measure the light from the PIC. The optical and
electrical interfaces have been designed to ease the packaging
of the chip. The filter channels have been designed to operate
around 1550 nm, with 4 GHz channel separation, below 3 GHz
channels’ bandwidth and 20 dB of side-mode suppression.

A. Tunable Delay Lines

Platinum (Pt) heaters have been designed above the waveg-
uides at the input of the SC to vary the optical delays by
modifying the effective index of the propagating optical mode.
Finite-element method (FEM) simulations were performed to
maximize the thermo-optic efficiency. Fig. 5 shows the example
of a temperature gradient across the tunable optical waveguide
cross-section. The optical delay of each signal at the SC in-
put ports, can be independently tuned with a 22 ym-wide and
14 mm-long Pt heater. The thickness of the upper cladding is
3 pm as reported in Fig. 3(b). This should ensure a negligible in-
teraction between the tail of the optical waveguide mode and the
metal.

Fig. 6 reports the FEM model results. The maximum wave-
guide temperature variation is 14°C for 1 W of dissipated elec-
trical power. Considering the cross-section and the refractive
indices of the materials involved, the group index variation,
calculated using our electro-magnetic mode model, is about
2.0-107°°C~! at 1550 nm, fora 1.8 pm-wide and 175 nm-thick
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waveguide. With these assumptions, the total group delay can be
tuned up to 13 fs and this ensures optical delays that correspond
to signal phase variation of about 57 [rad]. The heaters on the
optical waveguides (WG heater) are separated by 34.8 um to
minimize the thermal crosstalk.

2911

TIhput 'Waveguide

At
Fpu wa P T —
B

H

Heatérs mietal routmg (to

3 pum |
[1750m
—_—
1.8 um

sio,
(b)
Fig.3. (a) Microscope photo of the serial arrayed waveguide grating photonic

integrated circuit with building block names, (b) silicon nitride waveguide cross-
section.

102 —r L] 1 .
. oo
M“'. ° e o
10’ Cd 0.8 ° °
Q ° .
LJ
o. L4 —_ i ¢
o 10°) * 06 . .
S S e 2 d 4
= e o @
b
107 e E 0.4 e ®
= = . .
102 =5 ©® Asymmetric 0.264 e e «*®
® Symmetric LA o o
°, o®
10 ; y 0o—* y -
1 656 9 13 17 21 25 29 33 1 5 9 13 17 21 25 29 33
Splitter # Star coupler input #

() (b)

Fig. 4. Splitting ratio values for the asymmetric (red) and symmetric (blue)
directional coupler configurations (a) and the intensity distribution at the star
coupler’s input ports (b).

B. Tunable Directional Couplers

The fabrication inaccuracies can also affect the splitting ratio
of the DCs. In our architecture the K; values need to be optimized
in order to limit the distortions of the output transfer function of
the SAWG. For this reason, one of the DC coupled waveguides
is supported with a 5.8 pm-wide laterally shifted Pt heater [23]
to maximize the temperature gradient and induce the highest
phase velocity mismatch between the coupled optical modes.
This effect enables the tuning of the DCs and it can be used
to compensate the impact of the fabrication errors on the K;
values. Fig. 7 shows the offset heater on the DC (DC heater).
FEM simulations have been performed to optimize the tunability
efficiency. FEM results suggested a 4.2 ym-shift from the center
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99

[

98+

93+

92 : : : '
0 20 40 60 80
Temperature difference [K]

100

Fig. 9. Example of simulated splitting ratio evolution as function of the
temperature gradient between two straight 500 nm-gap 80 pum coupling length.

of the coupled waveguides to the center of the heater. The
low thermo-optical coefficient of the SiN waveguides limits the
performance of tunable DC. However, the silica (SiO5) provides
a good thermal isolation and this enhances the temperature
gradient between the coupled waveguides, which are already
separated by 500 nm or more. The FEM example reported in
Fig. 8 demonstrates the temperature difference between the two
waveguides which enables the tuning of the coupler. Fig. 9 shows
an example of simulation results obtained with two straight
80 um-long coupled waveguides. A temperature variation of
100°C changes the splitting ratio from about 99% down to 93%.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 10 shows the test setup for the characterization of the
SAWG performance. An external cavity tunable laser (TL)



GAMBINI et al.: ULTRA-COMPACT, NARROW-BANDWIDTH, AND HIGH-DENSITY CHANNEL PHOTONIC INTEGRATED CHANNELIZER

.............................. . Polarization
Tun;ble controller Device under test
laser Input
Synch
software Spectrum
analyzer [
S Multi-channel
Optical fiber electrical
DC electrical path source

Fig. 10.  Experimental setup for spectrum characterizations.

generates a continuous wavelength between 1547.5 nm and
1552.5 nm with a power of 10 dBm. A polarization controller
is used to align the polarization of the injected light. The output
spectra are recorded with a spectrum analyzer synchronized with
the TL. A 16-port fiber array with ultra-high numerical aperture
(UHNA) fibers, aligned on the side of the PIC, couples the light
in and out from the PIC. UHNA are used to limit the coupling
loss due to the optical mode mismatch between the fibers and
the non-tapered edge couplers. Two alignment loops enable the
proper alignment of the fiber array. The chips are characterized
atroom temperature. Two direct-current multi-probes connected
with the electrical pad arrays inject the electrical current in the
integrated resistive heaters. The electrical signals are generated
by a multi-channel electrical source. The current-voltage (IV)
characteristics have been measured for all the metal heaters on
top of the delay lines. Higher voltage results in higher dissipated
power and increased temperature of the metal. This also trans-
lates in a variation of the resistivity as described in (1) [24]:

p = po(1+ aAT) ()

where « is the temperature coefficient of resistance of Pt (equal
t02.9771-1073 °C~1 [25]), AT is the temperature difference and
po 1s the resistivity at the initial temperature 7" = Tj. The mea-
sured average resistance of the WG heaters is 460 €. Fig. 11(a)
and (b) reports the measurement results of the DCs test structures
for both the symmetric and asymmetric configurations, respec-
tively. The K; values of the symmetric DCs have been evaluated
using the method in [26] (red circles), for coupling lengths
(Lpc) shorter than 50 pm. In this method, the splitting ratio
of the DCs is characterized by measuring the extinction ratio of
an unbalanced MZI (UMZI) composed with the same DCs and
compare the results with the UMZI mathematical model. Sym-
metric DCs with longer coupling lengths were not designed in
UMZI schemes, so their K; values were estimated by calculating
the optical power ratio at their output ports (red diamonds). In
both configurations the results show very small discrepancies
compared to the 3D-FDTD analysis. Fig. 12 demonstrates that
the DC splitting ratio can be optimized by applying voltage on
the DC heater. The K; value is reduced down to 97.57% for
7 V of applied voltage. It is worth mentioning that, since the
measured splitting characteristics reported in Fig. 11 shows a
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Fig. 13. Measured output spectra of the serial arrayed waveguide grating
without (a) and with optical delay errors compensation (b).

1550.7

high agreement with the theoretical results, the filter spectra
response presented here have been obtained without the tuning
of the DCs. Fig. 13(a) reports the spectra measured at the
output ports of the SAWG, when no WG heater is activated.
In this scenario, the filtering response is compromised by the
fabrication inaccuracies. The re-alignment of the optical delays
is obtained by scanning the applied voltage of each WG heater
and fixing the value that ensures the maximum output power,
for a fixed wavelength, at the SAWG output port [15]. For this
purpose, the WG heaters were sequentially tuned by ranging
the applied voltage from 0 V to 20 V. At every step, the optical
power was recorded. Each WG heater was set to the voltage
value that maximizes the optical transmission. This method is
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response (b).

easy to implement but it requires an analysis time that depends
on the voltage step. The manual fiber array alignment stage used
in the setup drifts over long period of time, and this introduces
errors in the decision of the optimal operating point during the
WG heaters analysis. Our calculations suggest that a 0.1 V-step
should be used to fully optimize the filtering performance of the
device. However, to demonstrate the capabilities of the SAWG
while maintaining an analysis time suitable for the fiber array
alignment stage, a step of 0.5 V was chosen. The results, shown
in Fig. 13(b) for all 10 output channels, demonstrate the ability
of the SAWG to fully recover from the fabrication errors in the
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optical waveguides. The -3 dB bandwidth is about 2.6 GHz per
channel and the side mode suppression is 20 dB. The channels
are separated by 3.9 GHz. The small discrepancy between the
theoretical (4 GHz) and measured (3.9 GHz) channel separation
is related to the fabrication inaccuracies on the thickness and
width of the waveguides, which affect the group index. The
SAWG insertion loss is about 14.2 dB, and the measured cou-
pling loss between the UHNA fibers and the PIC waveguides is
3.9 dB/interface. The current design of the star coupler reduces
the footprint of the device, but from our analysis, it introduces
about 10 dB of excess loss.

Fig. 14(a) shows the simulated spectra after the phase er-
ror compensation and it has been obtained through a transfer-
function-based model of the SAWG. The channel separation and
—3 dB bandwidth are 3.9 GHz and 1.8 GHz, respectively. This
result demonstrates the capability of our model to predict the
optical performance of the SAWG with high accuracy. Further
analysis indicate that, by applying a phase variation equal to 7
[rad], in the first- and last-five delay lines, the signal distribution
at the input of the SC (see Fig. 4(b)) becomes a truncated sinc
function. In this scenario, our model predicts a flat-top filtering
response with a slight increment of the channel bandwidth, as
demonstrated in the results shown in Fig. 14(b). Fig. 15 shows the
comparison of the passband filter shapes between the measured
SAWG (solid blue line, obtained after an additional 7 [rad] phase
variation on delay lines: 1-5 and 29-33), the Gaussian (dash
green line) and Lorentzian (dot red line) provided by a simulated
AWG and single ring filters with similar bandwidth. The SAWG
spectrum could not be fully optimized due to the remaining
residual phase error related to the coarse voltage step used for
the WG heaters. Nonetheless, a more flat response is registered.
A better stability of the fiber array alignment will allow a finer
resolution for the WG heaters analysis with a consequent benefit
for the selectivity and shape of the SAWG spectral response.
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IV. CONCLUSION

A photonic integrated channelizer based on a SiN SAWG
has been designed, fabricated and experimentally demonstrated.
FEM and 3D-FDTD simulations have been performed to opti-
mize the electro-optical capabilities of the device and a transfer-
function-based model has been developed to predict the fil-
tering shape of the system. 33 integrated WG heaters can be
independently activated to thermally tune the delays and opti-
mize the filter’s optical performance. Ten 2.6 GHz-bandwidth
optical channels separated by 3.9 GHz with 20 dB side-mode
suppression have been demonstrated thanks to the innovative
architecture, which enables the compensation of the phase error
introduced by the fabrication inaccuracies on the optical delay
lines. The experimental setup used for the test does not allow
to find the proper configuration of the WG heaters. The time
required to find the optimal operating point for the single WG
heater is not suitable for the manual fiber array alignment stage
used in the experimental setup. Its stability and consequently the
coupling efficiency between the fiber array and the input/output
PIC waveguides cannot be guaranteed for the long period of
time required to perform a fine tuning of the WG heaters.
The fiber array misalignment introduces errors in the decision
of the optimal operating configuration of the WG heaters. To
minimize the analysis time a 0.5 V voltage resolution has been
used. While this value is appropriate to recover the filter shape
and demonstrate a narrow and dense filter operation with high
side-mode suppression, the remaining phase error affects the
ability to fully demonstrate the circuit capabilities in terms of
bandwidth and filter shape. Current experimental setup limita-
tions notwithstanding, the passband filter shape is observed to
reduce the distortion with an improved Gaussian shape response.

Based on our simulations, we expect the packaged version
of the SAWG to meet a 10 flat-top, 4 GHz-bandwidth channel
specification. The PIC is currently under packaging service and
the results reported in this work are related to the un-packaged
version of the SAWG.
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