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Integrated spectrometers with both wide optical bandwidths and high spectral resolutions are required in ap-
plications such as spectral domain optical coherence tomography (SD-OCT). Here we propose a compact inte-
grated scanning spectrometer by using a tunable micro-ring resonator (MRR) integrated with a single arrayed
waveguide grating for operation in the 1265–1335-nm range. The spectral resolution of the spectrometer is de-
termined by the quality factor of the MRR, and the optical bandwidth is defined by the free spectral range of the
arrayed waveguide grating. The spectrometer is integrated with on-chip germanium photodetectors, which
enable direct electrical readout. A 70-nm optical bandwidth and a 0.2-nm channel spacing enabled by scanning
the MRR across one free spectral range are demonstrated, which offer a total of 350 wavelength channels with 31-
kHz wavelength scanning speed. The integrated spectrometer is applied to measure different spectra and the
interference signals from an SD-OCT system, which shows its great potential for future applications in sensing
and imaging systems. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.443039

1. INTRODUCTION

Motivated by their many applications in optical communica-
tions [1,2] and spectroscopy in chemistry [3,4], biology
[5,6], astronomy [7,8], and 3D imaging [9,10], integrated op-
tical spectrometers have attracted widespread research interest
[11] because they have the advantages of compact footprints
and potentially low cost when manufactured in large volumes,
they can be designed to operate with wide optical bandwidths
and high spectral resolutions, and they can be integrated with
photodetectors that provide a direct electrical readout of optical
spectra. Fourier transform (FT) spectrometers, which rely on
the FT of the interferograms formed by the unbalanced
Mach–Zehnder interferometer (MZI) array, have been demon-
strated to have sub-nanometer spectral resolution [12,13].
Spectrometers based on dispersive devices, such as echelle gra-
tings [14,15], arrayed waveguide gratings (AWGs) [16–19],
angled multimode interferometers (AMMIs) [20,21], and pho-
tonic crystal [22,23], have been extensively studied. However,
obtaining high spectral resolution and a large channel count
with these conventional spectrometers still poses a difficulty be-
cause the spectral resolution is typically proportional to the op-
tical path length. Large device areas become unavoidable for

such spectrometers to attain high resolution. The increased
device area, apart from increasing cost, also introduces excess
insertion loss, and places a stringent requirement on the uni-
formity of the thickness and width of the waveguides across the
wafer to avoid the crosstalk that typically degrades the perfor-
mance of integrated spectrometers fabricated on high refractive
index contrast waveguide platforms [24]. For example, for an
AWG with high resolving power of 10,000, the tolerance on
the waveguide width is about 4–5 nm, and thickness variation
of less than 1 nm is needed to achieve a phase error of under
120° [25]. Speckle spectrometers, which use wavelength-de-
pendent speckle patterns as fingerprints of input spectra, offer
the possibility to obtain high spectral resolution within a small
device footprint [26–29]. However, they require precise calibra-
tion before spectrum measurement and time-consuming post
data processing to retrieve the measured spectra from the
speckle patterns.

The tandem configuration of two-stage spectrometers has
been previously proposed as an approach to achieve both high
spectral resolution and wide optical bandwidth within a single
spectrometer. Cascaded two-stage AWG spectrometers have
been demonstrated to expand the optical bandwidth and
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increase the channel count [30,31]. However, practical results
on spectral resolutions are limited by the difficulty in fabricat-
ing high-resolution AWG, which requires a relatively large op-
tical phase array. The typical manufacturing process available
from commercial foundries offering high refractive index con-
trast integration platforms does not have sufficient uniformity
of the waveguide layer thickness across the wafer, and large
cross talk is typically introduced by the nanometer scale devia-
tions in waveguide layer thickness across the large area of the
high-resolution stage [25,32]. Micro-ring resonators (MRRs)
have been proposed as an alternative of the high-resolution
AWG to offer high spectral resolution within an ultracompact
footprint [33–35]. However, when the free spectral range (FSR)
of the MRR is not equal to the AWG channel spacing [33], a
more complicated calibration process and post data processing
are necessary to retrieve the spectrum, which increases the com-
plexity of the spectrometer to be used in the bioimaging system,
while in previous applications of biosensors [34], it was not
necessary to have wide optical bandwidth. We previously dem-
onstrated a stationary spectrometer by using a tandem configu-
ration of interleaved MRRs and multiple identical AWGs [36].
That work formed an integrated spectrometer by using low-res-
olution AWGs as the secondary stage and multiple parallel
MRRs as the primary stage to achieve both high resolution,
determined by the quality factor of the MRR, and a wide op-
tical bandwidth, determined by FSR of the AWG [37].
However, precise control of the resonances of multiple MRRs
would require either precise heater control of each MRR or
additional fabrication processes such as ion implantation and
precise annealing to trim the precise position of the wavelength
resonances of each MRR [38].

In this paper, we describe an alternative architecture of a
scanning spectrometer that does not require precise trimming
of the MRR. We use a scanning MRR as the primary stage and
a single low-resolution AWG as the secondary stage, as illus-
trated in Fig. 1. We take advantage of the cyclical nature of
the MRR, that is, the wavelengths separated by one FSR of
the MRR will be dropped from the output port simultaneously.
These dropped wavelengths will then be discriminated by the
secondary-stage AWG if the channel spacing of the AWG is
designed to match the FSR of the MRR. The resistive electrical
heater integrated above the MRR enables the resonance

wavelength scanning of the MRR across its full FSR. The wave-
length scanning of the integrated spectrometer in the full
wavelength range can thus be obtained. The proof-of-concept
demonstration is implemented on a silicon on insulator (SOI)
platform for operation in the 1265–1335-nm wavelength
range. This wavelength range was chosen as the near infrared
(NIR) optical tissue window for in vivo bioimaging applications
[39,40]. The integrated spectrometer is demonstrated to have a
70-nm optical bandwidth and a 0.2-nm channel spacing. To
our knowledge, this is the widest bandwidth high-resolution
integrated spectrometer in the 1300-nm wavelength region,
and it is also the one with the most compact footprint. The
step-response speed of the heaters used in tuning the MRR cor-
responds to maximum scanning speed of 31 kHz. The spec-
trometer is integrated with germanium photodetectors,
which enable the direct electrical readout of the spectrometer.
No extensive post data processing, beyond the simple initial
calibration to remove the wavelength dependence of the
insertion losses, is needed. This integrated spectrometer is suit-
able for measuring different spectra at the scanning speed of the
MRR and can capture wideband spectra with high spectral res-
olution for use in 3D optical coherence tomography (OCT)
imaging systems.

2. DEVICE DESIGN AND SIMULATION

The integrated spectrometer is designed for the SOI platform
with a 220-nm-thick silicon waveguide layer and 3-μm-thick
buried oxide and oxide cladding, and for the transverse electric
(TE) mode. The MRR is designed to use 130-nm shallow
etched waveguide with 410-nm waveguide width to ensure sin-
gle mode transmission. The waveguide dimension is illustrated
in Fig. 2(a), and the mode profile of the waveguide is shown in
Fig. 2(b). The directional coupler is formed by bending wave-
guides, as illustrated in Fig. 2(c). With the proper design of the
bending angle and the gap between the ring and the bus wave-
guide, the dispersion in the directional coupler can be engi-
neered to enable a uniform coupling ratio and thus meet
the critical coupling requirement in the full 70-nm operating
wavelength range [41]. The bending angle of the directional
coupler is designed to be 10°, and the gap is designed to be
200 nm. The 3D finite-difference time-domain (FDTD) sim-
ulation result of the directional coupler is shown in Fig. 2(d).
The coupling efficiency is simulated to be about 10% at the
center wavelength. The bending radius of the MRR is designed
to be 9.28 μm, which fixes the FSR to be 7 nm. The trans-
mission spectrum of the MRR from the drop port may be
described by [42]

I � �1 − t2�2α
1� α2t4 − 2αt2cos

h
4π2neff �λ�r

λ

i , (1)

where t is the self-coupling coefficient of the directional cou-
pler, α is the round-trip transmission, neff is the effective index
of the waveguide, which is wavelength dependent due to the
waveguide dispersion, λ is the wavelength, and r is the bending
radius. A self-coupling coefficient of 0.91 and a round-trip
transmission of 0.96 are used in the spectrum calculation.

Fig. 1. Schematic of the integrated scanning spectrometer with tun-
able MRR and a single AWG. Direct electrical readout is enabled by
on-chip germanium photodetectors.
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The calculated transmission spectrum of the MRR is shown in
Fig. 2(e). The extinction ratio is calculated to be about 17.5 dB,
and the insertion loss is calculated to be 1.5 dB. An electrical
resistive micro-heater is designed above the MRR to enable the
resonance wavelength scanning of the ring by the thermo-optic
effect, as illustrated in Fig. 1. The width of the heater is de-
signed to be 2.6 μm, and the length of the heater is 53 μm,
with a design resistance of 300 Ω.

The channel spacing of the secondary-stage AWG is de-
signed to equal the FSR of the primary-stage MRR, that is,
7 nm. The AWG is designed to have 10 output channels
and thus should have an FSR of 70 nm. The waveguide length
increment of the waveguide array can be calculated by [43]

ΔL � λ20
N gΔλFSR

, (2)

where λ0 is the center wavelength, Ng is the group index, and
ΔλFSR is the FSR of the AWG; 800-nm wide fully etched wave-
guides are used in the waveguide array to reduce the overlap
between the waveguide mode and waveguide sidewall.
Parabolic tapers with lengths of 5 μm are designed at the inter-
face of slab waveguide and the channel waveguides to reduce
transition loss. The minimum bending radius of the arrayed
waveguides is designed to be 50 μm to avoid the excitation
of the high order waveguide modes and reduce radiation loss.
The numerically calculated power coupling between TE0 mode
and TE1 mode is down to 10−6 for the bending radius of
50 μm. The waveguide length increment is calculated to be
5.868 μm, which fixes the FSR to be 70 nm. The length of
the free propagation region can be calculated by [43]

f FPR � nsdDλ0
NgΔLδλ

, (3)

where ns is the effective index of the slab waveguide, d and D
are the pitches of the arrayed waveguides and input/output
waveguides, respectively, and δλ is channel spacing of the
AWG, which is designed to be 7 nm. The length of the free
propagation region is thus calculated to be 91.28 μm. We
use the beam propagation method (BPM) and Kirchhoff–
Huygens diffraction formula [44] to simulate the transmission
spectrum of the 10-channel AWG. The simulated result is
shown in Fig. 3. The channel spacing is simulated to be

7 nm. The designed AWG has 1.9-dB insertion loss, which
is composed of the transition loss at the interface of the slab
waveguide and the channel waveguides (1.3 dB), the diffraction
field truncation loss at the edges of the arrayed waveguides
(0.4 dB), and the insertion loss of the parabolic tapers (0.2 dB).

3. EXPERIMENTAL RESULTS

The integrated spectrometer was fabricated in a multi-project
wafer (MPW) by Advanced Micro Foundry Pte Ltd, Singapore
(AMF). The microscope image of the whole integrated
spectrometer is shown in Fig. 4(a). Figures 4(b) and 4(d) show
the microscope images of the 10-channel AWG and the
tunable MRR, respectively. The AWG has a footprint of
270 μm × 200 μm. The electrical micro-heater is shown in
dark color. Figure 4(c) shows the microscope image of the free
propagation region of the AWGwith parabolic tapers fabricated
at the interface of the slab waveguide and channel waveguides
to reduce transition loss. Figure 4(e) shows the microscope im-
age of the integrated germanium photodetectors. Here the stan-
dard 28G photodetectors offered by the AMF device library are
used [45].

The MRR is characterized by measuring the test structure
fabricated on the same chip. The transmission spectrum of the
MRR is tested by using an O-band tunable laser and an optical

Fig. 2. (a) Waveguide dimension of the MRR. (b) Mode profile in the shallow etched waveguide. (c) Schematic of the bending-shaped directional
coupler used in the MRR. (d) Simulated coupling ratio of the designed directional coupler by 3D FDTD simulation. (e) Calculated transmission
spectrum of the designed MRR.

Fig. 3. Simulated transmission spectrum of the 10-channel AWG.
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power meter. Light is coupled to the chip and out of the chip
through a pair of waveguide grating couplers. The coupling loss
of the grating coupler is 6 dB per grating at the center wave-
length of 1310 nm. The normalized experimental transmission
spectrum of the MRR is shown in Fig. 5(a). The FSR of the
MRR is measured to be 7 nm, which agrees with the designed
value. The MRR is measured to have 1.6-dB insertion loss. The
extinction ratio of the MRR is about 27 dB at the center wave-
length and about 20 dB at the off-center wavelength. The non-
uniformity in the extinction ratio ascribes to the dispersion in
the directional coupler. Figure 5(b) shows the transmission

spectrum within one FSR of the MRR. The 3-dB linewidth
of the MRR is measured to be 0.1785 nm.

A maximum voltage of 3.1 V is applied to the micro-heater
by a Keithley source meter to perform the resonance wave-
length scan of the MRR across the full FSR of 7 nm. The elec-
trical source meter is programmed to serve as a voltage source
with 35 voltage steps spaced to increase the electrical power
linearly, as shown in Fig. 5(c). The transmission spectrum of
the MRR within one FSR during the 35 wavelength scans is
shown in Fig. 5(d). There is about 1.5-dB variation in insertion
loss during the scans, which is caused by the gradual deviation

Fig. 4. (a) Microscope image of the integrated spectrometer with heater-controlled tunable MRR, 10-channel AWG, and integrated germanium
photodetector array. (b) Microscope image of the 10-channel AWG. (c) Microscope image of the free propagation region of the AWG, with parabolic
tapers designed at the interface of the slab waveguide and the channel waveguides. (d) Microscope image of the MRR with electrical micro-heater
fabricated above the waveguide. (e) Microscope image of the on-chip germanium photodetector array.

Fig. 5. (a) Normalized experimental transmission spectrum of the MRR. (b) Normalized transmission spectrum within one FSR of the MRR.
(c) Voltages applied to the micro-heater for wavelength scans. (d) Normalized experimental transmission spectrum of the MRR with 35 resonance
wavelength scans across the full FSR. (e) Step-response measurement result of the MRR with electrical micro-heater.
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of the fiber from the optimal position for fiber to chip coupling
efficiency over the long duration (∼20 min) measurements of
the transmission spectrum of the MRR in the full working
wavelength range of the scanning spectrometer with 35 differ-
ent driving voltages applied to the micro-heater. The electrical
resistance of the heater is measured to be 300 Ω. The wave-
length tuning efficiency is calculated to be 0.215 nm/mW.
The wavelength scanning step of the MRR determines the
channel spacing of the integrated spectrometer, which is mea-
sured to be 0.2 nm.

The temporal step-response is measured to estimate the
wavelength scanning speed that can be offered by the electrical
micro-heater. The experimental result is shown in Fig. 5(e).
The rise time and fall time are measured to be 32 μs. The maxi-
mum wavelength scanning speed can thus be estimated to be
31 kHz. The wavelength scanning speed is mainly limited by
the thermo-optic effect. Here the micro-heater is fabricated
above the MRR with 2-μm-thick silicon oxide between the ring
and heater.

The AWG is characterized by measuring the test structure
fabricated on the same chip. The light from the O-band tun-
able laser is coupled onto the chip through the waveguide gra-
ting coupler. The output light is coupled from the chip by the
grating coupler to the single mode fiber and sent to the optical
power meter for output power measurement.

The normalized transmission spectrum of the 10-channel
AWG is shown in Fig. 6. The channel spacing of the AWG
is measured to be 7 nm, which agrees with the designed value.
A total of 10 output channels covers 70-nm optical bandwidth.
The AWG has 2.5-dB experimental insertion loss and −21 dB
inter-channel crosstalk at the center wavelength and about
−16 dB inter-channel crosstalk at the off-center wavelength
channels. The insertion loss of the AWG ascribes to two as-
pects: transition loss from the slab waveguide to the channel
waveguides and power dissipation to the other output channels,
which is also the source of inter-channel crosstalk caused by the
phase errors in the waveguide array. The higher crosstalk in the
off-center channels is limited by the measurement
system, as the coupling efficiency of the grating coupler drops
at the off-center wavelength range, and the commercial

photodetector has a limited dynamic range and cannot measure
the channels on the edges with high enough sensitivity.

The two-stage integrated scanning spectrometer is measured
by scanning the wavelength of the input light from an O-band
tunable laser and measuring the photocurrents from the photo-
detectors at the output channels simultaneously by a probe ar-
ray. The input power is 0 dBm, and the responsivity of the
photodetector is measured to be 0.5 A/W without bias. The
quantum efficiency is thus calculated to be 47.8%. No satura-
tion of the photocurrent is observed during the measurement.
The photocurrents measured from the 10 output channels
before normalization of the grating coupler spectral response
are shown in Fig. 7(a). The loss of the measurement system is
about 10 dB at the center wavelength of 1300 nm, which is
composed of the 6-dB coupling loss of the input grating cou-
pler and 4-dB insertion loss of the integrated spectrometer. The
4-dB insertion loss of the integrated spectrometer comes from
the MRR (1.5 dB) and the AWG (2.5 dB). The wavelength
scanning of the integrated spectrometer is obtained by scanning
the voltage applied to the micro-heater following the voltage
values shown in Fig. 5(c). Figure 7(b) shows the unnormalized
transmission spectrum measured from one of the output chan-
nels with 35 wavelength scans. The channel spacing, which is
determined by the wavelength scanning step, is measured to be
0.2 nm. Figure 7(c) shows the full transmission spectrum in-
cluding all 350 wavelength channels of the integrated spec-
trometer measured by the integrated photodetectors before
normalization of the grating coupler spectral response. The var-
ied peak insertion loss measured from different AWG channels
shown in Fig. 7(c) ascribes to the spectral response of the input
grating coupler. The photocurrents measured at the off-center
positions of each AWG channel are lower than the peak of the
channel due to the envelope of the individual AWG channel.
The nonuniformity in the transmission spectrum can be
calibrated and compensated if it is needed in practical
applications.

As a concept demonstration, we used the proposed inte-
grated scanning spectrometer to measure different spectra
formed by two spectral lines from two continuous wave laser
sources. The two spectral lines are set to have wavelength spac-
ing of 7 nm, 1 nm, and 0.4 nm. The measurement results are
shown in Fig. 8. The two spectral lines are well resolved by the
proposed spectrometer, which shows the potential of the inte-
grated scanning spectrometer in measuring wideband spectra
with high spectral resolution.

Furthermore, capturing a B-frame by a spectral domain
OCT (SD-OCT) system was experimentally demonstrated
(Visualization 1). In the initial demonstration, a multilayer di-
electric coated aluminum mirror on borosilicate glass substrate
was used as the sample. The interference signals from the SD-
OCT system were measured by the integrated scanning spec-
trometer, which is shown in Fig. 9(a). The A-scan result can
thus be obtained by conducting FT of the interference signal,
as shown in Fig. 9(b). The sample was then scanned by a light
beam controlled by a galvo system across a straight line in lateral
direction to form a B-frame, which is shown in Fig. 9(c). The
B-frame result shows the strong reflection from the metal
surface at the depth about 1 mm. (The comparison results

Fig. 6. Normalized experimental transmission spectrum of the
10-channel AWG.
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between the spectra measured by a commercial optical
spectra analyzer and the integrated scanning spectrometer
are shown in Visualization 2.) The multiple lines in the B-frame
are caused by multiple reflections in the partially reflective

surfaces of the optical coating and the limited optical band-
width of the spectrometer, as only the central two channels of
the spectrometer were used simultaneously during the proof-of-
concept demonstration. The axial resolution and image quality

Fig. 7. (a) Unnormalized photocurrents measured from all 10 output channels of secondary-stage AWG without wavelength scans.
(b) Unnormalized photocurrents measured from one of the 10 output channels of the AWG with 35 wavelength scans across one AWG channel.
(c) Experimental transmission spectrum of the integrated scanning spectrometer with 350 wavelength channels measured by on-chip germanium
photodetectors before normalization of the grating coupler spectral response.

Fig. 8. Measurement results of three different spectra formed by two spectral lines spaced by (a) 7 nm, (b) 1 nm, and (c) 0.4 nm by the proposed
integrated scanning spectrometer.

Fig. 9. Experimental demonstration of a B-frame of SD-OCT system. (a) Interference spectrum captured by the proposed scanning spectrometer.
(b) A-scan recovered from the measured spectrum. (c) B-frame obtained by scanning the sample across a straight line along the lateral direction.
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can be further improved when all wavelength channels are used
simultaneously in future work.

4. CONCLUSION

We propose a compact integrated scanning spectrometer by us-
ing a tunable MRR with resonance wavelength scan controlled
by an electrical micro-heater fabricated above the waveguide
and a single 10-channel AWG for operation in 1265–1335-nm
wavelength range (NIR optical tissue window). The AWG is
designed to have an operation bandwidth of 70 nm, which
determines the optical bandwidth of the integrated scanning
spectrometer. The channel spacing of the spectrometer is de-
termined by the resonance wavelength scanning step. The nar-
row linewidth of the MRR ensures high spectral resolution.
Continuously increased voltages are applied to the micro-heater
to scan the resonance wavelength of the MRR across the full
FSR of the MRR. The scanning spectrometer is designed to
integrate with on-chip germanium photodetectors. The photo-
currents from all 10 output channels of the secondary-stage
AWG are measured for each scan. A total of 350 wavelength
channels are thus obtained with 0.2-nm channel spacing.
The temporal step-response of the MRR with an electrical
thermal heater was measured and indicated the maximum
wavelength scanning speed of the integrated spectrometer to
be 31 kHz. The proposed integrated spectrometer has the po-
tential to measure wideband spectra with high spectral resolu-
tion for use in future applications of imaging and sensing
systems.
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