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Multifunctional mixed analog/digital signal
processor based on integrated photonics

Yichen Wu!, Qipeng Yang!, Bitao Shen!, Yuansheng Tao!,
Xuguang Zhang!, Zihan Tao?, Luwen Xing?, Zhangfeng Ge?,
Tiantian Li**, Bowen Bai*, Haowen Shu'®* and Xingjun Wang!3>6*

Photonic signal processing offers a versatile and promising toolkit for contemporary scenarios ranging from digital optical
communication to analog microwave operation. Compared to its electronic counterpart, it eliminates inherent bandwidth
limitations and meanwhile exhibits the potential to provide unparalleled scalability and flexibility, particularly through inte-
grated photonics. However, by far the on-chip solutions for optical signal processing are often tailored to specific tasks,
which lacks versatility across diverse applications. Here, we propose a streamlined chip-level signal processing architec-
ture that integrates different active and passive building blocks in silicon-on-insulator (SOI) platform with a compact and
efficient manner. Comprehensive and in-depth analyses for the architecture are conducted at levels of device, system,
and application. Accompanied by appropriate configuring schemes, the photonic circuitry supports loading and process-
ing both analog and digital signals simultaneously. Three distinct tasks are facilitated with one single chip across several
mainstream fields, spanning optical computing, microwave photonics, and optical communications. Notably, it has
demonstrated competitive performance in functions like image processing, spectrum filtering, and electro-optical band-
width equalization. Boasting high universality and a compact form factor, the proposed architecture is poised to be instru-
mental for next-generation functional fusion systems.

Keywords: silicon photonics; multifunctional signal process; microwave photonics; optical computing; optical communica-
tion equalization

Wu YC, Yang QP, Shen BT et al. Multifunctional mixed analog/digital signal processor based on integrated photonics. Opto-Electron
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Introduction

With the increasing demand for data capacity and pro-
cessing speed, electric information processing is facing
the bottleneck of bandwidth and power consumption'. A
solution to achieve power-efficient and high-speed infor-

mation processing is to implement information process-

ing in the optical domain®*. With high-speed electrical-
optical-electrical converting devices, both digital data
and microwave signals can be loaded to optical carrier
and processed directly with specified photonic hardware.
This approach potentially offers significant advantages,

including unprecedented operational bandwidth and
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reduced delay time. Furthermore, the recently emerged
integrated photonic technology presents solutions for
enhanced performance in Size, Weight, Power, and Cost
(SWaP-C)*. To fully harness the inherent superiorities of
photonic signal processing, a comprehensive system ar-
chitecture is needed. Such a system should support mul-
ti-dimensional operations on the frequency, amplitude,
phase, and time delay of wideband optical signals in a
highly integrated form. However, developing a chip-lev-
el architecture with high versatility and competitive per-
formance still remains elusive.

The paradigm of application-specific photonic inte-
grated circuits (ASPICs) has been the predominant ap-
proach in integrated optics for signal processing thus
far°~7. Analogous to ASICs in electronic devices, optical
components featuring specific combinations are de-
signed for particular applications, such as spectrum fil-
tering®!!, frequency measurement'>!, optical comput-
ing'>"", and signal equalization'®*-?°. While this approach
offers considerable performance advantages, its univer-
sality remains constrained. Another alternative solution
is to develop the general-purpose processor architecture
called the field programmable photonic gate arrays (FPP-
GA)*2. Such generic architectures typically rely on a
cascade of 'mesh units' comprising beam splitters or
Mach-Zehnder interferometers (MZIs)*-20, With this de-
sign, the system response function can be programmed
to meet various spectrum processing requirements. De-
spite their flexible tunability, FPPGAs have so far pri-
marily focused on spectrum filtering tasks mainly in the
optical domain experimentally. They are limited in regu-
lating dimensions, handling only phase and amplitude,
and currently lack high-speed, on-chip electro-optic
(EO) conversion functions. Moreover, the functions
achieved often remain rudimentary while the configura-
tion process is complex?”’ * and the performance is re-
stricted by cumulative errors®®>.

To fully capitalize on the advantages of integrated
photonics, a signal processing unit should compromise
the following characteristics: Firstly, the chip ought to
possess signal loading capabilities, applicable in both
analog and digital formats, typically relying on an E/O
modulator (array). Secondly, the system should support
both coherent and incoherent signal processing. This
means processing based on either the principles of spec-
trum interference or digital signal processing, often
through the direct accumulation of orthogonal compo-
nents like frequency or mode. Moreover, the architec-

https://doi.org/10.29026/0es.2024.240012

ture needs to be as compact as possible to maximize per-
formance per unit area. This includes metrics such as da-
ta throughput and processing density, which largely de-
pend on the efficient arrangement of various functional
units.

In this paper, we demonstrate a multi-functional and
highly reconfigurable monolithic signal processing sys-
tem based on a silicon-on-insulator (SOI) platform and
conduct comprehensive and thorough analyses at the
levels of device, system, and application. A cascaded mi-
croring resonators and delay lines (CMRR-DL) architec-
ture is proposed and in-depth analyzed for multidimen-
sional optical operations including wavelength selection,
amplitude adjustment, and time delay. Additionally, a
high-speed silicon modulator is co-integrated for the
loading of various signal types. Such a system showcases
strong adaptability across different applications. There-
fore, as a proof-of-concept verification, the on-chip pro-
cessor is applied to three different signal-processing sce-
narios. For microwave processing, it functions as a digi-
tal spectrum filter with high main-to-sidelobe suppres-
sion ratio and tunable 3 dB bandwidth. In data transmis-
sion, it acts as a signal equalizer for bandwidth extension
via frequency interference management. More complex-
ly, this processing chip can accelerate matrix calculation
operations in image processing, offering unprecedented
speed and precision (9 bits). The results demonstrate
that the proposed system combines the excellent special-
ized performance characteristic of the ASPIC architec-
ture with the flexible reconfigurability of the FPPGA ar-
chitecture. This synergy provides a novel approach to
constructing multi-functional, on-chip information pro-
cessing systems.

System architecture and principle

The architecture of the proposed system is illustrated in
Fig. 1(a). The monolithic system is fabricated on SOI
platform, occupying a compact footprint of approxi-
mately 2.6 mm?, as shown in Fig. 1(b). At the input, a
wide-bandwidth Mach-Zehnder modulator (MZM)
loads electrical information into the optical domain.
Subsequently, the CMRR-DL composed of an alternat-
ing array of microring resonators (MRRs) and waveg-
uide delay lines is arranged to process and reshape the
modulated signals. Individual MRR can be precisely
tuned to switch and weight optical signals at selected
wavelengths to the drop ports, by adjusting applied volt-
age to corresponding micro-heaters. The waveguide
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delay lines are inserted between MRRs with the same de-
lay time, matching the signal bitrate under processing or
the needed group velocity dispersion (GVD) among
channels of varying wavelengths. As different signals
pass through the system, the equidifferent delay will be
applied, wherein signals filtered by the first (last) MRR
experiencing no delay (pass through all delay lines). This
dynamic tuning results in distinct optical transmission
properties at both the through and the drop ports, in-
cluding amplitude, phase and delay time on arbitrary
wavelength channels via different micro-heater voltage
setups, thereby facilitating a range of multifunctional op-
erations. Additionally, the CMRR-DL system can func-
tion as either a coherent or incoherent architecture ac-
cording to the signal carrier form and perform analog or
digital signal processing.

For an input signal with monochromatic light carrier,
the chip acts as a coherent processor and can process
both analog and digital signals. In the analog mode, the
spectrum response around the target wavelength results
from the interference among different channels. Within
each channel, there lies a tunable add-drop MRR, which
facilitates amplitude and phase tuning prior to interfer-
ence, therefore programming the final spectrum re-
sponse coherently. The ability to produce diverse optical

spectral shapes and subsequently generate varied Ratio-
Frequency (RF) responses, is instrumental in optical
communication, which can be utilized to improve the
bandwidth of the communication system as a frequency
domain equalizer. In the digital mode, the chip has the
potential to function as a time domain equalizer, also
known as a feed forward equalizer (FFE). Based on the
discrete tapped delay line (TDL) architecture, the trans-
mission of signals with different delay time can be ad-
justed by tuning the MRRs, and the tapped signals are
combined at the drop port. The recombination of sig-
nals can effectively compensate for the channel distor-
tion, such as inter-symbol interference (ISI) caused by
the dispersion within the communication link. The brief
principles of both procedures are illustrated in Fig.
1(c—e), with signals (i-v) of Fig. 1(d) and 1(e) represent-
ing the signals in the corresponding position of Fig. 1(c).
In Fig. 1(d) depicting the frequency domain equalization,
(i) represents the base-band electrical signal with ideal
frequency spectrum, (ii) illustrates the modulated signal
spectrum with inconsistent RF loss and (iii) showcases
the compensated spectrum with a flat shape. In Fig. 1(e)
of the time domain equalization, the red lines denote the
original signal with interferences existing at the sam-
pling points, while the blue lines refer to the signal after
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Fig. 1 | Integrated multi-functional information processor based on CMRR-DL. (a) The schematic of the chip layout. (b) Optical microscope

image of the on-chip system. (c, f) The operational principle of the system as a (c) coherent or (f) incoherent architecture displayed by discrete

devices. (d, e, g,

h) Signals flow charts when applied in fields of (d, e) optical communication, (g) microwave photonics and (h) optical computing.
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equalization, where the ISI has been mitigated by the
TDL structure. The detailed equations about the equaliz-
er are shown in Supplementary information Section 1.
The effectiveness as a frequency domain equalizer is
shown in “Application demonstration” section, whereas
the performance as a time domain equalizer will be ex-
plored in the future work.

For multi-wavelength input, after the signal loading,
the parallel optical carriers are modulated with the same
signal §; (¢). The optical transmission property of MRRs
is adjusted to match the expected transmission spectrum
denoted as T (A;). Meanwhile, the CMRR-DL serves as
an on-chip discrete dispersive medium, where light at
different wavelengths is guided to various optical paths
with stepped-increasing delay time. Then the multi-
wavelength optical signals from CMRR-DL are detected
by a PD where light intensity for each channel is sum-

mated. The detected RF signal can be expressed as:
N—-1
So(t) =D A (MW)T(A) S (t—ir) |, (1)
i=0

where A, (1;) is the optical carrier intensity, 7 is the fixed
discrete delay time of waveguide delay lines, N is the
number of used channels and wavelength. This expres-
sion neglects the cross-talks between channels when the
channel spacing and extinction ratio are high enough,
which is discussed in Supplementary information Sec-
tion 3. As an incoherent architecture, the CMRR-DL sys-
tem can be leveraged to implement distinct applications.

One is a digital filter based on the principle of finite-
impulse response (FIR)*>**. The CMRR-DL system
serves as a multi-wavelength TDL architecture. As illus-
trated in Fig.1(g), given the relationship between input
RF signal S; (¢) and output RF signal S, (f) expressed in
Eq. (2), the transfer function in the frequency domain of
the FIR filter can be formulated as:

iAO (L) T () e ™S, (jw)

S: (jo)

=> AA)T(A)e ™, )
i=0
where w is the RF angular frequency and A, (A;) T () is
the tap coefficient. The signals in positions (vi-ix) of Fig.
1(f) are depicted in Fig. 1(g). Notably, a periodic fre-
quency response is demonstrated with the parameter set
of N=28,7=100 ps,and A, (4;) T(X;) = 1.

The other is to perform optical positive matrix multi-
plication based on a time-wavelength plane stretching
approach®-7 as shown in Fig. 1(h). In this process, the
column vectors x" of matrix X are temporally trans-
formed into S(¢) and subsequently intensity-modulated
to optical carriers. Simultaneously, the row vectors w of
matrix W are mapped to the transmission intensity of
MRRs as A, (A;) T (A;). After the time stretching opera-
tion implemented by waveguide delay lines, the ele-
ments of matrix product G can be derived by sampling

the RF signal within a specific time interval, with the ex-
N—1

pression § = Z w;x;. For matrix multiplication involv-
i=0
ing negative elements, a straightforward transfer ap-

proach is employed which will be further discussed in
Section Application demonstration.

Device characterization

The multi-function monolithic silicon photonic integrat-
ed circuit is fabricated using a standard 90-nm SOI
lithography process by a commercial silicon photonics
foundry. Figure 2 illustrates the components utilized in
the system and their key performance metrics.

The MZM, consisting of a pair of traveling-wave PN
junctions, exhibits a >27 GHz 3-dB EO modulation
bandwidth (Fig. 2(b)). With a limited number of PRBS15
bits (n = |4 x 10°/ (80 GHz/bitrate) |, error-free back-
to-back transmission performance is achieved, showing
the bit error rate (BER) lower than 1/n, as depicted by
the red dashed line in Fig. 2(c). Alternatively, the BER
can be calculated based on Gaussian statistics®, repre-
sented by the blue line in Fig. 2(c). To ensure operation
across a wide wavelength range, thermal-optical phase
shifters are employed to compensate for phase errors
from fabrication.

The tunable MRRs equipped with on-ring TiN micro
heaters function as wavelength filters, allowing reconfig-
uration of the on-chip optical path and adjustment of
transmission spectra. The MRRs in the system are de-
signed based on rib waveguides, featuring a rib width of
450 nm and a slab height of 90 nm. Symmetric coupling
coefficients are employed, aiming to operate at the near-
ly critical coupling state to achieve a high extinction ra-
tio. These MRRs demonstrate high tuning efficiency, re-
quiring less than 30 mW of heater power to achieve a 1.6
nm (about 200 GHz) wavelength shift as illustrated in
Fig. 2(e), which corresponds to a frequently used
wavelength channel interval in various applications.
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Fig. 2 | Optical images and fundamental characteristics of Si-based devices. (a—c) High-bandwidth silicon MZM. (b) The 3-dB EO band-

width reaches 27 GHz. (c) The measured BER and eye diagrams versus data rates. (d—f) Tunable MRRs with on-ring TiN heater. () Normalized

transmission spectra and (f) normalized power at a fixed wavelength versus TiN heater voltages. (g—i) The silicon spiral waveguide delay line. (h)

Simulated group refractive index of the fundamental transverse electric (TE) mode versus width variation for various nominal widths. (i) The mea-

sured average delay time is 58 ps per spiral waveguide delay line.

Moreover, Fig. 2(f) shows that a mere voltage change of
approximately 0.6 V is sufficient to implement a change
of the normalized transmission power of the MRR from
nearly zero to one at a fixed wavelength.

To achieve on-chip true-time delays with lower loss
and less sensitivity to fabrication error, 2-um wide sili-
con waveguide spiral is designed with adiabatic bends,
featuring an insertion loss of <0.006 dB/ps. Figure 2(h)
demonstrates the investigation of sensitivity in group re-
fractive index (n,) of various waveguide geometries to
width variations. Simulated width variations of +10 nm
show that wider waveguide provides smaller sensitivity
to width changes but requires a larger footprint*. Fur-
thermore, the delay time of the spirals employed in the
system is measured using the optical vector network ana-
lyzer method based on single-sideband modulation (SS-
BM-OVNA)®. The results indicate an average delay time
of 58 ps with a variation of less than 3% (Fig. 2(i)) and
the deviation can be further mitigated by introducing
tunable delay time structure®!.

System response and optimization

Figure 3 illustrates the passive optical characterization of
the CMRR-DL system, along with the summation and
multiplication operations. The cascaded MRRs array fea-
tures an increasing radius, resulting in a free spectral
range (FSR) of approximately 11.1 nm and a channel
space (Aly,) of 0.74 nm, which are slightly different ac-
cording to the radius. In Fig. 3(a), both the measured and
simulated optical spectra of the CMRR-DL are present-
ed. Due to fabrication deviations, overlaps and random
wavelength shifting of the MRRs occur, leading to varia-
tions in their resonant characteristics. By precisely tun-
ing the heaters on MRRs, the shifting resonant wave-
lengths of MRRs can be corrected.

By applying different voltages to individual MRRs, the
resonant wavelength of each MRR can be tuned dis-
tributing uniformly, as depicted in Fig. 3(b). In this con-
figuration, a channel spacing AAy, of 1.2 nm is em-
ployed to minimize crosstalk among the nine channels.
Due to the propagation loss of waveguide delay lines, the
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Fig. 3 | Fundamental characteristics at the system level of the CMRR-DL structure. (a) Measured and simulated optical normalized spectra

of drop port when heaters are deactivated. (b) Measured spectrum with a particular set of voltages applied to make resonant wavelength of the 9

MRRs distribute uniformly. (c) Flattened peaks of MRRs by adjusting
ficients of MRR. (e) Structure of MRR with AMZI structure and (f) sim

coupling states of MRRs. (d) Normalized transmission versus coupling coef-
ulated spectra showing tunable peak power when applying different Aneg on

the AMZI region to simulate the phase shift changing. (g, h) The demonstration of the multiplication operation. (g) Experimental setup and flow

chart to set multipliers by gradient descent algorithm. (h) The measured multipliers’ deviation. (i—k) The demonstration of summation operation.

(i) Experimental setup. (j) Signals propagating through different paths with a bit-period time delay. (k) Measured and simulated summation re-

sults in the electric domain.

peak transmission power Ty mex Of €ach MRR decreas-
es at a rate of 0.35 dB per channel. To mitigate this prob-
lem, the coupling state of the MRRs with less delay line
propagation loss can be adjusted to realize a lower res-

onate peak transmission power of the drop port, accord-

ing to the map between the max transmission power of
the drop port and the coupling coefficients (x; and x,,
ti =+v1—x2 and t, = /1 — k,?), as shown in Fig. 3(d).
Given a target Tyupme> @ constant value line can be

drawn with various pairs of coupling coefficients and the
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shape of the resonator’s spectrum depends on the value

of t,t,.The relationships can be written as follows:*

11— (1—tY)a
Tdrop,max - ( : )( 22 ) ) (3)
(1— tita)

_ (1 - tltza)szrop,max
1 — 2tit,acosd + (hta)

d 2 (4)

where T, represents the intensity transmission of drop
port, a indicates the single-pass amplitude transmission,
including both propagation loss in the ring and loss in
the couplers and ¢ indicates the single-pass phase shift.
With the increase of #t,, the lowest transmission power
of drop port Ty,ep min @and the full width at half maximum
(FWHM) decrease, showing a sharper resonance. The re-
lationships are shown in Egs. (5) and (6).

1—tta ZT rop,max
Tdrop,min - ( 2 ) d 2P7 3 (5)
(1+ tita)

(1 - tltZQ)Aresz
nnLy/ttha
Aws Tepresents the resonate wavelength and L indicates
the round trip length. In Fig. 3(c) and Fig. 3(d), three ad-
justing directions: (i) increasing or (ii) decreasing the

FWHM = (6)

coupling coefficient of one side while keeping the other
side coupling state unchanged, (iii) decreasing the cou-
pling coefficients of both sides while maintaining
K, = k,, are shown, realizing flatten peak transmission
powers.

Another non-ideal factor is the unsmooth optical
spectrum as shown in the inset of Fig. 3(b). These spec-
tral fluctuations arise from unintended light resonating
within an extra resonator composed of two half parts of
different MRRs and delay lines, which are unavoidable in
such cascaded MRRs configuration. When a small weight
is needed, the MRR’s resonance is tuned away from the
processing wavelength. In this case, the high-speed sig-
nal is filtered by the slope and unsmooth CMRR-DL
transmission spectrum, resulting in additional signal dis-
tortion. A viable solution to address this issue is to em-
ploy coupling ratio tunable MRR with asymmetric
Mach-Zehnder interferometer (AMZI) structure®, as
shown in Fig. 3(e). This setup allows for the adjustment
of transmission power without shifting the resonator
wavelength by tuning the micro heater on AMZI to
modify the effective coupling ratio from 0 to
~ 4k, (1 — k,). The simulated adjustment process is vi-

sualized in Fig. 3(f), where various changes in effective

https://doi.org/10.29026/0es.2024.240012

refractive index An, are applied to the asymmetric
waveguide. This approach offers a means to mitigate the
additional spectral filtering effect and enhance the sys-
tem's performance, particularly for applications involv-
ing high-speed information transmission or processing.

When employing a parallel multi-wavelength source,
the system can perform both high-precision non-nega-
tive multiplication and delay-summation operations. For
the former operation, the precision of MRR weight con-
trol is essential. Several challenges arise due to the cas-
caded MRRs principle and compact optical and electri-
cal design, including transmission spectra overlap, elec-
trical, and thermal cross-talks. To address these prob-
lems, the gradient-descent-based adjustment strategy is
used to set weights for each MRR with high precision, as
outlined in the flowchart presented in Fig. 3(g). The pro-
cess involves the following steps. Initially, a set of target
weights is specified and the initial voltages are applied
according to the pre-established transmission-voltage
look-up tables, achieved by sweeping the voltages of each
MRR precisely. Due to the cross-talks and other non-ide-
al factors, the current weights obtained through the opti-
cal spectra analyzer (OSA), may not align closely with
the ideal weights and the deviations serve as the loss
function. Then the GD algorithm is used to acquire the
next step voltages, where the gradients are derived from
difference calculations. The iterative loop continues un-
til the loss stabilizes or becomes smaller than a predeter-
mined deviation threshold. Figure 3(h) demonstrates the
control strategy results for the first 4 MRRs scanning
from 0 to 1. Notably, the maximum deviations remain
below 1 x 107 corresponding to the precision of 9 bits
and the details of the calculation method are shown in
Supplementary information Section 2. This approach ef-
fectively ensures the desired level of precision in multi-
plication operations.

For the delay-summation operation, multi-wave-
length optical carriers are modulated with the same sig-
nal and propagate through distinct paths regulated by
MRRs, each characterized by a discrete increase in delay
time. Then the multi-wavelength optical signals are si-
multaneously detected by a PD. When the signal rate
matches the reciprocal of delay time increment between
channels, the signal will be delay-summed as expected.
Figure 3(i) presents the active channels to be summed
with bright colors and the idle channels in color gray.
The idle channels are intentionally shifted away from the
operation resonator wavelength to avoid unwanted signal
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interactions. The signal rate is set to 8.5 Gbps corre-
sponding to the delay time of two waveguide spirals. Fig-
ure 3(j) shows the synchronized detected signals from
different MRRs paths each with a 1-bit period delay. Sig-
nals from the four channels are electrically summed
(shown by the black line), and the summed signal close-
ly matches the expected simulated signal depicted in the
red line of Fig. 3(k), which demonstrates the effective
functionality of the system in accomplishing delay-sum-
mation operation.

Application demonstration

This section shows three different applications em-
ployed the proposed CMRR-DL signal processing sys-
tem, working under incoherent/coherent regimes respec-
tively. When this system works as an incoherent archi-
tecture, employing the optical frequency comb generat-
ed by a nonlinear MRR as parallel multi-wavelength op-
tical source, two applications of tunable microwave pho-
tonics (MWP) filter and image edge detection are
demonstrated using a similar experimental setup as
shown in Fig. 4(a). Either the external-cavity diode laser

(ECDL, Toptica CTL1550) or the InP distributed feed-
back (DFB) laser with an isolator can be utilized to pump
the dark-pulse microcomb as the optical source. The
spectrum of the comb line with 2 FSR spacing of 182
GHz pumped by ECDL with proper environment tem-
perature and pump frequency detuning is shown in Fig.
4(d). The initial comb source is amplified by an EDFA
and then the desired comb lines are selected using an op-
tical tunable band-pass filter. Light enters and outputs
from the silicon chip through vertical grating couplers
with an efficiency of about 40%. The silicon chip is pack-
aged onto a custom-designed print circuit board (PCB)
as depicted in Fig. 4(c) and a thermal-electric cooler
(TEC) is utilized to reduce the thermal crosstalk. The
output light is split by a 10:90 fiber coupler: 10% of the
light is sent to an OSA for monitoring purposes while the
other 90% propagates into a photodetector (Finisar
HPDV2120R). A low-noise EDFA is used to amplify the
off-chip optical signal in MWP filter applications.

For the application of MWP, the TDL-based reconfig-
MWP filters
(true-time) delay lines or dispersive delay lines are

urable using either non-dispersive

Microwave photonics filter: +—— VNA
Image edge detection: —_—
SMF T
ECDL ) & & & & ® & & - S
iso —<_ MZM <3 <3 3 3 . s s /s K e B PD
[ o =3 r N N RERREEND Si chip EDFA
DFB Laser n;.i,::,_ | PCB

|
DC

[ H
0
—~ - —0=2.0] =~
g R Sim S
— -2l . =
3 : 2
2 ¢ S
i $
2 -60 7 m & . B .
1520 1540 1560 1580 1548 1552 1556 1560 12 ‘14 ‘ 16 18 20 22 5 6 7 8 9 10
Wavelength (nm) Wavelength (nm) Frequency (GHz) Frequency (GHz)
[]
Wy Wx 250 ]
- 1]o5 110 2 200
Input image | 05| 0 0f-1 q>) 150 |
75%75 ‘ 111 -
2x Tl Wy 2 100 E
0 (0.5 ’ 1|0 5 50 1
N EEEEE - ¢ 05| 1 w o1 ° (Rp—— Simulated Experiment
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Fig. 4 | Experimental demonstrations of reconfigurable MWP filter and image edge detection. (a—c) Diagram of the experimental setup,

lines in red for MWP filter and lines in purple for image process. Optical images of (b) Nonlinear MRR and (c) packaged SOI chip. (d) Optical

spectrum of optical frequency comb used as parallel multi-wavelength source generated by nonlinear MRR. (e—g) Reconfigurable MWP filter re-

sults. (e) Optical spectra of comb lines with Gaussian envelope, adjusted by the CMRR-DL system. RF filtering response (f) in the non-dispersive

delay scheme and (g) in the dispersive delay scheme. (h—k) Image edge detection results. (h) The picture of symbol alpha used as the input im-

age. (i) Two 2x2 kernels (Roberts operator) for edge detection. (j) Measured time-series data. (k) Detected image edge from simulation and

experiment.
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demonstrated. The vector network analyzer (VNA,
Keysight N5247A) is employed to characterize the RF re-
sponses. Eight comb lines are utilized as taps and modu-
lated by the on-chip MZM with a 9-dBm frequency-
swept RF signal from VNA. By tuning the optical spec-
tra with a Gaussian envelope as depicted in Fig. 4(e), the
expected RF filtering responses can be detected by the
PD. Results in Fig. 4(f) show the experimental and simu-
lated RF responses in the non-dispersive delay scheme,
where the Gaussian parameter ¢ is set to 2. The 3-dB
passband bandwidth (BW) is 2.04 GHz and the main-to-
sidelobe suppression ratio (MSSR) is more than 10 dB. In
the dispersive delay scheme, on-chip waveguide delay
lines are replaced by a spool of 5-km single-mode fiber to
accumulate dispersive delay between comb lines. With
the Gaussian parameter of comb lines optical spectra
changing from 2.0 to 1.6 as shown in Fig. 4(e), the RF 3-
dB passband BW can be adjusted within the range of
1.08-1.14 GHz, while maintaining the MSSR over 20 dB,
presented in Fig. 4(g).

In the application of image edge detection, the image
convolution operation is used with the Roberts operator,
consisting of two 2 x 2 convolution kernels. This opera-
tion can be viewed as a form of matrix multiplication. By
sliding the two kernels over the image, two output im-
ages (G, and G,) are generated highlighting edges of
+45°-direction and —45°-direction respectively. The
gradient magnitude at each pixel is calculated by the for-
mula: G = /G,> + G,. For this operation, four comb
lines are selected corresponding to the kernel matrix size
n = 4. To apply this operation using the silicon chip, the
input image , in this case, the image of the Greek alpha-
bet ‘o’ is firstly converted into a 70 x 70 gray pixel ma-
trix and normalized to fall within the range [0, 1]. The
pixels in the sliding window are serialized to form an in-
put image vector aligning with the sliding path of ker-
nels. Subsequently, the input image vector is converted
into analog electrical signal using an arbitrary waveform
generator (AWG, Tektronix AWG70001) and then am-
plified by a pair of linear electrical drivers (SHF 807C).
The signal is further encoded into the intensity of the 4
used comb lines simultaneously by the silicon EOM. The
signal rate is set to be 17 Gaud, meeting the waveguide’s
delay time. Because the information regarding the ker-
nel weights is encoded into the transmission ratio of the
MRRs, only positive weights can be utilized in this pro-
cess. To realize computation in the complete real-num-
ber domain, the original convolution computing can be

substituted with two steps as shown in Fig. 4(i). After the
four comb lines with serialized image information prop-
agating the CMRR-DL system with kernel weights load-
ed by the MRRs, the intensity of output lights carries the
convolution results. The resulting RF signals from PD
are received by a real-time oscilloscope (RTO, Keysight
DSA-X 96204Q). The measured time-series data con-
taining the image edge information is shown in Fig. 4(j).
After conducting serial-to-parallel conversion and sub-
traction operations on a computer, the edge detection re-
sult is presented in Fig. 4(k), which agrees well with the
ideal result, confirming the system’s ability to perform
convolution processes effectively.

The programmable on-chip silicon processor can also
work as a low-cost optical equalizer. Currently, the sig-
nal processing capability in the electrical domain is limit-
ed by the microelectronic ADC processor*, which is al-
so restricted by the advanced lithography technology.
Comparing with the expensive signal processing in the
electrical domain, optical spectral shaping can be real-
ized with optical filters. As a core component for the in-
tegrated transceiver, silicon modulators’ performance
plays a key role in optical telecommunication and inter-
connect systems. The modulators’ design still struggles
with the tradeoff between modulation efficiency and re-
sponse speed. Moreover, modulators’ efficiency is also
restricted by the capability of CMOS-compatible driver
especially when operating at a higher data rate®>. Due to
the limited electro-optical response speed, the expansion
of data capacity has stepped into a slow development era.

With the flexible processor architecture, quasi-arbi-
trary optical spectral shaping can be realized by the CM-
RR-DL system. The experimental setup is shown in Fig.
5(a). By tuning the optical response around the carrier
wavelength, as shown in Fig. 5(b), the proposed on-chip
processor could work in the mode that reshapes the
modulated signal in the frequency domain, which is es-
sentially the reason to enhance the bandwidth-limited
devices. The measured S21 response curve for the silicon
MZM with and without the on-chip equalizer is depict-
ed in Fig. 5(c). The 3-dB bandwidth improves from 27
GHz to nearly 60 GHz. Additionally, to further display
the improvement of the bandwidth-limited silicon mod-
ulator, eye diagrams of on-off-keying (OOK) modula-
tion format at 66 Gbps are demonstrated in Fig. 5(d, e).
The Q-factor, as a measure of the eye-opening?, is also
improved from 1.88 to 2.90, highlighting the effective-
ness of the on-chip equalizer in enhancing signal quality.

240012-9


https://doi.org/10.29026/oes.2024.240012

Wu YC et al. Opto-Electron Sci 3, 240012 (2024)

https://doi.org/10.29026/0es.2024.240012

Optical equalizer »=—— [

Si chip EDFA

PCB |

Wavelength (2 nm/div.)

b
z W g Sm
= | Carrier m 0
ke length i ReA
@ waveleng (l)Through port T3 A ',.“A
(i)Add port | ¢ \/ ‘»\
2 X £-6
g 2-9t| — oen
3 (iii)Add port — ()@
o s e
10 20 30 40

Frequency (GHz)

60 Before equalization

After equalization

Fig. 5 | Experimental demonstrations of the low-cost optical equalizer. (a) Diagram of the experimental setup. (b) Optical spectra of the CM-

RR-DL system and optical carrier frequency under different conditions: (i) at the flat region of the through port, (ii) in the center of two rings’ reso-

nances of the drop port, (iii) at the slope region of the drop port. (c) Normalized S»1 under different conditions. (d, e) Eye diagrams and Q-factors

(d) before and (e) after equalization.

Discussion

In this paper, we present a multi-functional and highly
reconfigurable monolithic processor fabricated on the
SOI platform and conduct in-depth analyses of the sys-
tem. The processor leverages a silicon MZM in conjunc-
tion with the CMRR-DL processing core. Such system
imparts tunability and versatility and works in a mode
having both the excellent specialized performance char-
acteristic of the ASPIC architecture and the flexible re-
configurability of the FPPGA architecture. The process-
ing core provides tunable optical filtering and optical
true time delay, supporting both coherent analog and in-
coherent digital processing, which is applicable to differ-
ent scenarios. The utilization of multi-wavelength source
enables the realization of high-speed universal matrix
multiplication, encompassing steps of elements multipli-
cation and summation, and the precision of multiplier
loaded by MRRs can reach up to 9 bits. In this case, we
explore the versatile functionalities of the processing sys-
tem in applications of reconfigurable MWP filter with
tunable 3-dB BW and photonic matrix computing for
image edge detection with an impressive speed of 17
GHz. Additionally, for single-wavelength carriers, the
processor behaves as a low-cost optical equalizer, realiz-
ing 3-dB EO bandwidth and eye diagram improvement
of silicon MZM. This monolithic processor showcases
the convergence of high performance, configurability,
and versatility, offering a promising solution for diverse
on-chip information processing applications.

The performance of the monolithic silicon photonic
system can be further enhanced by employing superior
architecture design and optimized photonic devices.
First, to achieve a higher MWP filter suppression ratio,
accommodate larger matrix size, and reduce cross-talks,
it’s essential to widen the FSR of MRRs for more wave-
length channels and larger channel space. Several struc-
tures have been reported to realize FSR-free MRRs, such
as grating-assistant contra-directional couplers’, MZI-
coupled* and reflector-embedded” microrings. Second,
the processing speed of the current system is fundamen-
tally constrained by the modulation and detection rates.
Therefore, large bandwidth modulator***! and high-
speed PD>** based on SOI are needed and the recently
reported works have promised a potentially higher pro-
cessing speed of the system. In the meantime, due to a
higher data rate, the waveguide delay time will be short-
er, which will achieve a smaller footprint and improve
the degree of integration. Third, to minimize the distor-
tions of high speed signal caused by the relatively nar-
row linewidth of conventional MRRs, cascaded MRRs*
and MZI-embedded* structure can be utilized for plat-
top pass band and tunable coupling ratio, supporting
high-speed data loading and weight tuning. Fourth,
more functions and applications based on the system can
be exploited. Typical signal processing functions such as
first-order differentiation, integration, and Hilbert trans-
form, can be realized based on the TDL architecture®>.
Another potential functional upgrade is to implement
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on-chip balanced PD connecting to the drop ports of two

CMRR-DL systems for operations in the real number do-

main, which can double the computing speed compared

to the current architecture. Besides, working at single-

wavelength conditions, the TDL structure can be regard-

ed as a transversal filter which is commonly used for

eliminating ISI in optical fiber communication, as men-

tioned in Section System architecture and principle.

These optimizations and expansions on both device-lev-

el and system-level as well as extended application sce-

narios would further change the design method and im-

prove the application value of integrated photonic chips.
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