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As an indispensable part to compensate for the signal crosstalk in 

fiber communication systems, conventional digital multi-input multi- 
output (MIMO) signal processor is facing the challenges of high com- 
putational complexity, high power consumption and relatively low 

processing speed. The optical MIMOenables the best use of light and 

has been proposed to remedy this limitation. However, the currently 
existing optical MIMO methods are all restricted to the spatial di- 
mension, while the temporal dimension is neglected. Here, an on-chip 

spatial-temporal descrambler with four channels were devised and 

its MIMO functions were experimentally verified simultaneously in 

both spatial and temporal dimensions. The spatial crosstalk of single- 
channel descrambler and four-channel descrambler is respectively 
less than -21 dB and -18 dB, and the time delay is simultaneously com- 
pensated successfully. Moreover, a more universal model extended to 
mode-dependent loss and gain (MDL) compensation was further de- 
veloped, which is capable of being cascaded for the real optical trans- 
mission system. The first attempt at photonic spatial-temporal de- 
scrambler enriched the varieties of optical MIMO, and the proposed 

scheme provided a new opportunity for all-optical MIMO signal pro- 
cessing. 

Keywords: Optical signal processing, Photonic integrated circuits, Opti- 
cal MIMO, Optical matrix computing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

Mode-division multiplexing (MDM) technology has been regarded as a
promising way to meet the exponentially increasing demand for trans-
mission capacity over decades 1–3 . When multiple modes propagate in the
fiber, coupling inevitably occurs between different modes, which directly
results in the crosstalk, and will seriously degrade the quality of signals.
To address the critical issue above, the multi-input multi-output (MIMO)
CHIP | VOL 2 | SUMMER 2023 Zhang, W. et al. Chip
digital signal processing was introduced to compensate for the crosstalk
of signals 4–6 , while facing the challenges of high computational complex-
ity and high power consumption, especially when the number of channels
increases 7–9 . And the processing speed is greatly restricted by the digi-
tal devices, which leads to a large delay. With the maturity of large-scale
optical integration technology, light has gradually become a potential al-
ternative to break through the speed and power limitation of conventional
electronic hardware both in optical neural networks and optical signal pro-
cessing 10–13 . Numerous on-chip optical MIMO schemes have been pro-
posed in recent years. The basic principle is to execute the inverse matrix
of signal transmission coupling matrix through integrated optical methods
such as Mach–Zehnder interferometer (MZI) meshes 14–18 and multi-plane
light conversion 19–21 . As the light propagates through the chip, the chaotic
signals can be recovered at the speed of light and only little energy is re-
quired to maintain the chip operating in the desired state. However, all
the existing optical MIMO methods are restricted to the spatial dimension
while the temporal dimension is neglected. Since the modes exhibit differ-
ent propagation velocities in the fiber, the modal group delay (GD) asso-
ciated with modal dispersion (MD) is generated accordingly, which is not
conducive to the quality of signals when accompanying with the spatial
coupling. Therefore, both spatial and temporal dimensions are supposed
to be taken into consideration by the optical MIMO, which will compen-
sate for the crosstalk as much as possible. 

In the current work, an on-chip photonic spatial-temporal descrambler
with four channels was put forward and its MIMO functions were exper-
imentally verified using 25 Gbps on-off keying (OOK) signals. The de-
scrambler is composed of two 4 × 4 optical unitary matrix units based on
MZI meshes 22 for spatial decoupling and optical delay lines with different
lengths for time delay compensation. In virtue of gradient descent algo-
rithm in our previous works 18 , 21 , 23 , 24 , the descrambler can be optimized to
the desired state without any inner information. The spatial crosstalk and
time delay are compensated simultaneously. In allusion to the real optical
transmission systems, a more general optical MIMO model, which is cas-
cadable and compensable for mode-dependent loss and gain (MDL), was
further discussed. For the first time, the compensation for time delays of
the signals and spatial coupling has been realized simultaneously, which
marks a significant step to photonic spatial-temporal descrambler. 

RESULTS 

MDM matrix transmission model Fig. 1 shows the matrix propagation
model of MDM transmission system, which can be divided into K cas-
caded sections 25–27 . For k th section, the transmission matrix in the fre-
quency domain can be written by the following equation: 

H 

( k ) ( ω ) = V 

( k ) · �( k ) ( ω ) · U 

( k ) ∗, (1)
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Fig. 1 | Matrix propagation model of MDM transmission system . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

where, V 

( k ) and U 

( k ) denote the unitary coupling matrices inserted at the
input and output of the k th section, respectively, and ∗ represents the Her-
mitian transpose. When only considering the modal GD, the diagonal ma-
trix Ʌ ( k ) can be expressed as: 

�( k ) ( ω ) = 

⎡ 

⎢ ⎢ ⎣ 

e − jωτ
( k ) 
1 · · · 0 

. . . 
. . . 

. . . 

0 · · · e − jωτ
( k ) 
n 

⎤ 

⎥ ⎥ ⎦ 

, (2)

where, τ k 
n represents the n th mode’s group delay in k th section 25 . And the

total transmission matrix can be given by: 

H ( ω ) = 

K ∏ 

k=1 

H 

( k ) ( ω ) . (3)

In the frequency domain, the input multichannel signals are defined
by X ( ω ) = [ X 1 ( ω ), X 2 ( ω ), …, X n ( ω )] T , and the output signals by Y ( ω) =
[ Y 1 ( ω), Y 2 ( ω), …, Y n ( ω)] T . The relationship between the input and output
signals of the MDM system can be expressed by: 

Y ( ω ) = H ( ω ) X ( ω ) . (4)

From Eqs. (1) –(4) , it could be found that the modal GD acts as the
time delay of different signals in each section. Therefore, it can be com-
pensated by adding optical circuits with inverse lengths. Similarly, the
coupling matrices can be compensated by inverse spatial matrix transmis-
sion with optical methods. 

Principle of spatial-temporal descrambler For simplicity, one section of
MDM matrix propagation model was taken to verify the function of the
photonic spatial-temporal descrambler. As depicted in Fig. 2 a, the pro-
posed chip consists of two parts. One part is to introduce the spatial
and temporal disorder according to the matrix model. It is composed of
two spatial cross units which use directional couplers with the length of
100 µm and the waveguide interval of 0.2 µm, and a time delay unit be-
tween them adopting equidifferent optical paths with the length differ-
enceof 1229 µm, corresponding to about 10 ps time delay (the n e f f of
500 nm width Si waveguide we use is 2.441). Another part is the spatial-
temporal descrambler core, wherein the two 4 × 4 unitary MZI matrix
units are designed to descramble the spatial disorder, and the inverse
equidifferent optical paths are utilized for time compensation. The pack-
aged chip and microscope image of the chip are shown in Fig. 2 b and c,
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which was fabricated on a silicon-on-insulator (SOI) wafer with 220-nm-
thick top silicon and 2- µm-thick buried oxide layer. Each of the 4 × 4
MZI matrix units is composed of 6 MZIs, to perform an arbitrary unitary
transformation by tuning the phase shifters. The coupling loss at the wave-
length of 1550 nm is about 3.9 dB, and the on-chip loss without coupling
gratings is about 8 dB after configured. 

The proposed spatial-temporal descrambler needs to configure the
phase shifters in MZI meshes to the desired states. In the current work,
the gradient descent algorithm was adopted to adjust each heater’s voltage,
which can be optimized by itself without any inner information 18 , 21 , 23 , 24 .
of the crosstalk from both spatial and temporal dimensions, two cost func-
tions (CFs) were adopted to evaluate the performances in spatial and tem-
poral dimensions, respectively. and then use the product of them as the
final CF. For N channels’ spatial descrambling, the CF space is defined as: 

CF space = 

N ∏ 

n =1 

| P real 
n · P tgt 

n | 
‖ P real 

n ‖‖ P tgt 
n ‖ , (5)

where, 
∏ 

is the scalar product of two vectors, || is to get the absolute
value, ‖‖ is 2-norm of the vector, P real 

n is the optical power vector for all
output ports and P tgt 

n is the targeted vector (e.g. P tgt 
n can be [0,1,0,0] if the

signal is set to output from the Port 2.) when the signal is incident on the
n- th input port. The CF space denotes the correlation between the real and
targeted results, which ranges from 0 to 1. And the closer to 1 the CF is,
the more relevant the real and targeted results will be. 

As for time compensation, the correlation between input and output
waveforms was also exploited and used as the evaluation criterion. The
waveform collected by optical oscilloscope (OSC) are made up of discrete
points, which can be seen as a waveform vector. And the correlation can
be calculated by the following equation: 

Corr ( m 1 , m 2 ) = 

| W 

real [ m 1 : ( m 1 + m T ) ] · W 

tgt [ m 2 : ( m 2 + m T ) ] | 
‖ W 

real [ m 1 : ( m 1 + m T ) ] ‖‖ W 

tgt [ m 2 : ( m 2 + m T ) ] ‖ , (6)

where, W 

real and W 

tgt denote the input and output waveform vectors, re-
spectively. In Eq. (6) , we take the points from m 1 to m 1 + m T in W 

real and
the points from m 2 to m 2 + m T in W 

tgt , where, m T is the number of points
in one period of the waveform. In some cases, the input and output signals
are not precisely aligned in time. Therefore, in order to get the time cost
function CF time , it is needed to find out the most matched time point to cal-
culate the correlation, which corresponds to searching for the maximum
correlation when m 1 changes in one period of the signal. This process can
 2 , 100043 (2023) 2 of 7 
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Fig. 2 | Design of the spatial-temporal descrambler. a, Schematic diagram of the spatial-temporal descrambler chip. b, Photograph of the packaged chip. c, Microscope 

image of the spatial-temporal descrambler chip. DC, directional coupler; DL, delay lines. 

Fig. 3 | Experimental setup of the spatial-temporal descrambler. FPGA, field programmable gate array. OS, optical switch; EDFA, erbium doped fiber amplifier; BPF, 

bandpass filter; OPM, optical power monitor; OSC, optical oscilloscope; OSA, optical spectrum analyzer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

be expressed as: 

CF time = 

N ∏ 

n 

max n [ Corr ( m 1 , m 2 ) , Corr ( m 1 + 1 , m 2 ) , 

. . . , Corr (m 1 + m T − 1 , m 2 ) ] , (7)

where, max n represents the maximum correlation between input and out-
put waveforms when the signal is incident in the n -th channel. After ob-
taining the cost functions of space and time, the total cost function CF total

is defined by: 

C F total = C F space · C F time (8)

With the aid of gradient descent algorithm, the CF total can be improved
by altering the voltage of the heaters. As CF total gets closer to 1, the voltage
change step is gradually decreased to guarantee that the MZI matrices are
well optimized. At the end of the iteration, the signals can be descrambled
both in spatial and temporal dimensions. 

Experimental setup and results As shown in Fig. 3 , a 25 Gbps optical
signal is generated by a lithium niobite MZI intensity modulator (IM) and
divided into four channels by a 1 × 4 optical splitter. Single mode fibers
of different lengths are introduced to decorrelate the signals of the four
CHIP | VOL 2 | SUMMER 2023 Zhang, W. et al. Chip
channels, differential time delays of which are much greater than the co-
herence length of the laser. Then the four signals are incident into the input
ports of chip and the results from output ports can be chosen via optical
switch. During the configuration state, the periodic signal of 400 ps (10
bits, 40 ps per bit) is loaded into the IM and guides the descrambler to op-
timize in the temporal dimension. And the field programmable gate array
(FPGA) is applied to control the voltage of the heaters according to the
results detected by corresponding instruments. 

One channel (input Port 3 to output Port 3) was firstly selected to
validate the temporal descrambling function of the chip. As depicted in
Fig. 4 c, the crosstalk in temporal dimension can be easily found from the
broadening and distortion of the initial output waveform. And the mixing
eye diagram demonstrates that the temporal crosstalk could exert greatlin-
fluence on the quality of the signals. Note that the delay of signal may be
greater than 30 ps before optimization of the spatial-temporal descram-
bler, which is mainly ascribed to the fact that the time compensation part is
also likely to introduce time delay. Fig. 4 a and Fig. 4 b present the evolution
process of the descrambler during the optimization in spatial (making the
power of targeted output port maximal) and temporal dimension, respec-
tively. In one iteration, one of the MZIs’ heaters was selected in sequence
to change the applied voltage. If the CF total in Eq. (8) increases, the volt-
age change is maintained, if not, the original voltage is turned back. The
 2 , 100043 (2023) 3 of 7 
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Fig. 4 | Experimental results of one channel’s spatial-temporal descramble. a, The power transmission of four output ports during the iteration. b, The CF time versus 

optimization iteration. c , Waveforms and eye diagrams of input signal and output signals at the step of 1 (initial results), 5, 85 and 1400 (final results). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

voltage change is firstly set to 100 mV, and gradually decreased to 10 mV
to realize more refined optimization during the evolution. The extinction
ratio (ER) between the selected port and other ports increases gradually,
and the waveform and the eye diagram in Fig. 4 c are also improved. Under
the iteration number of around 400, the CF in temporal dimension is close
to its best, while further optimization is required for the ER. After 1400
iterations, the correlation between input and output signals reaches 0.999
and the minimum ER (Port 3 and Port 4) is about 21.57 dB, which reveals
that the descrambler is capable of eliminating the crosstalk both in spatial
and temporal dimensions. 

In the further experiment, the capacity of the chip is explored to de-
scramble four channels simultaneously. Fig. 5 a-c show the three differ-
ent routing states of the spatial-temporal descrambler. The final spatial
crosstalk is less than 18 dB and the final wave correlations of four output
ports all achieve 0.999. In the routing state depicted in Fig. 5 c, the de-
scramblers’ transmission spectrums ( Fig. 5 d) are measured with a broad-
band light source. It is the optical paths of equal length difference that
induce the periodic resonance peaks in the transmission curves, which is
like the spectrums of optical delay interferometer. And the eye diagrams of
four output ports in Fig. 5 e also illustrate the success of spatial-temporal
descramble. 
CHIP | VOL 2 | SUMMER 2023 Zhang, W. et al. Chip
DISCUSSION 

The above results fully demonstrated the capacity of spatial-temporal de-
scrambler for the proposed chips. Despite the proof-of-principle verifica-
tion of spatial-temporal descrambler, the first attempt at spatial-temporal
compensation broke through the confinement of the existing optical MI-
MOs which only realize spatial descrambling. For further perfection of
the proposed scheme, it’s necessary to take the MDL into consideration,
in which the mode-dependent loss is introduced by fibers or passive com-
ponents, and mode-dependent gain can be generated by multimode optical
amplifiers 26 , 27 . In this case, the Ʌ ( k ) in Eq. (2) is composed of the power
matrix P (k) (ω) and time matrix T (k) (ω) , rewritten as: 

�( k ) ( ω ) = P ( k ) ( ω ) · T ( k ) ( ω ) 

= 

⎡ 

⎢ ⎢ ⎣ 

e 
1 
2 g 

( k ) 
1 · · · 0 

. . . 
. . . 

. . . 

0 · · · e 
1 
2 g 

( k ) 
n 

⎤ 

⎥ ⎥ ⎦ 

·

⎡ 

⎢ ⎢ ⎣ 

e − jωτ
( k ) 
1 · · · 0 

. . . 
. . . 

. . . 

0 · · · e − jωτ
( k ) 
n 

⎤ 

⎥ ⎥ ⎦ 

= 

⎡ 

⎢ ⎢ ⎣ 

e 
1 
2 g 

( k ) 
1 − jωτ

( k ) 
1 · · · 0 

. . . 
. . . 

. . . 

0 · · · e 
1 
2 g 

( k ) 
n − jωτ

( k ) 
n 

⎤ 

⎥ ⎥ ⎦ 

, (9)
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Fig. 5 | Experimental results of four channels’ spatial-temporal descramble. a-c, Power transmission of the spatial-temporal descrambler in different routing states at 

the wavelength of 1550 nm. d, Spectrums of four output ports when the light is incident into input Port 1, Port 2, Port 3, and Port 4, respectively for the last routing state. 

The insets in the bottom right are the enlargements of spectrums from 1549.5 nm to 1550.5 nm. e, The final eye diagrams of the output ports when the signals are input 

into four channels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

where g (k) 
n represents the n th mode’s MDL in the k th section. As the MDL

will lead to different power changes of each mode, the descrambler re-
quires the power attenuators to balance the loss of each channel. Accord-
ing to Eq. (1) and Eq. (3) , the U 

(k) ∗ and V 

(k+1) can be combined by one
unitary matrix of M 

(k) and then the MDM transmission matrix of H (ω) is
given by: 

H ( ω ) = 

K ∏ 

k=1 

M 

( k ) · �( k ) ( ω ) , (10)

where M 

( k ) denotes the unitary matrix of spatial coupling in the k -th sec-
tion. In order to recover the input signals, the transmission matrix of op-
tical MIMO is required to preform the inverse matrix of H (ω) , which is
expressed as: 

H 

−1 ( ω ) = 

K ∏ 

k=1 

(
�( K−k+1 ) ( ω ) 

)−1 · (
M 

( K−k+1 ) 
)−1 

. (11)
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In the light of Eq. (11) , a universal optical MIMO model was con-
structed and depicted in Fig. 6 (b), which was cascaded by multiple spatial-
temporal descramblers. For k th section, the transmission matrix D 

(k) (ω) of
the descrambler is defined by: 

D 

( k ) ( ω ) = 

(
�( K −k+1 ) ( ω ) 

)−1 (
M 

( K −k+1 ) 
)−1 

= 

(
T ( K −k+1 ) ( ω ) 

)−1 (
P ( K −k+1 ) ( ω ) 

)−1 (
M 

( K −k+1 ) 
)−1 

. (12)

Specifically in terms of optical implementation, the descram-
bler can be divided into three parts: time compensation defined by
(T (K−k+1) (ω)) 

−1 
, power balance defined by (P (K−k+1) (ω)) 

−1 
, and spatial

descrambling defined by (M 

(K−k+1) ) 
−1 

, as presented in Fig. 6 a. The on-
chip tunable delay lines can be employed for the time compensation 28–30 ,
while the optical attenuators like MZI 31 or PIN structures 32 can form the
power balance part. As for the spatial descrambling , the MZI matrix
meshes are desirable for optical unitary conversion and capable of scal-
ing to N channels 22 , 33 . All of these three parts are adjustable, making the
 2 , 100043 (2023) 5 of 7 
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Fig. 6 | Sketch map of optical MIMO model. a, Detailed structure of the proposed spatial-temporal descrambler. b, Optical MIMO realized by cascaded spatial-temporal 

descramblers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

descrambler applicable to more scenarios. The low loss design of delay
lines and MZIs is also worthy of being taken into consideration 34 , 35 and
the erbium doped fiber amplifier can be inserted to guarantee sufficient
descrambling sections for the optical MIMO cascade.. Since the signals
are processed in the optical domain, and the descrambling speed is equal
to that of the light, little energy is required to maintain the working state
once configured. This cascadable model provides a sophisticated strategy
of optical MIMO and can be further applied into the real optical transmis-
sion systems. 

CONCLUSIONS 

In the current work, an optical MIMO has been extended to both the spa-
tial and temporal dimensions for the first time, and an on-chip spatial-
temporal descrambler with four channels was experimentally demon-
strated. With the aid of gradient descent algorithm, the chip could be con-
figured to the targeted state by tuning the voltage of each heater . The
spatial crosstalk is less than −18 dB for four-channel descrambler while
ensuring the time recovery. Moreover, we discussed a more general opti-
cal descrambler which was capable of compensating for MDL and could
be cascaded to form an optical MIMO for real fiber transmission systems.
The proposed scheme is no longer confined to the spatial descrambling,
and more dimensions (space, time and loss) are taken into consideration,
which greatly broadens the range of the existing optical MIMO and will
offer new opportunities for all-optical MIMO signal processing. 

METHODS 

Fabrication of the spatial-temporal descrambler chip The proposed chip
was fabricated on a silicon-on-insulator (SOI) wafer with 220-nm-thick
top silicon and 2- µm-thick buried oxide layer. The Si waveguide is 220 nm
thick strip waveguide, while the grating coupler is fan-shaped with 70 nm
shallow etch.The structure was patterned to photoresist adopting 248 nm
deep UV lithography, followed by 70 nm par tial g rating etch. The re-
maining part of strip waveguide was then patterned and etched to BOX.
Thereafter, Plasma Enhanced Chemical Vapor Deposition (PECVD) was
introduced to deposit 1.2 µm pad oxide between Si waveguides and mi-
croheaters. Then a layer of 120 nm thick TiN was deposited and etched as
the heater layer. Each heater unit is 150 µm long and 2.2 µm wide. After-
wards, Al was deposited and etched to form the metal wires and pads. The
CHIP | VOL 2 | SUMMER 2023 Zhang, W. et al. Chip
SOI chip was then glued on a ceramic-wafer printed circuit and the pads
were wire-bonded to the printed circuit board. And the chip size is about
4.5 mm x 1.7 mm. 
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