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Abstract—We propose to apply the multiple-input multiple-
output (MIMO) from wireless communication to high density on-
chip optical interconnect. MIMO makes it possible to reduce the
waveguide pitch to subwavelength range and uses the crosstalk to
improve system performance. The proposed N×N on-chip MIMO
system consists of transmitter, high-density waveguides, homodyne
coherent receivers, and electrical signal processing components.
As an example, a 10×10 MIMO system with waveguide spacing
of 250 nm is simulated. The possibility of data transmission at 10
Gb/s/channel from high-density waveguide array is numerically in-
vestigated. The minimum input optical power for the BER of 10−12

can reach −18.1 dBm. The BER is better than 10−12 when there
is a phase shift of 73.5°. Compared to the conventional parallel
waveguides with 2-μm pitch, the bandwidth density can be en-
hanced from 5 to 13.33 Gbit/μm/s at 10 Gb/s by using the MIMO
techniques.

Index Terms—Optical interconnections, optical waveguides,
silicon photonics.

I. INTRODUCTION

O PTICAL interconnects are expected to be widely used
in next generation on-chip interconnects because of the

superior advantages in propagation delay, energy consumption,
and bandwidth density compared to electrical solutions [1], [2].
Driven by the continuous increase of the integration density
and complexity, there is growing interest in further improv-
ing the bandwidth density without consuming more chip area.
[3] Inspired by the mode-division multiplexing (MDM) in few-
mode fibers, a few attempts have been made to incorporate the
MDM into on-chip optical interconnects. [3], [4] While MDM
adds spatial-mode-parallelism degree of freedom, it also places
a few constrains. For example, to suppress the mode conver-
sion induced crosstalk, the number of modes and the length
of the waveguide are limited, and waveguide bending must be
avoided. Considering on-chip optical interconnects are usually
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considered as an alternative to electrical bus, the limit of the
transmission distance is particularly catastrophic. Improving
bandwidth in a single channel is also a possible solution to
increase the bandwidth density in on-chip optical interconnects.
However, signal multiplexing must be adopted to fully utilize
such a large bandwidth of a single channel, which inevitably
increases system complexity and cost. High density parallel
channel waveguides is another possible solution. However, the
bandwidth density of optical waveguides is ultimately deter-
mined by the waveguide geometry and index contrast between
the waveguide core and cladding [5]. CMOS-compatible sin-
gle mode silicon waveguides have submicrometer dimensions
due to the high index contrast between silicon and its cladding
material [6]–[8]. As the shrinkage of the width of the wave-
guide is not physically possible, reducing the channel spacing
is an intuitive alternative. To avoid crosstalk, conventional sili-
con waveguides must be placed several microns apart from each
other, which is a great waste of precious chip area. According to
Ref [9], reducing the space between parallel waveguides from 3
to 1 μm can potentially save ∼57% of chip area wasted for rout-
ing. However, further decrease the waveguide spacing is very
challenging.

In this letter, we proposed and investigated the possibility of
using multiple-input multiple-output (MIMO) to further reduce
the waveguide spacing and improve the bandwidth density of on-
chip optical interconnects. MIMO has been extensively used in
wireless communications for a long time. MIMO in optics also
has been studied for decades. The MIMO transmissions employ
different modes of multi-mode fiber (MMF) to establish differ-
ent data channels. Hence higher transmission capacity can be
achieved and the mode dispersion can be avoided. For example, a
gross transmission throughput of 255 Tb/s over a 1 km fiber link
is implemented by using few-mode multicore fiber and MIMO
technique [10]. However, the research activities only focus on its
applications in optical fiber communications, especially MMF
based local area networks [11]–[14]. According to the authors’
best knowledge, this is the first time MIMO has been studied for
on-chip interconnects. MIMO shows that it is possible to make
use of the crosstalk to improve the system performance instead
of avoiding it [15], [16]. Using the MIMO technique, several
data streams can be transmitted simultaneously over the same
multiple parallel paths. Each receiver catches the combination
of transmitted data, and then the electrical signal processing
techniques is used to decode the transmitted signal.

If each guiding mode in the high density waveguide region
is considered as a signal path, the high density waveguide array
behaves similar to a wireless channel with tense multipath scat-
tering. Using MIMO techniques, the waveguide array no longer
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Fig. 1. The block diagram of proposed N×N on-chip MIMO system operating over the high density silicon waveguide array.

need to be kept physically decoupled. The waveguide pitch can
be significantly reduced to subwavelength range and therefore
the bandwidth density can be improved further. Moreover, the
proposed on-chip MIMO system uses the conventional waveg-
uides and avoids the complex and sensitive couplers. There are
no fundamental limits on the length, bends, and number of chan-
nels in the on-chip MIMO. An N×N on-chip MIMO system
is analyzed in this letter, and as an example we simulated 10
heavily coupled waveguides with 250 nm spacing to perform
the data transmission of 10 Gb/s/channel.

The paper is organized as: the design of on-chip MIMO sys-
tem, including high density waveguides, homodyne coherent
receiver, and electrical signal processing, are discussed first in
Section 2. In Section 3, as an example, we simulate and dis-
cuss the performance of 10×10 on-chip MIMO system. The 10
Gb/s/channel data transmissions from high density waveguide
array are numerically investigated, including waveform recov-
ery and eye diagram. To evaluate the performance of whole
system, we also discuss the input optical power requirement
and phase shift between input laser and local oscillator in the
Section 3. Finally, we will conclude the paper in Section 4.

II. DESIGN OF ON-CHIP MIMO SYSTEM

Fig. 1 shows the block diagram of the proposed N×N on-chip
MIMO system, which consists of transmitters, N high density
waveguides, homodyne coherent receivers, and electrical signal
processing components. In the transmitters, each input laser,
which has the same wavelength, phase, and optical power, is
launched into the individual optical amplitude modulator and
then fed into the high density silicon waveguide array. In the
N high density waveguides, there is significant coupling among
the adjacent waveguides due to the subwavelength waveguide
pitch. It causes that number of signal streams is transmitted
simultaneously over the same multipath channels, so that the
signal streams randomly combined in each receiver. The relation
between input ports and output ports can be described as⎡

⎢⎢⎢⎢⎢⎢⎣
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ON

⎤
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...
IN

⎤
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. (1)

Here, [Tpm ] is the transfer matrix of high density waveguides,
[Im ] is the electrical field at m-th input port, and [Op ] is the elec-
trical field at pth output port. Due to the nature of the coupling
between waveguides, the elements of the transfer matrix are in-
dependent. All matrix elements are complex numbers as they
take into account both amplitude and phase of electric field at
each input and output port of the high density silicon waveguide
array. In the experiment, the elements of the transfer matrix can
be obtained by the standard calibration procedure established in
MMF based MIMO systems. This calibration process will be
done at initial stage, and most disturbances, such as the fabrica-
tion errors of waveguide and quadrature optical hybrid, can be
relieved by the calibration.

Then the homodyne coherent receiver is used to detect the
full electric field of transmitted signals, which contains both
amplitude and phase information. In the homodyne coherent re-
ceiver, the local oscillator which has the same frequency, phase,
and amplitude as input laser are the key to lock the phase of
the incoming optical signals and serve as an absolute phase
reference [17]. The superposed electrical field (Op) from each
input channels and local oscillator (ELp) are directed into the
quadrature optical hybrid which gives four outputs:

E1p =
1
2

(Op + ELp) =
1
2

(∑N

m=1
TpmIm + ELp

)
(2)

E2p =
1
2

(Op − ELp) =
1
2

(∑N
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TpmIm − ELp

)
(3)
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1
2

(Op + jELp) =
1
2

(∑N

m=1
TpmIm + jELp

)
(4)

E4p =
1
2

(Op − jELp) =
1
2

(∑N

m=1
TpmIm − jELp

)
. (5)

By applying (2), (3), (4), and (5) to four PIN photodetectors
(PDs), it provides the Ip and Qp components which is given by

Ip = IE 1p − IE 2p

= R
∑N

m=1

√
PpmPLpcos(θpm − θLp) (6)

Qp = IE 3p − IE 4p

= R
∑N

m=1

√
PpmPLpsin(θpm − θLp). (7)
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Fig. 2. The schematic of the signal processing for the N×N on-chip MIMO.

Here, R is the responsivity of PD, Ppm is the optical power
from mth input port to pth output port, PLp is the optical power
of local oscillator at pth receiver, θpm is the phase of received
signal from mth input port to pth output port, and the θLp is phase
of local oscillator at pth receiver. Ip and Qp represent the PD cur-
rent from optical signals in phase and π/2 out of phase with local
oscillator, respectively. Since the amplitude and phase informa-
tion of the transmitted signal could be detected, these are app-
lied to recover the transmitted signal in signal processing.

Fig. 2 shows the schematic of the signal processing, which
consists of two steps: 1) calculating the real parts (GR ) and
imaginary parts (GI ) of inverse transfer matrix; 2) using the
inverse transfer matrix to calculate the recovered data. The cal-
culated formulas are shown below:

Rp = Ip × GR − Qp × GI (8)

Mp = Qp × GR + Ip × GI . (9)

Both Ip and Qp from the homodyne coherent receivers are
branched into the real parts and imaginary parts of inverse trans-
mission matrix, respectively. The adder and subtractor are used
to calculate the real parts (Rp) and imaginary parts (Mp) of
recovered data. It enables the signal to transmit from multiple
input ports and receive by multiple output ports. Although many
signal recover methods have been developed in wireless MIMO
systems, such as minimum mean square error and maximum
ratio combining, we found the channel inversion method dis-
cussed above is very effective in the heavily coupled parallel
waveguide system. The introduce of coherent detection tech-
niques also greatly improves the system performance. [13]

III. 10×10 MIMO SYSTEM

Based on the above discussion, we simulated the performance
of a 10×10 on-chip MIMO system comprised of ten silicon
strip waveguides, coherent detection, and signal processing.
The MODE Solution Package from Lumerical software Inc. is
used to simulate the ten high density waveguides and calculate
the transfer matrix of high density parallel silicon waveguides.
Fig. 3(a) schematically shows the cross-section of the ten high
density parallel silicon waveguides on SOI substrate. The cross
section (W×H) of each Si waveguide is 500 × 220 nm with
a refractive index of 3.4764. The spacing (S) is 250 nm. The
waveguide length is 1 mm. The thickness of buried oxide (BOX)

Fig. 3. (a) The schematic cross-section of ten high density parallel silicon
waveguides with 250 nm spacing (b) The electric field magnitude distribution
in the ten high density parallel silicon waveguides.

layer is 2 μm and its refractive index is 1.444 [18]. Fig. 3(b)
shows the simulated electric field magnitude distribution of the
ten high density waveguides at 1550 nm. The mode coupling
between adjacent waveguides is strong due to the extremely
small waveguide spacing. In order to define the inverse transfer
matrix for the electrical signal process, we calculate the transfer
matrix of the coupled-ten waveguides. It is obtained by sequen-
tially exciting each waveguide with the fundamental TE mode
and records the amplitude and phase of the electric field at each
output port. From the simulation result, the transfer matrix is
not unitary. It comprises of all the coupled modes and also con-
siders entire waveguide loss (including mode-dependent loss
[19]). Although there is a slight waveguide loss, the inverse
transfer matrix and electrical signal processing can be used to
compensate these excess waveguide losses.

A. Data Recovery of 10 ×10 On-Chip MIMO System

To verify the 10 ×10 on-chip MIMO system, we used the
INTERCONNECT package from Lumerical software Inc. to
simulate the whole system, including waveform recovery, eye
diagram, input optical power requirement, and phase shift be-
tween input laser and local oscillator. In the simulation model,
the high density waveguides are replaced by the 10×10 trans-
fer matrix. In the transmitter part, each input channel has an
independent electrical signal source and a randomly electri-
cal noise source. The ten lasers with wavelength of 1550 nm,
relative intensity noise of –145 dB/Hz, and optical power of
0 dBm are fed into optical amplitude modulators which are
modulated by 10 Gb/s non-return-to-zero high-speed electrical
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Fig. 4. (a) The input electrical signal waveform in the channel 5. The electrical noise source and random jitter of 1.5 ps is used to define the quality factor of
input electrical signals. (b) The recovered signal waveform in the channel 5. (c) The recovered eye diagram for 10×10 on-chip MIMO system.

signals with a pseudo-random bit sequence of 231–1 and quality
factor of 16. All of these values refer to the Agilent N4872A Par-
BERT modules and the commercial distributed feedback lasers
[20], [21]. In the receiver part, the local oscillators possess the
same characteristic as input laser. The PDs with responsivity
of 0.8 W/A, dark current of 10 nA, and thermal noise of 10−22

are utilized to detect the transmitted optical signals. The 3-dB
frequency bandwidth of PDs is 22 GHz (Discovery Semicon-
ductors DSC30S). Fig. 4 shows the comparison of eye diagram
and waveform between input electrical signals and output re-
covered signals. Fig. 4(a) is the waveform of the input electrical
signal in channel 5. The amplitude of input electrical signal
is 0.6 a.u.. The noise caused by the internal electrical noise
source and random jitter of 1.5 ps is used to define the quality
factor of input electrical signals. Fig. 4(b) shows the recov-
ered signal waveform. The simulation proves that it is possible
to recover signals from ten heavily coupled waveguides with
250 nm spacing. Compared to the input signals, the amplitude
of recovered waveform approximately reduce to 0.35 a.u., it’s
due to the PDs responsivity of 0.8 A/W and the electrical signal
processing. Fig. 4(c) shows the recovered eye diagram at 10
Gb/s/channel. The peak-to-peak jitter is 10.69 ps. The clear eye
diagrams demonstrate that the proposed on-chip MIMO system
possess the facility in data transmission at 10 Gb/s/channel. For
the conventional 10 mm parallel waveguides without MIMO,
the cross-section dimensions require offering 2 μm pitches to
avoid crosstalk [22], and the bandwidth density is 5 Gbit/μm/s at
10 Gb/s data rate. Using the MIMO techniques, the bandwidth
density can be enhanced from 5 to 13.33 Gbit/μm/s at 10 Gb/s
data rate. The footprint of waveguides can be reduced from 0.23
to 0.0725 mm2 (∼68%), while the 90° hybrid and additional PD
in coherent detection will consume 0.0078 and 0.00014 mm2 per
channel, respectively [23], [24]. Although coherent detection is
more complicated than intensity detection, the proposed on-chip
MIMO systems still have smaller total footprint in the on-chip
global interconnects because of the use of high density parallel
waveguides. Note that the bandwidth density and waveguide
footprint in the proposed MIMO on-chip optical interconnects
could be further improved if the waveguide space keep reduc-
ing. Although the smaller waveguide space will induce stronger
mode coupling, and lead to that the transfer matrix becomes less
diagonally dominant, the signals can still be recovered through
the proposed on-chip MIMO. [12]

B. Performance Evaluation of 10×10 On-Chip MIMO System

Most solutions to improve integration density and band-
width density rely on waveguide design, such as waveguide
shape, waveguide length, or the relationship between adjacent
waveguides. The proposed on-chip MIMO does not strongly de-
pend upon these parameters because it uses the inverse transfer
matrix based electrical signal processing. All waveguide char-
acteristics, such as mode coupling, have been considered in the
transfer matrix. Therefore, instead of studying the impact of
waveguide parameters, we investigate the impact of system pa-
rameters, including input power, waveguide numbers, and phase
errors. In this section, we simulate the bit error rate (BER) as
a function of the input optical power for the 3×3, 5×5, and
10×10 on-chip MIMO system. In the simulation model, the
laser lightwave feeds into the individual variable optical attenu-
ator and passes through the high density waveguide array. Then
the optical attenuators are adjusted and then the input optical
power requirement can be characterized. Fig. 5(a)–(c) shows the
simulation result of proposed 3×3, 5×5, and 10×10 on-chip
MIMO system, respectively. For these cases, the input optical
power is attenuated from −17 to −23 dBm. The BER becomes
smaller than 10−12 when the input optical power is larger than
−18.72, −18.37, and −18.18 dBm in the case of 3×3, 5×5,
and 10×10, respectively. However, the input optical powers at
the BER of 10−12 (error-free data transmission) are a little dif-
ferent between each channel in each MIMO systems. To observe
this phenomenon, Fig. 5(d) shows the Box chart of input optical
power at the BER of 10−12 for each MIMO system. The vari-
ation range slightly increases when the number of waveguides
increases. The optical power variations at BER of 10−12 are
1.27, 4.2, and 5.02 μW for the case of 3×3, 5×5, and 10×10,
respectively. It’s due to the slight disturbance caused by the ran-
domly noise in each transmitter channel, and it leads to the BER
variation among the receiver channels.

Since the coherent detection is utilized in the receiver, the
local oscillator has to lock the phase of incoming signal in the
coherent detection. Any phase error between the transmit lasers
and the local oscillator, which are generally caused by phase
noises when different lasers are used for transmitters and local
oscillators, will decrease the performance of coherent detection
and therefore affecting the capability of MIMO technique. Un-
fortunately, such phase noises are not predictable in the on-chip
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Fig. 5. The simulated BER as a function of the input optical power for the
(a) 3×3, (b) 5×5, and (c) 10×10 on-chip MIMO systems. The BER could be
smaller than 10−12 when the received optical power is larger than −18.1 dBm.
(d) The Box chart of input optical power at the BER of 10−12 for each MIMO
system.

Fig. 6. The simulated BER as a function of the phase shift between input laser
and local oscillator. The maximum phase shift is 73.5° when BER is greater
than 10−12.

MIMO systems so that it cannot be included in the transfer ma-
trix. In order to verify the performance of coherent detection
for the 10×10 on-chip MIMO system, we simplify the problem
and consider the high density waveguides as ideal waveguides.
We synchronously adjust the phase of all local oscillators to
imitate the phase shift between input laser and local oscillator.
Fig. 6 shows the BER as the function of phase shift between
input laser and local oscillator. The simulations indicate that
the BER is still better than 10−12 when there is a phase shift
of 73.5°. There are some BER variations among each channel,

because each input channel has an independent electrical signal
source and a randomly electrical noise source in the simulation.
Although each optical signal emitted from the transmitter has
the same quality factor, but these channels have different noise
distribution due to the independent noise source. These random
noise distribution would induce the BER variation when the
coherent detection is used to decode the transmitted signal.

IV. CONCLUSION

In conclusion, we for the first time propose to apply the MIMO
in wireless communication to high density on-chip optical inter-
connect. The simulation shows that it is possible to recover 10
Gb/s/channel data rate from 10 heavily coupled waveguides with
250 nm spacing. The BER is better than 10−12, and the minimum
input optical power for a BER of 10−12 is greater than −18.1
dBm assuming realistic optical link parameters. The BER is bet-
ter than 10−12 when there is a phase shift of 73.5°. With MIMO,
the waveguide pitch could be significantly reduced to subwave-
length range and make it possible to increase the bandwidth
density. Although, the proposed on-chip MIMO needs signal
processing to recover entangled signals, the tradeoff between
signal processing overhead and benefit of bandwidth density
improvement should be manageable and certainly worth the ef-
fort. In the future, the electrical demultiplexer may be introduced
in the receiver to release the bandwidth limitation of signal pro-
cessing, so that the data rate of each waveguide channel can be
improved and further enhance the bandwidth density.
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