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Abstract—We present a multiple-input multiple-output
(MIMO) optical link based on coherent optics and its ability to
exploit the inherent information capacity of multimode fiber. A
coherent implementation differs from previous work in optical
MIMO by allowing the system to tolerate smaller modal delay
spreads, because of a much larger carrier frequency, and yet
maintain the necessary diversity needed for MIMO operation.
Furthermore, we demonstrate the use of MIMO adaptive equalization to mitigate intersymbol interference when exceeding the
bandwidth–length product of the link. The impact of phase noise
is studied with numerical simulation.
Index Terms—Coherent optics, MIMO, multimode fiber.

I. I NTRODUCTION

W

IRELESS communication with multiple transmit and
receive antennas, referred to as multiple-input multipleoutput (MIMO), has garnered significant research interest and
prompted commercialization of a relatively new technology
that promises to supply the growing demand for link capacity.
By exploiting the multipath nature of wireless channels, a trait
that inhibits traditional wireless systems, capacity (bits/second/
Hertz) can increase linearly with the number of transmit and
receive antennas [1], while still maintaining the same total
transmitted power as a traditional single-transmit/receive antenna system. This remarkable technique implies that at a given
receiver signal-to-noise ratio (SNR), total transmit power, and
signal bandwidth, one can increase the aggregate data rate
linearly by simply adding more antennas.
The linear increase in channel capacity as a function of
the number of transmitters/receivers (Tx/Rx), the celebrated
result of MIMO communication, has positive consequences for
the bandwidth–length (BL) product of optical fiber communications. In ordinary single-input single-output (SISO) fiber
communication, for a desired error rate and a given length
of fiber, one is limited by dispersion to a maximum data
rate or bandwidth that is characterized by the BL product.
By comparison, MIMO fiber communication with n lasers
and photoreceivers, using the same length of fiber and total
transmitted optical power (i.e., each of the n lasers transmits
1/n of the optical power transmitted by the laser in the SISO
case) one can, by utilizing the MIMO signal processing, increase the channel capacity or equivalently the bandwidth by
a factor of n and hence scale the bandwidth as BMIMO =
nBSISO . Alternatively, for the same data rate, one can increase
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the length of the link by a factor of n, LMIMO = nLSISO .
Consequently, MIMO signal processing increases the BL by a
scale factor equal to the number of Tx/Rx pairs, BLMIMO =
nBLSISO .
Of course, this benefit is not without a price, namely, greater
complexity in the signal-processing domain. Yet with efficient
digital signal processing (DSP) algorithms and hardware
implementations, this tradeoff is manageable and certainly
worth the effort.
The paper is organized as follows. In the remainder of
Section I, we discuss the motivation and traditional approaches
for using and improving multimode fiber communication, and
second, detail the advantages of the coherent optical MIMO
(COMIMO) system. In Section II, we review the MIMO channel model, relate it to the multimode fiber (MMF) physical
layer, and briefly discuss relevant signal processing algorithms.
In Section III, we detail the implementation of COMIMO. This
section also reports the first-ever use of MIMO equalization
to mitigate intersymbol interference (ISI) in an optical MIMO
system and addresses the impact on MIMO performance due to
laser phase noise, topics that have not been covered in previous
COMIMO literature, [15], [16]. Section IV concludes the paper
with a summary of our results and discussion.
A. The Multimode Fiber
MMF has practical advantages over single-mode fiber (SMF)
such as increased alignment tolerances and ease of packaging,
which can lead to significant cost savings. The main drawback
of MMF is the multimode nature of the fiber that gives rise to
modal dispersion and limits its bandwidth to a fraction of what
can be achieved with SMF. Though it seems that little can be
done about the inherent modal dispersion associated with the
multimode nature of fibers, researchers have achieved improvements in the bandwidth–distance product of MMF using several
approaches such as selective modal excitation [2], [3], m-ary
coding [4], electronic equalization [5], [6], and subcarrier multiplexing [7]–[11]. While each of these techniques has shown
substantial increases in the bandwidth–distance product, they
still do not exploit the MMF capacity to its full potential.
Wavelength-division multiplexing based on MMF links is
also a promising way of pushing the limit of overall transmission capacity [12], [13]. However, the cost associated with
multiwavelength systems is, so far, still too high to be extensively implemented for commercial use.
B. Advantages of COMIMO
Optical MIMO is based on the analogy between multipath
fading in wireless channels and modal dispersion in MMF and
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Fig. 1.
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(a) Coupling diversity into and out of MMF. (b) Ray tracing conceptual description of light beam scattering inside a multimode fiber.

allows transmission of multiple data channels simultaneously
through a single fiber. A high-level sketch of the multiple
transmitter and receiver system is shown in Fig. 1, along with a
ray-tracing representation of scattering in MMF.
Although techniques like selective modal launching also attempt to spatially multiplex data with multiple transmitters and
receivers, they avoid modal dispersion, whereas a true MIMO
system exploits it. Furthermore, selective modal launching requires a time-invariant channel, for which one must also have an
accurate channel model a priori. Another distinguishing feature
is that MIMO signal processing requires detection of both
amplitude and phase information, in contrast to pure intensity
detection used in conventional fiber-optic links.
Stuart [14] noticed the analogy between wireless and optical
channels and demonstrated the feasibility of MIMO over MMF
in a two-Tx, two-Rx (2 × 2) channel experiment. In [14], radio
frequency (RF) subcarrier (∼ 1 GHz) intensity modulation with
phase-shift keying (PSK) data format was used at the transmitters followed by recovery of in-phase (I ) and quadrature (Q )
RF components through synchronous RF demodulation at the
receivers. As will be shown in this paper, the use of RF subcarrier intensity modulation and detection requires a very long
MMF and places a minimum on the subcarrier frequency in
order to ensure enough modal diversity, which is a requirement
for MIMO operation.
In contrast, if coherent optical transmission is used, the
required length is reduced by the ratio of the RF subcarrier frequency to the optical carrier frequency [15], [16]. This eliminates the length requirement. Similarly, for a given length of
fiber, the diversity requirement imposes a low-frequency limit
on the subcarrier frequency. For example, using 300 m of
62.5-µm MMF, the diversity requirement is only satisfied for
frequencies greater than ∼ 3 GHz. This necessitates upconversion of baseband digital data. On the other hand, using coherent
optical communication, the baseband data are already upconverted to the optical carrier frequency (hundreds of terahertz),
entirely satisfying the diversity requirement [15], [16].

The tremendous advantages afforded by COMIMO for MMF
communication are possible through advanced DSP. The use
of DSP to enhance the performance of communication links
is well established. For example, the emerging IEEE 802.3
10-Gb/s Ethernet standard, which includes MMF as one of the
physical-layer options (copper cabling is another medium but
is limited to 15 m in length, whereas MMF has a maximum
link length of 300 m), is considering electronic dispersion
compensation, which is proven to improve link performance
[17]. Furthermore, very large scale integration implementations
of signal processing algorithms benefit from Moore’s law and
represent a cost-effective solution.
II. T HEORY OF MIMO C OMMUNICATION
A simple linear model for a time-invariant SISO flatcommunication link is ybp (t) = h0 ejωc t s(t − τg ) + vbp (t),
where s(t) is transmitted data modulated on a carrier of frequency ωc , and ybp (t) is the bandpass data received after a
group-delay of τg and after being corrupted by multiplicative distortion or fading h0 (usually a complex number) and
additive noise vbp . In this example, the channel impulse response h(t) = h0 δ(t − τ ) is appropriate for narrow-band communication. The following model is often used to represent
time-invariant channels that cause ISI as in wide-band
communication:
ybp (t) =

P


|hk |ejωc τpk ejωc t s(t − τgk ) + vbp (t)

(1)

k=1

where ybp and vbp are the bandpass received signal and
additive noise, respectively; s is the data modulated onto a
carrier with frequency ωc ; P is the number of paths in the
channel model, |hk | is the path attenuation, and τpk and τgk
are, respectively, the phase and group-delays associated with
that path. As is commonly done in communication theory, we
will use a baseband model that assumes perfect homodyne
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downconversion of the received bandpass signal to give
the received baseband signal y(t) = e−jωc t ybp (t). It is also
common to define the path fading parameter hk = |hk |ejωc τpk .
For simplicity, assume that the sum in (1) is written in order of ascending delay, then the phase-delay spread τpd =
τpQ − τp1 and the group-delay spread is τgd = τgQ − τg1 . An
important point to remember, and which will be explained
shortly, is that the larger the product of phase-delay spread
and carrier frequency, the greater the spatial diversity in the
channel [1]. When ωc τpd  2π, the phase of hk can be considered a random variable uniformly distributed over [0, 2π).
An advantage of COMIMO is that ωc is the optical carrier
frequency which is orders of magnitude larger than in an RF
subcarrier system and can thus tolerate a smaller phase-delay
spread while maintaining spatial diversity [15], [16]. The product of group-delay spread and modulation frequency or data rate
will determine whether the channel will induce ISI. When the
group-delay spread is small compared to the time scale (i.e.,
symbol period) of the modulation envelope, as in narrow-band
communication, all paths arrive at approximately the same time,
i.e., s(t − τgk ) ≈ s(t − τg ) for all τgk . The model of (1) then
simplifies to the narrow-band model y(t) = hs(t − τg ) + v(t),

jωc τpk
where the complex scalar h = P
represents
k=1 |hk |e
frequency flat fading.
If ωc τpk  2π, it is assumed that ∠h is a random variable
uniformly distributed over [0, 2π). Another assumption often
made is that the number of paths P is large and by the centrallimit theorem and the previous assumption, h is a zero-mean
complex random number, which further implies that |h| is a
Rayleigh-distributed random variable. The narrow-band model
described above is then termed Rayleigh flat fading. Rayleigh
fading is often considered a worst case scenario in traditional
SISO systems but ironically becomes an optimistic, best case
scenario for MIMO [19]. It is critical then to maintain both of
the above assumptions and is more feasible when the carrier frequency is larger as in COMIMO, which uses an optical carrier
rather than an RF subcarrier
to generate channel diversity. The
wide-band model y(t) = P
k=1 hk s(t − τgk ) + v(t) with the
same assumptions for each path hk , in addition to the constraint
that each path is independent of another [i.e., the hk are
independent identically distributed (i.i.d) zero-mean complex
Gaussian], will be referred to as Rayleigh dispersive fading.
A. MIMO Model for the MMF Optical Channel
Each of the above parameters and concepts can be related
to the characteristics of MMF. In (1), hk = ak κk ejωc τpk where
ak and τpk represent the attenuation and phase-delay of the
kth mode and κk represents the fractional power coupled into
that mode. Assuming that the loss associated with each mode
is the same, the distinguishing characteristic of each mode is
its propagation velocity βk , which relates to the propagation
delay as τpk = L/βk , and thus to the phase-delay spread as
τd = L(1/βQ − 1/β1 ), for a fiber length L.
To extend the above concepts to the case of optical MIMO,
assume a link with two Txs and two Rxs. Let {x1 (t), x2 (t)}
be the data transmitted from Txs 1 and 2, and {y1 (t), y2 (t)}
be the corresponding received data. For simplicity, we will use
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the narrow-band model of Rayleigh flat fading. For each pair
of Tx and Rx, we will have a narrow-band channel such that
yi (t) = hij sj (t − τg ) + vi (t), where τg is the overall latency

(ij) jωc τpk
assumed the same for all paths, and hij = P
.
k=1 κk e
In the Rayleigh flat-fading model, each hij is a random complex
number with amplitude from a Rayleigh distribution and phase
from a uniform distribution. Again, assuming linearity, this
model can be written succinctly as

 
 


s1 (t − τg )
h11 h12
v1 (t)
y1 (t)
=
+
. (2)
h21 h22
y2 (t)
s2 (t − τg )
v2 (t)
The above matrix equation is noted symbolically as
y = Hs + v.

(3)

To reap the benefits of MIMO, such as linear capacity growth
with number of Tx/Rx elements, one must ensure that the
matrix elements of H are sufficiently uncorrelated [1] and,
in the best case, are i.i.d complex Gaussian random variables
(i.e., Rayleigh fading) [19]. To ensure this condition, one needs
both: 1) a large product of phase-delay spread and carrier
frequency ωc τpd  2π, so the phase of each element of H
can be considered a uniformly distributed random variable
over [0, 2π); and 2) a large number of modes/paths, so that
each Tx and Rx launch into and sample from sufficiently
different groups of modes/paths. COMIMO eases the restriction
on minimum phase-delay spread by using a very large carrier
frequency, namely the optical carrier frequency, as explained
before.
B. Signal Processing Algorithms
In this section, we will outline signal processing algorithms
that allow us to recover data transmitted from multiple Txs
and received by multiple Rxs. Unlike other spatial multiplexing
techniques, such as selective-mode launching, we do not need
to know the channel a priori and in fact can estimate the channel
with the algorithms below. Furthermore, some algorithms do
not even require an estimate of the channel and can recover data
directly. As the signal processing is done in the digital domain,
we will replace the time dependence of all variables with the
nth sampling instant.
Since the hij are complex, the received data yi will also be
complex, requiring coherent demodulation to recover the transmitted data. The subsequent signal processing can be readily
implemented in the electronic domain. Some algorithms require
estimation of the channel matrix elements through the use of
“training” symbols known at both Tx and Rx. The number
of training symbols is usually determined by experimentation,
from which the hij can be computed using least-squares (LS)
or recursive algorithms found in adaptive filtering such as leastmean squares (LMS) or recursive least squares (RLS) [20].
Once the channel estimate is obtained from training symbols,
the next task of symbol recovery (recovery of nontraining or
actual data) can proceed using a variety of algorithms from
simply computing the inverse of the matrix and multiplying the
incoming received data or using the well-known Vertical Bell
Labs Layered Space–Time (V-BLAST)algorithm [21]. MIMO
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equalization can offer an alternative scheme whereby training
data are used to directly estimate the inverse of the channel matrix, therefore bypassing the need to perform computationally
expensive matrix inversion [22].
Channel estimation can be performed by posing a problem
similar to (3), except the unknowns are now the channel matrix
elements. Consider the following reorganization of the system
model equation as y = S̃h + v for an N (Rxs) by M (Txs)
system, where y is the received matrix of data due to the
transmission of l known training symbols represented by S̃ and
corrupted by noise v.






y1 (1)
 y1 (2)  


S̃ 0 . . .
 .. 
 .   0 s̃ . . .
 

 y1 (l)  =  ... ... . . .


 . 
0 0 ...
 .. 
yN (l)

S̃

h11
h12
..
.








0 



0

+v

h
1M
..  
.
.  . 

. 
s̃ 
 . 
  .. 
hN M

(4)

where each s̃ is the following matrix


s1 (1)
 s1 (2)
 .

s̃ =  ..
 .
 ..
s1 (l)

...
...
..
.
..
.
...

This method is called zero forcing (ZF) and has the disadvantage that if the elements of H are small, then the elements
of H−1 will be large and can “amplify” the noise component
v and degrade the SNR of the estimated symbol ŝ, thereby
causing an erroneous decision at the receiver. Furthermore,
there is the possibility that M = N and hence the inverse of
H does not even exist (recall that the matrix inverse is only
defined for nonsingular square matrices). One could of course
use a pseudoinverse of H, but the problem of degraded SNR
still remains. The method of [21] is actually an iterative process
of determining a pseudoinverse that is mindful of the SNR
degradation property of the ZF technique.
Equalization does not require channel estimation and attempts to directly estimate an “inverse” channel that minimizes
some error criterion. Although it can be used in the narrowband case as an alternative to channel estimation followed by
ZF or V-BLAST symbol recovery, it is more useful in the wideband case, where ISI is significant. As an illustration, a simple
wide-band MIMO model for two Txs and Rxs with a maximum
of P multipaths between each Tx and Rx can be written
succinctly as



sM (1)
sM (2) 
.. 

. 
.. 
. 
sM (l)

and 0 is the l × M zero matrix. In other words, S̃ is a block
diagonal matrix of block size N × N where each nonzero block
is the l × M matrix s̃ that represents the training symbols. Note
that the element size of the matrix S̃ is thus lN × M N .
Equation (4) is an overdetermined system of linear equations
that has an infinite number of solutions for h. One of the most
useful solutions is the LS solution, which we shall denote by
ĥ. The LS estimate of the channel ĥ has the property that
minimizes the error between the actual received versions of the
training symbols y and those computed with ĥ, i.e.,
y − S̃ĥ ≤ y − S̃h̄

(5)

where h̄ is any other solution of (4).
In the case where S̃ is not rank deficient, it can be shown
that [20]
ĥ = (S̃∗ S̃)−1 S̃∗ y

(6)

where S̃∗ is the complex conjugate transpose of S̃. If S̃ is rank
deficient, then the LS solution is not unique, and moreover S̃∗ S̃
is singular (i.e., noninvertible).
Now assume that H is a square matrix, i.e., assume the case
of equal number of Tx and Rx elements or M = N . One way
to recover the symbols is to multiply y in (3) by H−1 . Denoting
the estimated symbol as ŝ, we see that
ŝ = s + H−1 v.

(7)

y1
y2


=

P 

h11k
k=1

h21k

h12k
h22k



s1 (t − τgk )
s2 (t − τgk )




+

v1
v2


(8)


or in vector–matrix form as y(t) = P
k=1 Hk s(t − τgk ) +
v(t).
Such a system can suffer from ISI and requires MIMO equalization. The structure of the equalizer is shown in [22], and the
coefficients or tap weights of the equalizer can be determined
in a manner similar to the channel estimation problem of (4).
The maximum number of equalizer taps needed will depend
on the modal energy distribution and group-delay spread which
are not known a priori. In practice, the number of taps needs to
be determined by experimentation to achieve tolerable ISI and
error rate. The equalizer tap weights w are determined by again
using training symbols (known transmitted data) and solving
an analogous least-squares problem x = S̃w + v, where S̃ is a
matrix of received training symbols defined below. Assuming
that the maximum number of taps for an equalizer is Q (not
to be confused with P , the maximum number of multipaths;
a larger number), and using l training symbols, the matrix
equation can be written explicitly as





x1 (1)
 x1 (2)  


s̃
 .. 
 .  0
 

 x1 (l)  =  ...


 . 
0
 .. 
xN (l)

0 ...
s̃ . . .
.. . .
.
.
0 ...
S̃

w11 (1)
w12 (1)
..
.













  w1M (1) 

0 


..

0
.

+v
.. 


.  w11 (Q) 


..
s̃ 


.


 w1M (Q) 




..


.
wM N (Q)

(9)
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Fig. 2. Block diagram of COMIMO showing two independently modulated carriers and two receivers. Coupling diversity is not shown for simplicity.

Fig. 3. Details of coherent demodulation to produce I and Q baseband signals for MIMO decoding/equalization.

where each s̃ is now the following matrix of received data


y1 (1)
y1 (2)
..
.






 y1 (Q)

 .
 ..
y1 (l)

...
...
..
.

yM (1)
yM (2)
..
.

y1 (0)
y1 (1)
..
.

...
...
..
.

...
..
.
...

yM (Q)
..
.

y1 (Q − 1)
..
.

yM (l)

y1 (l − 1)

...
..
.
...


yM (1 − Q)
yM (2 − Q) 


..

.

yM (0) 


..

.
yM (l − Q)

and 0 is the l × M Q zero matrix. In other words, S̃ is a block
diagonal matrix of block size N × N , where each nonzero
block is the l × M Q matrix s̃ that represents the received
data. Both (4) and (7) can be solved recursively using adaptive filtering algorithms such as LMS or RLS for a real-time
implementation [20].
III. I MPLEMENTATION
We have built a proof-of-concept 2 × 2 coherent optical
MIMO system as shown in Figs. 2 and 3. A 1545-nm laser

output is split into two parallel arms which are binary phaseshift keying (BPSK)-modulated using standard LiNbO3 modulators. An MMF directional coupler is used to combine two
input arms into 62.5-µm MMF before another coupler is used
to separate and direct two different outputs to two detectors.
Each input is coupled to the MMF with a slightly different
modal power distribution. The sequence of MMF launching,
connection, combining, and splitting creates a natural tendency
for each detector to receive power from both transmitters via a
different distribution of modes.
The local laser oscillator for coherent demodulation is derived from the original narrow linewidth laser source. This
simplifies the experiment and is sufficient for a conceptual
demonstration of COMIMO by ensuring phase and frequency
locking. A more practical approach would be to use an optical
phase-locked loop (PLL), a variety of which have been demonstrated elsewhere [23]. The transmitted signal S and the local
oscillator L are directed into the commercial lithium niobate
quadrature optical hybrid which gives two pairs of outputs
1) S + L, 2) S − L, and 3) S + jL, 4) S − jL. 1) and 2), and
3) and 4) are collected by two balanced detectors. This provides
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Fig. 4.
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Constellation diagrams showing received data from a narrow-band channel and symbol recovery without equalization and with equalization.

the full signal–space information of the baseband signal, i.e.,
both I and Q components. These are digitized and applied to
the signal processing algorithm (done offline in the computer
program) for MIMO symbol recovery. MIMO signal processing
consists of two steps: 1) estimating the channel matrix H
using a sequence of training symbols and 2) using the channel
estimate to recover the transmitted symbols.
Fig. 4(a) shows the complete signal–space constellations for
two receivers in a 2 × 2 COMIMO system where 100 m of
62.5-µm MMF is used, with a data rate of 800 Mb/s. The
four clusters of points in the constellation diagram, corresponding to transmitted symbol pairs {1,1}, {1,−1}, {−1,1}, and
{−1, −1}, manifest the modal-coupling diversity at the input
end of the fiber. If sufficient diversity does not exist, the symbol
pairs {−1,1} and {−1, −1} will overlap in the constellation
and will not be distinguishable. The fact that they are distinguishable in Fig. 4(a) is the indication that sufficient transmitter
diversity is achieved. Furthermore, modal-coupling diversity
present at the output end of the fiber causes the constellations
for the two receivers to be different. This clearly demonstrates
the required Tx/Rx diversity in the system for MIMO operation.
After applying two types of MIMO signal processing algorithms separately to the received data set, one without and one
with equalization, the data are restored in a BPSK signal–space
as shown, respectively, in Fig. 4(b) and (c). The constellations

that result from both of these algorithms are very similar due to
the lack of ISI, and both show good localization of points and
hence increased likelihood of a correct decision. Specifically,
the 256-bit transmitted data streams in both channels are correctly recovered, with no errors. For the present experiment, we
have determined that ten training symbols are sufficient to obtain an accurate channel estimate and to recover error-free data.
The condition number of the estimated channel matrix is 1.8 in
this example. Such a well-conditioned channel matrix validates
the existence of sufficient diversity and the accuracy of symbol
recovery.
To demonstrate MIMO equalization, we performed a second experiment where we purposely exceeded the bandwidth–
length product of the MMF, using a link of 2.8 km and again a
data rate of 800 Mb/s. Fig. 5(a) clearly shows the impact of ISI
on the received constellation through greater diffusion of the
received points compared with the narrow-band case shown in
Fig. 4(a).
A training sequence consisting of 50 of the 256 total transmitted symbols was used for channel estimation to apply the
V-BLAST algorithm, resulting in the recovered constellation
shown in Fig. 5(b). Note the residual diffusion of points due
to ISI from the wide-band MIMO channel. Fig. 5(c) shows the
recovered data using adaptive MIMO equalization, where for
fair comparison to V-BLAST, 50 symbols were used to train the
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Fig. 5. Constellation diagrams showing received data from a wide-band channel (with ISI) and symbol recovery without equalization and with equalization.

Fig. 6. BER performance versus linewidth using various algorithms.
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equalizers. By actually compensating for ISI, the equalization
algorithm is better at localizing the cluster of received symbols
and hence increasing the likelihood of a correct decision by a
BPSK quantizer.
COMIMO is a coherent optical scheme and an important
specification is the local oscillator (LO) laser phase noise that
is modeled as an independent multiplicative noise source for
each of the received signals, which in turn have unity magnitude
and Gaussian-distributed random phase with a variance proportional to the LO laser linewidth. The distortion due to LO phase
noise will then appear as a random rotation of points in the
received constellation. The variance of phase noise (modeled
as having a Gaussian distribution) is related to laser linewidth
[24] simply as


 2
∆ν
(10)
σφ = 2π
fBW
where ∆ν is the laser linewidth and fBW is an optical PLL
loop-bandwidth. This model leads to the usual Lorentzian
spectral power density for a laser. Phase noise will affect the
received signal as a multiplicative distortion of unity magnitude and random phase. For example, the narrow-band model
with phase noise can be written as y(t) = ejφ(t) hs(t − τg ) +
v(t), where φ(t) is the Gaussian-distributed random phase
at the sampling time instant t. The impact of phase noise
on uncoded bit error rate (BER; no error-correction coding)
for a 2 × 2 system was studied with Monte Carlo simulations, using 1000 realizations of randomly generated channel
matrices (narrow-band Rayleigh fading) for various values
of laser linewidth. For each channel realization, 100 randomly generated BPSK symbols were sent from each transmitter. In addition, a 30-dB SNR without phase noise was
assumed at each receiver to set the noise power for the additive white Gaussian noise (AWGN) source. The variance of
the random-phase variable is set under the assumption of a
10-MHz optical PLL bandwidth, which is certainly realistic
[23]. The uncoded BER performance under these conditions
is shown in Fig. 6 and shows the departure from an AWGNdominated system to a phase-noise-dominated system at a laser
linewidth beyond 10 KHz (or a phase variance greater than
2π × 10−3 ). Such a requirement for laser linewidth is very
reasonable for coherent optical systems in general and is thus
a further validation of the practical feasibility of COMIMO.
Algorithms to specifically correct for residual phase noise
(in addition to an optical-PLL) are under investigation. The
absolute values of the BER scale in Fig. 6 are low due to an
artificially high background AWGN SNR (30 dB). Using more
reasonable values for AWGN SNR (40–50 dB) would require
a tremendous increase in simulation time to capture errors.
Since we are only trying to ascertain the shape of the BER
curve versus laser linewidth, vertical shifts of the graph are not
important at this stage.
IV. C ONCLUSION
In this paper, we have described and demonstrated a coherent
optical MIMO (COMIMO) system. Theoretical foundation was
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provided followed by experimental demonstration of a link
with and without significant intersymbol interference (ISI).
A coherent implementation has the advantage of an optical
carrier whose frequency is large enough to tolerate small phasedelay spreads and ensure the necessary random uniform phase
distribution of multipaths needed for diversity. Furthermore,
unlike previous optical multiple-input multiple-output (MIMO)
efforts, this system does not require an radio frequency (RF)
subcarrier and is thus not limited in modulation bandwidth and
by the associated hardware. MIMO Equalization can be used to
combat ISI in wide-band systems where the group-delay spread
is comparable to the symbol period.
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