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A stand alone module for rectangular array multicor e
fiber (MCF) based optical interconnect (Ol) is real ized,
which includes inherent inter—core crosstalk and
provides space division multiplexed (SDM)
coupling/ decoupling of optical power. The module is
integrated in a short reach communication system to
provide bit error probability (BEP). Next, closed f  orm
equation for BEP applicable to MCF Ol with inter-co re
crosstalk isderived. For characteristic parameters of the
module, results obtained by two approaches agree wi thin
1% for 40 Gbps per channel and predicts error free
transmission of aggregated data rate of 2.5 Thpsth  rough
the MCF Ol under consideration. © 2015 Optical Soci ety
of America
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Optical interconnect (Ol) is fast becoming one of leading technologies
to overcome capacity requirements of emerging heterogeneous and
bandwidth-intensive short reach communication links [1]. Bandwidth
scaling, have so far been sustained by mature technologies of fiber
ribbons or individual fibers, but may not be enough to exploit huge
optoelectronic bandwidth disparity existing between requirement and
availability in forthcoming era of big data and high speed internet
traffic [2]. To combat fast growing internet traffic and commensurate
increase in data rate, researchers are compelled to explore novel
means for signal transmission in next generation exa-bandwidth Ols
[3]. Ol configuration based on multicore fiber (MCF) shows promise to
cope with the cable-size limitation in data centers, terabit switches,
core routers and digital cross connect systems which necessitate high
fiber count and high density cable [4]. Space division multiplexing
(SDM) employing MCF has sparked tremendous interest among
researchers as a leading candidate for future exaflop (1018) high
performance computing systems as well as silicon photonic
transceiver chip [4]. Furthermore, rectangular array MCF is more
compatible with edge coupling requirement of chip-to-chip, rack-to-
rack, box-to-box, and board-to-board interconnect applications [5, 6].
In contrast to other DM systems, MCF is less sensitive to fundamental

limitsimposed by fiber non-linearity due to small power concentration
per core [7]. In this case, a multitude of cores can be introduced at
different positionsin the aggregated fiber cross-section that decreases
power concentration inside the core for a given input power [7].
However, inter—core crosstalk is one of the critical issues associated
with the efficient usage of MCFas Ol [8].

Next issue that has to be addressed is how inter-core crosstalk will
affect bit error probability (BEP) performance in MCF Ol that will be
required to support multi dimensional modulation formats in
impending high data traffic. Recently, crosstalk performance on SDM
signals modulated by quadrature phase-shift keying (QPK) and
quadrature amplitude modulation (QAM) over 7—core MCF has been
reported [9]. Subsequently, impact of core-coding with QPK (CG
QPX) and QAM (GC-QAM) on the performances of the SDM signal
using 7-core MCF for long distance transmission has been
experimentally demonstrated [10]. It is shown that higher order multi
—level modulation formats increases capacity per fiber at the cost of
concurrent decrease in crosstalk tolerance [9, 10]. The economics of
increasing inter—core distance in MCF is not favorable in improving
crosstalk tolerance. Furthermore, it is widely known that the
performance of higher order modulation format is more susceptible to
fiber nonlinearities [7]. Recently, data rate of 103.125 Gbps in an
optical interconnect isreported [11] that employs standard single core
fiber Ol and on off keying modulation. However, using single core fiber
with advanced modulation format, data rates of 100 Gbps and 400
Gbpscan beachieved[12,13].

Reported for long distance communication [9, 10], MCF can also
support multichannel transmission compatible with short range
optical communication and relies on low cost vertical cavity surface
emitting lasers (VCELSs) [14]. More recently, a two-dimensional six
channel 850 nm VCSEL based MCF inter connectsis demonstrated with
an aggregate data transmission capacity of 240 Gbps [15]. However,
for short reach Ol transmission that is suitable for next generation
supercomputing and data centers, additional characteristics such as
power and cost efficiency with high channel density will be of utmost
importance. Reflecting the revival of coherent communication
technology, binary phase shift keying modulation (BPK) has attracted
increased attention for optical communication. Coherent detection for
BPSK modulated signal is currently changing the future of optical
communication, for its better error performance and nonlinear
tolerance, as well as noticeable enhancements in the receiver
sensitivity for both homodyne and heterodyne systems with advanced
digital signal processing [16-18]. Moreover, higher order modulaion



format is mare wulnerddle to inter-core aossdk of MCF and fiber
nonlinearities[9]. Thus,implementing MC-based short reach Ol system
with above propertiesmay make BPK a preferred modulation format.

Inthisletter, recently reported rectangular array 8-core MCF[5, 6] is
thoroughly investigated for application in short reach Ol that can
support high data rates with BPSK modulation. Frstly, a stand alone
module of MCF Ol is configured in Rsoft OptSm that not only simulates
typical features of arealistic 8—core MCF Ol but is also compatible with
complex optical communication system available in the software. BEP
performance of complete communication system with proposed MCF
Ol module is simulated for different performance parameters. Next,
standard digital communication theory to evaluate error probability
for BPXK [19, 20] is modified to incorporate inter—core crosstalk and
new closed form equations are obtained for MCFOl. Error probabilities
obtained by simulations and theory are compared for various
parameters and are found to agree well. Both the approaches predict
that aggregate data rate of 2.5 Thps can be supported by short reach
MCF Ol having 8 cores of 5 um diameter each and 100 m overall
length.

Commercially available simulation software is important as it
provides a platform to evaluate advantages and shortcomings of a
device when it is included in a system and allows to optimise much
before it is put into an expensive practical set up. For a device to
operate in a complete system such as communication system, an
equivalent practical model has to be realized that predicts its
performance features rather than its physical properties based on
theory. Here, a simulation module for MCF Ol is designed that can be
interfaced easily with other relevant blocks/ tools of the simulation
software (Rsoft OptSm inthe present case).

The proposed MCF Ol simulation module of 8-core MCF (see inset)
is shown in Fg. 1. The Ol has rectangular array of eight identical step
index MCF [5, 6] arranged in two linear rows of four single mode
optical fibers as depicted in Fig. 1. Inter—core crosstalk is emulated by
connecting optical couplers and combiners (combines several input
lines into a single output line) in proper order to specify the coupled
power between neighboring cores of MCF Ol. Optical couplers are
connected in such away that there is coupling between adjacent cores
of the same row. In 8-core MCF, the coupling of power between
different rows (linear array of 4-cores) is minimal [6] and is ignored
here. rosstalk in a given coreisratio of power coupling from adjacent
core to the signal power guided in the core considered. Thus, crosstalk
between adjacent cores in the Ol can be easily taken into account for
any alteration in fiber parametersoccurringdue to bends,twists,and
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Fig. 1. Equivalent simulation model of 8-core MCF Ol. The schematic of
rectangular array 8-core MCFisshown ininset[5,6].
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Fig. 2. Smulation setup for BPK modulated short reach transmission
system using 8-core MCF. TX: transmitter, RX: receiver, MUX:
multiplexer, DEMUX: demultiplexer.

other random perturbations, by adjusting the coupled power ratio of
the optical coupler. Two optical splitters provide two inputs to optical
coupler representingthe outer core of the linear row.

To obtain degree of coupling between adjacent cores commercial
finite element analysis software Fem39M is adopted to simulate the
electricfield distribution of 8-core MCF model and then obtained data
isintegrated in MATLAB to figure out the mode coupling co-efficient.
The crosstalk between neighboring cores of Ol over alength 100 m is
estimated by coupled mode theory [8] under perturbation conditions
such as bend and/or twist of MCF. Individual cores of MCF have
diameter 5um, relative refractive index difference 0.8%, core to core
pitch 50 um and cladding refractive index 145 [6]. In the equivalent
model, individual cores are represented by standard single mode fiber
of 100 m and having chromatic dispersion of 18 ps/ nm/ km. All other
parameters are set to zero. A typical method to utilize 8-core MCF for
short reach transmission is to use each core as an independent SDM
channel and connect it to a single mode fiber called fan-in fan—out
(FIFO) [21]. FIFObased coupling to asingle mode fiber isincorporated
in present model shown in Fg. 1 by a 1:8 splitter and a 8:1 combiner,
respectively.

The simulation setup of BPSK modulated SDM Ol transmission
system is depicted in Fg. 2. It consists of eight transmitters,
multiplexed in a single channel consisting of MCF Ol configured in Fg.
1 and a fixed gain optical amplifier. The signals generated by eight
transmitters are coupled into the MCF Ol by multiplexing, which
enables multiplication of capacity. At the output eight receivers are
connected to the channel through demultiplexer. At the transmitter,
eight channels of 10 Gbaud non-return-to-zero BPK signals with
channel spacing of 50 GHz are generated at 1550 nm operating
wavelength. Optical data rates of 25 Gbps and 40 Gops fit within
existing channel spacing of 50 GHz, specified by International
Telecommunication Union (ITU) standards. In practice, channel
spacing affects the spectral efficiency of the optical communication
system. To suppress the spectral side lobes and to minimize the effects
of the inter-channel crosstalk, a 4th-order super Gaussian filter with 3
dB bandwidth of 45 GHz (90% of channel spacing) is employed for
each channel. An individual transmitter comprises of continuous wave
laser diode of linewidth 100 kHz and modulated with BPK signal
pseudo-random bit sequence (PRBS) of period 215 -1. As standard
fiber is used in MCF Ql, fiber nonlinearities are ignored and received
OSNRimprovesby increasingtheinput laser power.

In optical combiner output of MCF Ol model shown in Fg. 1,
propagation loss and chromatic dispersion is compensated by a fixed
gain optical amplifier (gain 25 dB and Noise Figure 45 dB). The key
properties of this amplifier are low power consumption, high speed
transient suppression and operate with fixed gain within a narrow
bandwidth of #2 nm. At the receiver end, 8 WDM channels are
demultiplexed by a demultiplexer and optical signals are detected by
eight digital coherent receivers. An optical filter identical to the one
used in the transmitter is employed at receiver to remove the noise
power outside signal spectral bandwidth. The electrical signals at
receiver output are applied to a 4th-order Bessel low pass filter. The
filtered signals are then sampled by a 2 samples per symbol and fed to
inbuilt digital signal processing unit of receiver in Rsoft OptSm.The



pre-convergence is processed by constant modulus algorithm (QVIA)
[22] followed with decision directed least-mean squares (DD-LMS)
method for equalization and bit error probability is obtained.

In the proposed theoretical analysis, variation due to inter—core
crosstalk (Xr) in MCF is considered as stochastic at every phase-
matching point which significantly fluctuates by scant random
perturbations of bends and twists [8]. The probability density function
of thecrosstalk distribution isexpressed as[8]
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here, azrepresents variance of normally distributed polarization
modes of coupled power. The co-ordinates of the transmitted signal
pair over a MCF in a coherent BPK system can be written as

—Ep and +,/E, to represent bit '0' and '1' [19, 20] respectively,

where E, represents the transmitted energy per bit. Inter-core
crosstalk is considered as virtual additive white Gaussian noise [8],and
hence signal at receiver when bit '0'istransmitted isgiven as

y=—E +X;. 2)

As MCF Ql is less sensitive to fiber nonlinearities it is disregarded in
present calculation of BEP. The conditional error probability at the
receiver, for bit ‘0’ transmission isobtained for inter—core crosstalk by
using Egs. (1),(2) and method outlined in Refs.[19, 20]. It isgiven as
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where, Xry is mean value of crosstalk distribution calculated by
coupled mode theory [8]. The conditional error probability at the
receiver isobtained below by integrating Eq. (3)
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Due to symmetry of BPK signal constellation, for bit '1' transmission,
probability of error isP (0/ 1) =P (1/0) [19,20].9nce, '0'sand '1'sare
equiprobable at input of MCF Ol system (see Fig. 2), the average BEP
for coherent BPK can be expressed as

BEP,pq = % P(1/0)+ 2 P(0/1)

[3 /%]exp _[2+ ;] ®

The above analytical expression of BEP is used to validate the
proposed MCF Ol simulation model (Fig. 1) integrated in a short reach
communication system (Fig.2) that calculates BEP using OptSm .
Variation of BEP for a40 Gbps BPK system with OSNRis calculated
by Eq. (5) and simulation model of Fig. 2. Both the resultsare plotted in
Fg.3.The BEPis obtained by taking the average of error probabilityin
all eight channels of 100 m long MCF, while in simulation each core is
replaced by 100 m single core fiber (see Fig. 1). The crosstalk between
two neighboring cores in a row with bending radius of 15 cm is
calculated to be -52 dB from coupled mode theory [8]. Accordingly
coupled power ratio of optical couplersin Fig. 1 is adjusted. It can be
observed from Fig. 3 that BEP significantly decreases with increase in
ONR. Intersection of BEP curveand forward-error correction (FEQ
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limit having typical value 2.1x10-3 [23] gives threshold sensitivity of
the receiver above which receiver performance will be degraded.
ONR estimated from Fig. 3 at threshold receiver sensitivity is16.4 dB
from both the approaches. It isworth noting that the simulated result is
in good agreement with theoretical BEP calculated from Eg. (5) and
there is maximum difference of about 0.3 dB in OSNR below FEC
justifying the validity of proposed MCFOI simulation model.

Next, for same parameters as mentioned above, dependence of BEP
on launched power in MCF Ol is evaluated using simulation set up of
Fig.2 and analytically by Eq. (5). Figure 4 showsthat average BEP of all
the channels in a 8-core MCF Ol BPK system decreases with increase
in launched input power for different data rates. Moreover, for same
input power BEP is more for high data rates. At threshold receiver
sensitivity, it can be concluded that launching power required isas low
as-9.5 dBm at 40 Gbps BPSK signal and such low sensitivity is suitable
for short reach transmission to avoid nonlinear effect. Furthermore, for
same launched power, error probabilities are below FEC limit for 2.5
Gops and 10 Gbps ascertaining almost error free transmission of BPSK
datafor 8-core MCF Ol system. At high launch power and low datarate
error insimulated value of BEPisapproximately 3.4%.

Finally effect of inter-core crosstalk on BEP is evaluated and is
plotted in Fg. 5. The crosstalk variation from -52 dB to -5 dB is
obtained by varying the bending radius of MCF. The plot showsthat for
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agiven datarate BEP increaseswith inter-core crosstalk. For any value
of crosstalk, the BEP is lower for 25 Gops per channel and increases
with datarate. It can be inferred that error probability for high bit rate
ismore pronounced and has lower tolerance to the crosstalk than that
of low bit rate. Using simulation setup of Fg. 2 and Eq. (5), threshold
receiver sensitivity as a function of the inter-core crosstalk at the
launch power of 0 dBm isinvestigated. The reason for its effect on BEP
performance for BPSK approach may be due to the proximity of cores
inrectangular configuration. Most of the experimental results reported
pertain to hexagonal configuration. The crosstalk level less than the
threshold receiver sensitivity is required to achieve error free
transmission.

From Fg. 5, it is observed that for 40 Gbps, at threshold receiver
sensitivity, crosstalk is approximately —30.8 dB. Moreover, the receiver
threshold sensitivity increasesto the crosstalk of -23.1 dB for 2.5 Gops
per channel. To achieve even high data rate and lower cost per bit, 40
Gops per channel is highly desired for a practical Ol system. Figure 5
shows that for 40 Gbps crosstalk of less than —30.8 dB is required for
error free transmission in proposed system. The BEP curves shown in
Fg.5 at 40 Gops agrees well for theoretical and simulated approaches.
For 25 Gops an error lessthan 5 % is observed for low crosstalk and
agreeswithin 1% for high crosstalk. Thistrend is followed for 10 Gops
and 40 Gops as well. Error free transmission (BEP < 10 -7) upto 40
Gops for all channels is achieved at crosstalk of -52 dB. For single
wavelength, phase matching between modes of adjacent cores will
increase resulting in higher crosstalk and BEP. However, it can be
investigated in future where excitation of modes by fan-in fan-out
techniqueisconsidered. Other system characteristics, such as, required
OSNR penalty, spectral efficiency, and receiver sensitivity may account
for such differences. Moreover, with 8-core MCF, the overall capacity
can beincreased upto 25Thps (8 cores x 8 A x 40 Gbps BPXK) over 100
m of single MCF for Ol applications which is much higher than data
ratesreported recently[11-13,15].

To summarise, a stand alone simulation model of MCF Ol is
proposed which will find application in configuring complex
communication systems based on MCF Ol. Although, the present
model isfor rectangular array of 8—core MCF, it can be easily modified
to include any configuration such as seven core MCF. (ritical to its
design is incorporating practical features such as inter-core crosstalk
and power coupling with fan-in fan—out (FIFO) concept. Inter—core
crosstalk is realized using optical couplers and combiners in a
pertinent order and is in commensurate with theoretical predictions.
FIFOistaken into account by careful design of SODM MUX and DEMUX
having 1:8 splitter and 8:1 combiner respectively. To make sure that
the stand alone model can be integrated into acommunication system,

error probability estimation of BPSK modulated short reach Ol system
is considered. Important performance features from receiver point of
view such as variation of BEP with OS\R, launching power and inter—
corecrosstalk issimulated for different dataratesof 2.5 Gbps, 10 Gops

and 40 Gbps. To validate simulation results, closed form equation for
error probability of BPSK modulated SDM signals contaminated by
inter-core crosstalk of MCF, is derived and is being reported for the
first time. The error probability equation assumes inter-core crosstalk
in MCF to be virtual additive white Gaussian noise. To compare the
error probabilities obtained by two distinct methods receiver
threshold sensitivity is defined, below which receiver performance is
considered to be reliable. For all the three performance parameters
considered, the simulated and theoretical results agree well within an
error of 5% for low datarate (2.5 Gbps) and 1% for high data rate (40
Gops). Present results clearly substantiate that the proposed
simulation module and derived closed form equation for error
probability will find application in designing next generation practical
optical interconnectsand silicon photonictransceivers.
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