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Abstract—Optical mitigation of interchannel interference (ICI)
for multiple spectrally overlapped data channels is
experimentally demonstrated without multichannel detection and
channel spacing estimation. The ICI mitigation takes place in
three stages of periodically poled lithium niobate (PPLN)
waveguides. In the first PPLN stage, the conjugate copies of
channels are generated; in the second stage, the overlapped
signals are coherently multiplexed with different complex taps. In
the third stage, the concurrent nonlinear processes and the
coherent multiplexing of the signals with their delayed copies
compensate the ICI. The bit error rate (BER) and the
constellation diagrams of wavelength division multiplexed
(WDM) channels carrying quadrature phase shift keying (QPSK)
or 16 quadrature amplitude modulation (16-QAM) formats
demonstrate the potential capability of the proposed method to
reduce the ICI and its possible modulation format transparency.
The effect of channel spacing on the performance of the method
is also demonstrated. After optical ICI mitigation, a reduction of
almost 4 dB is achieved for the value of signal-to-noise ratio
(OSNR) at BER of 102 for 20 Gbaud QPSK signals with a
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channel spacing of 17.5 GHz. The overlapped WDM system of 20
Gbaud 16-QAM signals with channel spacing of 17.5 GHz is also
ICI mitigated and error vector magnitudes (EVMs) are reduced
by almost 28%.

Index Terms—Interchannel interference, crosstalk, wavelength
division multiplexing, nonlinear wave mixing, sum frequency
generation, difference frequency generation, quadrature phase
shift keying, quadrature amplitude modulation, periodically
poled lithium niobate waveguides.

I. INTRODUCTION

aximizing spectral efficiency, defined in terms of
Mbits/sec/Hz being transmitted within an available

wavelength range of optical communication bandwidth,
is a significant yet challenging task [1,2]. Approaches to
increase spectral efficiency include; (i) reducing the guard
band between adjacent data channels and (ii) spectrally
overlapping of the data channels [3,4]. However, these
methods typically give rise to increased interchannel
interference (ICI), thereby requiring effective compensation
techniques to recover data.

There have been reports of different approaches to reduce
ICI in spectrally overlapped wavelength division multiplexed
(WDM) systems using electronic digital signal processing
(DSP) [5-12]. Typical DSP schemes for ICI reduction include
the individual detection of each wavelength channel across a
WDM system [13-15]. Common digital multichannel ICI
compensation algorithms wuse the received crosstalk
information to estimate the channel spacing and reduce the
crosstalk of each channel [8-11]. The physical implementation
of the DSP algorithm for ICI compensation usually requires a
complex detection scheme that relies on multiple synchronized
receivers or a single receiver with high bandwidth [16, 17].

Alternatively, interchannel crosstalk can be mitigated prior
to detection using optical techniques, in which multichannel
detection and channel spacing estimation are not necessarily
required for ICI compensation of a single target channel [18,
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19]. In [18], an optical approach based on optical multicasting,
complex tailoring, and multiplexing for ICI mitigation of
overlapped channels of data carrying quadrature-phase-shift-
keyed (QPSK) modulation is introduced and its potential for
adding and dropping optical QPSK channels is explored. In
[19], a system of overlapped channels carrying QPSK and
quadrature amplitude modulation (QAM) is optically ICI
compensated, and the ability of a scheme for ICI
compensation of a hybrid overlapped system with channels
carrying different modulation formats is demonstrated. This
paper considers ways to further extend the approach of optical
ICI compensation such that multiple spectrally overlapped
WDM channels can be recovered simultaneously.

In this paper, we optically mitigate [20] the interchannel
crosstalk of multiple spectrally overlapped channels of a
WDM system within an individual element operating on
multiple channels simultaneously. The ICI mitigation takes
place in three stages of periodically poled lithium niobate
(PPLN) waveguides. In the first stage, the optical conjugates
of the WDM channels are constructed using a set of
concurrent nonlinear processes. The conjugate copies of the
signals are separated into two groups of even and odd
channels. The amplitudes and phases of each channel in each
group are adjusted and coherently mixed with their adjacent
crosstalk channels in the second-stage PPLN to mitigate the
ICIs. The conjugate copies are delayed, and in a third stage
PPLN, these copies are mixed with the crosstalk signals to
further decrease the ICI level. We experimentally demonstrate
the proposed scheme using seven spectrally overlapped 20
Gbaud QPSK or 16-QAM channels. A nearly 4-dB OSNR
gain is achieved for QPSK data channels at a BER of 107.
For the 16-QAM channels the error vector magnitudes
(EVMs) are reduced by almost 28% for a channel spacing of

17.5 GHz.

II. CONCEPT AND THEORY

Figure 1 shows the conceptual block diagram of the
proposed optical ICI mitigation method for multiple spectrally
overlapped channels. As depicted in Fig. 1, the incoming
overlapped WDM channels are injected into a PPLN
waveguide (PPLN-1) which is pumped by a CW laser at the
quasi-phase matching (QPM) wavelength [21]. Inside PPLN-
1, through concurrent sum frequency generation (SFG) and
difference frequency generation (DFG), the WDM channels is
wavelength-converted. That is, the conjugate copies of the
WDM channels at the symmetrical spectral location with
respect to QPM wavelength is generated. This is depicted in
“conjugate copies generation in PPLN-1” block of the scheme
in Fig. 1.

After conjugate copies generation block, the signals are sent
to a two-output-port optical programmable filter based on
liquid crystal on silicon (LCoS) technology. Odd and even
channels are separated at the outputs of the LCoS filter and
directed to different paths. In the path following port 1 of
LCoS filter, the ICI of even channels is mitigated and in the
path after port 2 of LCoS filter, the ICI mitigation of odd
channels is performed. In the following, we only explain the
ICI mitigation for even channels. Similar explanation is true
for the ICI mitigation of the odd channels, if the terms “odd”
and “even” are exchanged.

At port 1 of the LCoS filter, even channels of the initial
signal and odd channels of the conjugate copied signal are
passed. Simultaneously, the amplitudes and phases of the
conjugate copies of odd channels are adjusted such that
crosstalk suppression to be performed in the next stage is
maximized. Next stage is composed of another PPLN
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Conceptual block diagram of optical interchannel crosstalk mitigation method. The scheme consists of three main blocks: (i) Conjugate copies

generation in PPLN-1 waveguide, (ii) Wavelength conversion in PPLN-2 which coherently mixes original channels with amplitude/phase adjusted conjugate
copies (iii) Wavelength conversion in PPLN-3 which coherently mixes original channels with amplitude/phase and delay adjusted conjugate copies.
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waveguide (PPLN-2), in which through the wavelength
conversion, the original even channels and the twice-
wavelength-converted odd channels are coherently added.

Next, through another LCoS filter, even channels in the
original wavelength region and the odd channels of conjugate
copies are selected. The amplitudes, phases and delays of the
conjugate copies are adjusted into the LCoS filter to further
mitigate the ICI of even channels, through the wavelength
conversion in the third PPLN (PPLN-3) [19].

Since the input WDM channels, the pump, and the
conjugate copies remain throughout the wavelength
conversion processes, there is no need to precisely adjust the
frequency spacing among channels, and coherent addition of
the input signal and the wavelength converted signal becomes
possible. Also, we should mention that, we have used PPLN in
our experiments for three main reasons: First because of the
small size of the PPLN, there would be low latency or walk-
off for the propagating signals compared to highly nonlinear
fibers (HNLFs). Second, high conversion efficiency of PPLN
potentially provides efficient nonlinear mixing of the signals.
Third, since PPLN has a y®-type nonlinear response, the
possible nonlinear mixing processes are second harmonic
generation (SHG), SFG and DFG which were used in our
scheme. In an ¥ medium such as an HNLF, more undesirable
mixing terms are produced. Therefore, PPLNs can be
potentially used for the ICI mitigation of WDM channels with
less crosstalk terms.

The mathematical representation of the proposed scheme is
as follows. Consider three adjacent signals; S;.;, S;, and S;s;.
Waveform Y represents the spectral combination of these
three signals with a channel spacing of Af and is defined as
follows:

Y(f) =Sia(f =AF) + Si(f) + Sia (f +Af) (M

Without loss of generality, we assume that i is an even
number. In this case i—1 and i+1 are odd and the first and third
terms in the right side of eq. 1 are interference terms. In
PPLN-1, waveform Y is produced at symmetrical wavelength
position with respect to the CW pump as schematically plotted
in the “conjugate copy generation” block of Fig.1. Note that
“*” denotes the complex conjugate. The two-output LCoS
filter in the “Wavelength conversion in PPLN-2” block selects
S;, Si.;* and S;;;*. The amplitudes and phases of S;;* and S, ;*
are adjusted through complex taps; c¢;.; and ¢;;; imposed by
LCoS filter. The signals at port 1, compose the adjusted
signals X; ;and X;,; and Y; as follows:

Y, () ¢ a;()Si-a(f = AF) + Si(f) + @i()Sia(F +Af) (2)
Xioa(f) «cia Sy (f = Af) + ciqai1 (S () (€)
X1 (f) & cipaai 1 (NS () + i1 Si (f + Af) “)
In equations (2-4), aj*(/), (j = i-1, i+1) denotes the filtering
response of the optical programmable filter, centered at the

central frequency of the signal Sj*. Also, aff) represents the
filtering response of the optical programmable filter, centered

at the signal S;. Since the channels are overlapped, the filtering
responses affect the neighboring channels. Inside the
“Wavelength conversion in PPLN-2” block, signal Y; is mixed
with signals X,-_I* and X, 1*. The following terms will be
obtained:

Y(f) = VicaSiea (F = AF) +v:Si(f) + VieaSiaa (f + Af) ()

In eq. 5, yu(f) = aff)+ it y(f) = 1+ il o N+ Cirl Qi1
(/) and y;:1(f) = aif)+ ci+,. The goal is to reduce the value of
the crosstalk terms S;; and S;; through adjusting the
coefficients, c;.; and c;.. It should be noted that if the crosstalk
terms are cancelled out completely, the tails of the main signal
to survive would also be suppressed. Therefore, ¢;; and ¢;+;
are adjusted to minimize the coefficients of the crosstalk terms
Si.; and S;;; and maximize the coefficient of S;. Also, eq. 5 is
similar to equations derived in [18] and will reduce to those
equations if only one crosstalk term is considered.

Furthermore, as demonstrated in the schematic spectrum
inside the “Wavelength conversion in PPLN-3" block of Fig.
1, signals y,-_l* ¥ and y,-ﬂ*S,-H* are selected at the output of
the second LCoS filter inside the block. The amplitudes and
phases of )/,»_I*S,-_j* and )/,-+1*S,-+1* are adjusted with complex
taps ¢y and c¢.;. Relative delays; 7, and 7;:1, are also
imposed on y,-_l*S,-_l* and y,-H*S,»H* by the LCoS filter. The
adjusted signals are then described by:

X1 (f) «
Ci—llejznﬁi_l)’i—l*sfﬂ(f —Af) +
Cioq'€/* Ty, (-, (S (f) (6)

Xi+1’(f) X X
Ci+1’ej_2nfri+1)’i+1 St (f +Af) +
Civr' €Ty " ()i (S (F) @)

In the PPLN-3, Y(f) is coherently mixed with signals
X;y, and X;_,"". The resulting spectrum in the original

spectral region as schematically depicted in “Wavelength
conversion in PPLN-3” block of Fig. 1, would be:

W) = Bi1Vi-1Sioa(f = AN + B:(Dvi (S (f) +
Bis1Vis1Sis1(f +Af) (8)

In which, B =1+ c i e, B(f) = 1+ ¢ e oy, (f) +
cy,-+1*e'jzfﬁ‘al-+1*(/) and fi= 1+ ¢ e To mitigate the
ICIs on channel §;, the values of ¢;, ¢;', and 7; (j = i-1 or i+1)
should be adjusted to have f;_;¥;_; and B;,1Yi.q relatively
smaller compared to the coefficient of S, that is, B;(f)y;(f).
In this case, the spectrum W(f) yields the ICI mitigation of
channel Si. Similar to [11, 15, 18], the non-deterministic
nature of signals due to the data and noise has not taken into
account in the derivation of the above equations. Note that, the
optical signal to noise ratio of the channels can be decreased
by propagating through optical devices and nonlinear
elements. However, the focus of this paper is on the scenarios
for which the main cause of signal distortion is the ICI of
neighboring channels. An overall improvement in signal
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Fig. 2. (a) Experimental setup. PPLN: periodically poled lithium niobate, PC: polarization controller, LCoS: liquid crystal on silicon. (b) Optical spectrum of
generated signal conjugate copies for 20 Gbaud overlapped QPSK channels at point A and optical spectrum of ICI mitigated odd channels 1, 3, 5, and 7 after the

last PPLN waveguide at point B.
quality is obtained by the mitigation of those ICIs through the
proposed scheme.

III. EXPERIMENTAL SETUP FOR ICI COMPENSATION OF WDM
SYSTEMS

Figure 2 shows the experimental setup to demonstrate the
proof of concept for the proposed optical ICI mitigation
scheme. Seven tunable narrow-linewidth laser sources are
clustered in two groups to emulate the odd and even channels.
The even and odd channels are created by two 1/Q modulators
with independent data streams. A pseudo-random bit pattern
(PRBS) generator with pattern length of 2"°-1 and not-return-
to-zero (NRZ) pulses are used to generate the data streams. To
overlap the WDM channels, the optical frequencies of these
seven channels are chosen so that their difference, Af, is
smaller than the baud rate of the data. The polarization of each
signal channel is independently tuned to be aligned with the
principal axis of the MZM modulator. The odd and even
channels are combined using a 50/50 coupler. Optical signals
are amplified using two stages of erbium-doped fiber
amplifiers (EDFAs) and mixed with a CW pump laser at
~1540 nm. Before being combined, the CW pump laser is

Channel spacing=17.5 GHz

Channel spacing=20 GHz

amplified to ~22 dBm using an EDFA followed by a tunable 1
nm filter. The optical signals and the CW pump are sent into
the first PPLN waveguide to generate the conjugate copies of
the signals. The QPM wavelength of the PPLN waveguide is
temperature tuned and stabilized around the CW pump
wavelength. This allows for the maximum conversion
efficiency of the SHG and DFG processes inside the PPLN. In
Fig. 2, the spectrum at point A shows the seven original
channels, their generated conjugate copies, and the CW pump.
The signals, the conjugate copies, and the pump are sent to a
two-output ports spatial light modulator (SLM) filter based on
LCoS technology, in which the odd and even conjugate copies
based on target channel selections for ICI mitigation of either
odd or even channels are selected, and the amplitudes and
phases of the signals and the conjugates are adjusted. Note that
to mitigate the ICIs of even (odd) channels, the odd (even)
signals from the generated conjugate copies and the original
even (odd) channels are selected. The adjusted signals, the
conjugates, and the CW pump are amplified to ~21 dBm and
sent into a second PPLN waveguide with a similar QPM
wavelength as the first PPLN waveguide. In this second
waveguide, the signals are mixed with amplitude- and phase-
adjusted crosstalk channels to reduce the ICIs. By using

Channel spacing=25 GHz
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Fig. 3 Experimentally recorded signal constellation diagrams of channels 1, 3, and 6 with (w.) and without (w/0) optical ICI mitigation method for 20 Gbaud overlapped
QPSK signals and at channel spacings of 17.5 GHz, 20 GHz, and 25 GHz.
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another LCoS filter, the conjugate copies’ amplitudes and
phases are adjusted. In this second filter, the conjugate copies
are further delayed and sent to another PPLN waveguide along
the original target channels for ICI mitigation. Inside this
PPLN waveguide, the signals and delayed variants of the
crosstalk neighboring signals are mixed to further mitigate the
ICIs. In each of these steps, it is not necessary to estimate the
channel spacing because the pump and signals are preserved
throughout the nonlinear processes. Channel spacing remains
unchanged throughout each nonlinear interaction. The ICI
mitigated channels are filtered and sent into a coherent
detector to record the constellation diagrams and measure the
BER. For offline DSP, we have used frequency offset and
phase noise compensation. We avoided using adaptive
equalization in DSP algorithms to be able to observe the
performance of the proposed scheme for optical ICI

mitigation.
IV. RESULTS AND DISCUSSION
20 Gbaud QPSK, Af=17.5 GHz
2
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Fig. 4. BER measurements with (w.) and without (w/o) optical ICI
compensation method for QPSK overlapped channels and for Af=17.5 GHz

Channel spacing=17.5 GHz

The seven lasers of the previous experimental setup are first
modulated by two independent electrical QPSK data streams.
Figure 3 shows the constellation diagrams of channels 1, 3,
and 6. The constellations are measured (i) without optical ICI
mitigation (back to back) and (ii) with optical ICI mitigation.
To achieve the constellation diagrams for the ICI-mitigated
signals the coefficients ¢; and c¢;' and delays are manually
tuned by monitoring the received error vector magnitude
(EVM).

The channels are modulated with 20 Gbaud signals, and
experiments are run for three different values for channel
spacing: 17.5 GHz, 20 GHz, and 25 GHz. The ICI mitigation
method provides negligible benefit when the channel spacing
is larger than the baud rate of the signals, which is acceptable
because the ICI effect there is insignificant (Af=25 GHz in
Fig. 3). When the channel spacing is equal to or less than the
signal baud rate, the ICI is significant, and the ICI mitigation
on the proposed method becomes noticeable (Af=20 GHz and
17.5 GHz in Fig. 3).

For all three channel spacings, the ICI mitigations for the
odd channel (channel 3) shows similar performance as for the
even channel (channel 6). Note that both channels 3 and 6
incur two crosstalk terms from two neighboring channels. The
slightly lower EVMs for channel 1, which incurs just one
interference term, can be attributed to lower power of this
channel as demonstrated in the spectrum of Fig. 2(b).

Figure 4 shows the BER versus optical signal-to-noise ratio
(OSNR) results for channels 1, 3, and 6 carrying 20 Gbaud
QPSK signals and with the channel spacing of 17.5 GHz. For
a QPSK channel with channel spacing of 17.5 GHz, the
required OSNR to achieve a BER of 107 is reduced by ~4 dB
after optical ICI mitigation.

To further investigate the performance of the proposed ICI
mitigation scheme for WDM channels, a different format of
the modulation is considered. The set of even and odd
channels are now modulated with 16-QAM data. Figure 5
shows the constellation diagrams of channels 1, 3, and 6 with

Channel spacing=20 GHz

Channel-1

Channel-3 Channel-6

Channel-1 Channel-3 Channel-6

w/o optical ICI
mitigation

w. optical ICI
mitigation

EVM=13.3%

Fig. 5. Experimentally recorded signal constellation diagrams of channels 1, 3, and 6 with (w.) and without (w/o0) optical ICI mitigation method for 20 Gbaud
overlapped 16-QAM signals and at different channel spacings of 17.5 GHz and 20 GHz.
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and without the optical ICI mitigation method under channel
spacings of 17.5 GHz and 20 GHz. The constellation diagrams
for a channel spacing of 25 GHz are not shown here because
the ICI mitigation is again insignificant for a Af larger than
baud rate. Like QPSK constellation diagrams of the
overlapped channels, the EVMs for 16-QAM signals are also
generally reduced which shows possible modulation
transparency of the proposed ICI mitigation scheme. The
EVMs for all 16-QAM channels of the WDM system with
channel spacing of 17.5 GHz are reduced by almost 28%. Fig.
6 shows the BER results of channels 1, 3, and 6. In this case,
the channel spacing is 17.5 GHz. The 16-QAM channels are
much more prone to the destructive effect of ICI than are the
QPSK channels. Therefore, the BER versus OSNR curves of
the QAM signals without ICI compensation fail to retain their
linear trends, for a BER value around 10> and up. Again, a
similar performance for ICI mitigation of odd and even
channels is observed.

20 Gbaud 16QAM, Af=17.5 GHz

2
© 25 m—
[11]
=
g’ —-ch1 w/o ICI Comp?*
- 3 =-ch1 w.ICI Comp.
——ch3 w/o ICI Comp.
-e-ch3 w. ICI Comp.
—<ch6 w/o IClI Comp.
3.5 -o-ch6 w. ICI Comp.
19 21 23 25 27
OSNR (dB)
Fig. 6. BER measurements with (w.) and without (w/o) optical ICI

compensation method for 20 Gbaud 16-QAM overlapped channels and for Af
=17.5 GHz.

V. CONCLUSION

A method for optical mitigation of the ICI of multiple
spectrally overlapped data channels is experimentally
demonstrated. The method is based on a cascade of conjugate
wave generations along with phase, amplitude, and delay
adjustments. For ICI mitigation using this method, individual
detection and channel spacing estimation is not required, and
the ICI of all channels can be mitigated simultaneously. The
system performance is assessed for multiple spectrally
overlapped 20 Gbaud QPSK and 16-QAM data channels. The
similar performance of the method for both QPSK and 16-
QAM channels shows the potential modulation transparency
of the scheme. The BERs are measured for 20 Gbaud signals
and under different channel overlapping (spacing) conditions
inducing different ICIs. After optical ICI mitigation, a
reduction of almost 4 dB is obtained in the required OSNR to
achieve a BER of 107 for 20 Gbaud QPSK signals with a
channel spacing of 17.5 GHz. The optical ICI compensation
scheme has also been used for an overlapped WDM system of
a 20 Gbaud 16-QAM signals with channel spacings of 17.5
GHz and 20GHz. The EVMs for all 16-QAM channels of a

WDM system with channel spacing of 17.5 GHz, are reduced
by almost 28%.

REFERENCES

[1] N. Sambo, P. Castoldi, A. D’Errico, E. Riccardi, A. Pagano, M. S.
Moreolo, J. M. Fabrega, D. Rafique, A. Napoli, S. Frigerio, E. H.
Salas, G. Zervas, M. Nolle, J. K. Fischer, A. Lord, and J.P.F.-P
Gimenez, “Next Generation Sliceable Bandwidth Variable
Transponders,” IEEE Commun. Mag. 53, pp. 163-171, 2015.

[2] P. S. Khodashenas, J. M. R. Moscoso, B. Shariati, D. M. Marom, D.
Klonidis, and I. Tomkos, “Investigation of Spectrum Granularity for
Performance Optimization of Flexible Nyquist-WDM-Based Optical
Networks,” J. Lightw. Technol., vol.33, no.23, pp. 4767-4774, 2015.

[3] C. Liu, J. Pan, T. Detwiler, A. Stark, Y.-T. Hsueh, G.-K. Chang, and S.
E. Ralph, “Joint Digital Signal Processing for Superchannel Coherent
Optical Communication Systems,” Opt. Express, vol. 21, no.7, pp.
8342-8356, 2013.

[4] K. Igarashi, T. Tsuritani, I. Morita, Y. Tsuchida, K. Maeda, M.
Tadakuma, T. Saito, K. Watanabe, K. Imamura, R. Sugizaki and M.
Suzuki, “Super-Nyquist-WDM Transmission over 7,326-km Seven-
core Fiber with Capacity-distance Product of 1.03 Exabit/s-km,” Opt.
Express, vol. 22, 1n0.2, pp. 1220-1228, 2014.

[S] M. Xiang, S. Fu, M. Tang, H. Tang, P. Shum, and D. Liu, “Nyquist
WDM Superchannel using Offset-16QAM and Receiver-side Digital
Spectral Shaping,” Opt. Express, vol. 22, no. 14, pp. 17448-17457,
2014.

[6] J. Pan, C. Liu, T. Detwiler, A. J. Stark, Y. T. Hsueh and S. E. Ralph,
“Inter-Channel ~ Crosstalk  Cancellation  for ~ Nyquist-WDM
Superchannel Applications,” J. Lightw. Technol., vol. 30, no. 24, pp.
3993-3999, 2012.

[71  S. Chandrasekhar and Xiang Liu, “Experimental Investigation on the
Performance of Closely Spaced Multi-carrier PDM-QPSK with Digital
Coherent Detection,” Opt. Express, vol. 17, no. 24, pp. 21350-21361,
2009.

[8] M. Sato, R. Maher, D. Lavery, K. Shi, B. C. Thomsen, and P. Bayvel,
“Frequency Diversity MIMO Detection for Dual-carrier DP-16QAM
Transmission.” In European Conference on Optical Communication
(ECOC), 2014, Paper Th.2.5.1.

[91 E. Al-Rawachy, R. P. Giddings, and J. M. Tang, “Experimental
Demonstration of a DSP-based Cross-channel Interference
Cancellation Technique for Application in Digital Filter Multiple
Access PONs,” Opt. Express, vol. 25, no. 4, pp. 3850-3862, 2017.

[10] T. Zeng, “Superchannel Transmission System based on Multi-channel
Equalization,” Opt. Express, vol. 21, no. 12, pp. 14799-14807, 2013.

[11] S. Yamamoto, K. Saito, F. Hamaoka, T. Matsuda, A. Naka, and H.
Maeda, “Characteristics Investigation of High-Speed Multi-Carrier
Transmission using MIMO-Based Crosstalk Compensation in
Homodyne Detection Scheme,” J. Lightwave Technol., vol. 34, no. 11,
pp. 2824-2832, 2016.

[12] F.Lehmann, P. Ramantanis and Y. Frignac, “Joint Channel Estimation,
Interference Mitigation, and Decoding for WDM Coherent Optical
Communications," in IEEE/OSA Journal of Optical Communications
and Networking, vol. 6, no. 3, pp. 315-325, 2014.

[13] M. Sato, R. Maher, D. Lavery, K. Shi, B. C. Thomsen, and P. Bayvel.
"Frequency  Diversity =~ MIMO  Detection for DP-QAM
Transmission.” J. Lightw. Technol.,vol. 33, no. 7, pp. 1388-1394,
2015.

[14] Z. Xiao, Songnian Fu, Shuchang Yao, Ming Tang, Perry Shum, and
Deming Liu. “ICI Mitigation for Dual-carrier Superchannel
Transmission based on m-PSK and m-QAM Formats.” J. Lightw.
Technol., vol. 34, no. 23, pp. 5526-5533, 2016.

[15] S. Yamamoto, K. Saito, A. Naka, and H. Maeda, “Compatibility
between Nonlinear Compensation and Crosstalk Compensation using
MIMO Processing in Super-high-density multi-carrier transmission
system.” In European Conference on Optical Communication (ECOC),
2015, pp. 1-3.

[16] N.Kaneda, T. Pfau, and J. Lee. “Frequency Diversity MIMO Detection
for Coherent Optical Transmission.” In 39¢th European Conference and
Exhibition on Optical Communication (ECOC), 2013, pp. 1-3.



IEEE/OSA Journal of Lightwave Technology 2019

[17] C. Sung, F. de Hoog, Z. Chen, P. Cheng, and D. C. Popescu.
“Interference Mitigation Based on Bayesian Compressive Sensing for
Wireless  Localization Systems in Unlicensed Band.” JEEE
Transactions on Vehicular Technology, vol. 66, no. 8, pp. 7038-7049,
2017.

[18] Y. Cao, M. Ziyadi, A. Mohajerin-Ariaei, A. Almaiman, P. Liao, C.
Bao, F. Alishahi, A. Falahpour, B. Shamee, J.-Y. Yang, Y. Akasaka,
M. Sekiya, M. Tur, C. Langrock, M. Fejer, J. Touch, and A. E. Willner,
“Reconfigurable Optical Inter-channel Interference Mitigation for
Spectrally Overlapped QPSK Signals using Nonlinear Wave Mixing in
Cascaded PPLN Waveguides,” Opt. Lett., vol. 41, no. 14, pp. 3233-
3236, 2016.

[19] A. Mohajerin Ariaei, M. Ziyadi, Y. Cao, A. Almaiman, F. Alishahi, A.
Fallahpour, C. Bao, P. Liao, B. Shamee, J. Touch, M. Tur, C.
Langrock, M. Fejer, and A. Willner, “Demonstration of Tunable
Mitigation of Interchannel Interference of Spectrally Overlapped 16-
QAM/QPSK Data Channels using Wave Mixing of Delayed Copies,”
in Optical Fiber Communication Conference (OFC), 2016, paper
Th3J.5.

[20] A. Mohajerin-Ariaei, F. Alishahi, A. Fallahpour, Y. Cao, A.
Almaiman, C. Bao, P. Liao et al. “Optical Mitigation of Inter-Channel
Crosstalk for Multiple Spectrally Overlapped 40-Gbit/s QPSK WDM
Channels using Nonlinear Wave Mixing.” In Optical Fiber
Communications Conference and Exposition (OFC), 2018, Paper
W3E.1.

[21] A. E. Willner, S. Khaleghi, M. R. Chitgarha, and O. F. Yilmaz, "All-
optical Signal Processing," J. Lightw. Technol., vol. 32, no.4, pp. 660-
680, 2014.

Fatemeh Alishahi received a BS degree in electrical

engineering from Shiraz University, Shiraz, Iran, in 2005 and

an MS degree in electrical engineering from the Sharif

University of Technology (SUT), Tehran, in 2008. She is

currently a research assistant in the Optical Communications

Laboratory at University of Southern California (USC), Los

Angeles, CA.

Amirhossein Mohajerin-Ariaei received a BS degree in
electrical engineering from the Iran University of Science and
Technology, Tehran, Iran, in 2009 and an MS degree in
electrical engineering from the Sharif University of
Technology (SUT), Tehran, in 2011. He is currently working
toward a PhD in electrical engineering at the University of
Southern California (USC), Los Angeles, CA.

Ahmad Fallahpour received a BS degree (with honors) in
electrical engineering from Shahid Beheshti University,
Tehran, Iran, in 2012 and an MS degree in electrical
engineering from the Sharif University of Technology (SUT),
Tehran, in 2014. He is currently pursuing a PhD in electrical
engineering at the University of Southern California (USC),
Los Angeles, CA.

Yinwen Cao received BS and MEng degrees from the Beijing
University of Posts and Telecommunications, Beijing, China,
in 2008 and 2011, respectively. He is currently pursuing a
PhD in the Department of Electrical Engineering, University
of Southern California (USC), Los Angeles, CA.

Ahmed Almaiman received a BS degree in electrical
engineering from King Saud University, Riyadh, Saudi
Arabia, in 2011 and an MS from the University of Southern
California (USC), Los Angeles, CA, in 2014. He is currently a
research assistant in the Optical Communications Laboratory
at USC and working toward a PhD.

Peicheng Liao received a BEng degree in optical engineering
from Zhejiang University, Hangzhou, China, in 2012 and an
MEng degree in electrical and computer engineering from

McGill University, Montreal, Quebec, Canada, in 2014. He is
currently pursuing a PhD in electrical engineering at the
University of Southern California (USC), Los Angeles, CA.
Joseph D. Touch (SM’02) is an independent consultant and a
Senior Distributed Systems Data Architect at the Aerospace
Corporation. He received a B.S. in biophysics and CS from the
Univ. of Scranton in 1985, an M.S. in CS from Cornell Univ.
in 1987, and a Ph.D. in CS from the Univ. of Pennsylvania in
1992. His interests include network and distributed systems
architecture, virtual networks, optical computing, optical
communication processing, and high-performance network
security. He holds 5 US patents and has published over 150
papers. Joe is in Sigma Xi, an ACM Distinguished Scientist,
an IEEE Communications Society Distinguished Lecturer, and
an OSA Senior Member and Traveling Lecturer. He is active
in the IETF in the Transport, Internet, and Security Areas, and
served on numerous conference committees. He pioneered a
“first principles approach to computer networking” course
based on his Recursive Network Architecture, which is under
development as a textbook and has been taught at USC and
UCLA.

Carsten Langrock received a PhD in electrical engineering
from Stanford University, Stanford, CA, in 2007. He has more
than 150 publications and is currently working as a senior
research scientist in Prof. Martin M. Fejer’s group in the
Edward L. Ginzton Laboratory at Stanford University.

Martin M. Fejer received a BA degree in physics from
Cornell University, Ithaca, NY and a PhD in applied physics
from Stanford University, Stanford, CA. He is currently
professor and department chair of Applied Physics at Stanford
University, where he served as the Senior Associate Dean for
Natural Sciences. He has over 500 publications and 30 patents.
Prof. Fejer is a Fellow of the Optical Society of America
(OSA), which awarded him the R.W. Wood prize in 1998. He
was elected to the National Academy of Sciences in 2016.
Moshe Tur (M’87-SM’94-F’98) received a BSc degree in
mathematics and physics from Hebrew University, Jerusalem,
Israel, in 1969, an MSc degree in applied physics from the
Weizmann Institute of Science, Rehovot, Israel, in 1973, and a
PhD from Tel-Aviv University, Tel-Aviv, Israel, in 1981. He
is currently the Gordon Professor of Electrical Engineering at
the School of Electrical Engineering, Tel-Aviv University,
where he has established a fiber-optic sensing and
communication laboratory. He has authored or coauthored
over 630 journal and conference technical papers.Prof. Tur is
also a Fellow of the Optical Society of America (OSA).

Alan E. Willner (SM’94-F’04) received a PhD from
Columbia University, New York City, NY, in 1988. He is
currently the Steven and Kathryn Sample Chaired Professor in
engineering at the University of Southern California, Los
Angeles, CA. He has over 1,100 publications and holds 30
patents. Prof. Willner is a member of the US National
Academy of Engineering, an International Fellow of the UK
Royal Academy of Engineering, and a Fellow of the National
Academy of Inventors, the American Association for the
Advancement of Science, the Optical Society of America
(OSA), and SPIE.



