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Fiber Optic technologies - What we are focusing on?

Almost all electrical and optical components
generate linear and nonlinear distortions,
which reduce throughput and distance

Electrical layer of
optical link
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Cladding

Buffe

ODSP algorithms compensate distortions,
suppress noise and correct errors

Optical o
source

Transmitter

-e - pre- and post correction of device
-e - compensation of fiber nonlinearity

-® - synchronization and tracking

o“\ ~ Receiver e

ODSP ASIC - digital "heart" of
optical transceiver and
contains 2 main parts:

DSP (signal processing) and

FEC (forward error correction)

DSP |+

FEC

€ Analog | Digital >

DSP features:

linear and nonlinear distortions;
and chromatic dispersion;

(TR/ICR/LOFO/SOP)

Main challenges:

- high performance models for fiber
and device nonlinear distortions;

- low complexity and power
consumption

Innovative DSP algorithms -
responsibility of Optic

FEC features:

Algorithm Lab

- encoding/decoding algorithms
(correction of bit errors);

- constellation shaping algorithms
(achieving capacity limit)

Main challenges:

- high performance code
constructions with low error floor;

- low latency, small complexity and
power consumption

Innovative FEC algorithms -
responsibility of Coding
Competence Center

2 labs deeply cooperate together and have common projects



Fiber optic evolution roadmap

Main targets:

- increase link capacity;
- reduce cost and power
consumption per bit

v

additional degrees of freedom:

- polarization multiplexing

pol

- mode division multiplexing
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- multiple wavelengths

1 I \ J I l 1 | l 1 | l 1 | l 1 | l 1 I \ 1 I l
t t T T U U t U
An-2 o1 An Ans1 Ans2 I3 Ansa

Anss  Wave
length

- C+L(+0O) band

Ol E [SCE

- wideband optical
amplifiers (Er+Bi/SOA)

i (dB/km)
a0

-;].E!-:
Q li:
Q -'1-
4} ):

0.0l i
1000 1100 1FI|’H': 1300 1400 1500 1600 1700 1BOO
A (nm)

short term

middle term

S/

increasing of signal power:

- nonlinear modulation and
constellation shaping
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linear system
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reducing of noise power:
- nonlinear equalization
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- iterative nonlinear equalizer
and decoder
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- Nonlinear Fourier Transform (NFT)
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Modulation and constellation shaping

“1.3
101 ® 001 ® " Toooi ® T 0101 ®
In optic usually information is transmitted by QAM (quadrature amplitude modulation)
modulated signal, : e
1100 ® 000 ® " Toooo ¥ 0100 ®
Bits are mapped to symbols with Gray scheme (neighbor symbols has one different — ‘ '; b— 5
bit), number of bits in one symbols (M - modulation order) : S I :
_ 1110® " i010® " Tooio® T 6i10®
b=Ilog, M | ; : ;
Each QAM symbol is represented by point on complex plane and occupies one ; .
time slot (duration about 10..20 ps), symbols transmitted one by one T e M g O
As higher modulation order, as more transmission rate, but influence of noise is e ‘?_‘____. _________ ... 640N
also stronger (because of smaller Euclidean distance between neighbor symbols) i 1
Ld L] L ] L L] [ ]
For achieving capacity limit, signal distribution in the channel should be close to . ¥ e ey . .
Gaussian, hence geometric and probabilistic constellation shaping are used S.Q,iM i

Uniform distribution
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Entropy, channel capacity and mutual information

For achieving capacity limit, signal distribution in the channel should be close to
Gaussian, hence probabilistic constellation shaping is used

To do it, probabilities of different symbols set different values, hence information
source has information entropy (number of bits per symbol)

H = —Z P(x, )log, P
Probabilities of symbols are defined with Maxwell-Boltzmann distribution ” a ’
A P |
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Mutual information - upper bound of information rate for current 0 5 B & W 1502 B A0 B8 W
transmission conditions, can be estimated with Monte-Carlo method Signal to Noise Ratio (dB)
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Maximum capaci_ty of AWGN (additive white Gaussian noise) channel is
calculated with Shannon-Hartley theorem

Capacity
(bits/Hz/sec)




Nonlinear Shannon limit

Nonlinear Schrodinger equations (Manakov eqguations): Linear and nonlinear distortions in optical fiber:

+i E(t,zx\e(t,sz(t,z)
fiber loss
chromatic Kerr

dispersion nonlinearity E(t’ Z) = [Ex (t’ Z) E, (t’ Z) ]T
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Fiber optic nonlinearity is the main limitation for increasing link distance and spectrum efficiency
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Techniques for fiber nonlinearity compensation

Transmission diagram: possible NLC locations (PRBS: Pseudo-random binary sequences, DSP: Digital signal processing, NLC:
Nonlinearity compensation, DAC: Digital-to-analog converter, IQ: In-phase and quadrature modulator, Mux: Multiplexer, Demux: De-
multiplexer, ICR: Intergrated coherent receiver, ADC: Analog-to-digital converter)
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TX side:

+ digital domain processing;

+ input signal without noise;

+ no information about neighbor
channels;

- requires feedback for adaptation;
- increases PAPR (peak to average
power ratio)
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In channel: RX side:
+ contains information about all + digital domain processing;
channels; + limited information about neighbor
+ optical domain processing; channels;

- hard to implement and make adaptive + easy to adapt;
- input signal with noise

Amari Abdelkerim and others, A Survey on Fiber Nonlinearity Compensation
for 400 Gb/s and Beyond Optical Communication Systems, 2017



Digital back propagation (DBP)

idea: a, B, and y parameters are set to be the opposite values to those in the
transmission fiber, and the optical amplifiers are replaced with digital attenuators.

al(z,t) - - . o By B
il P ' [=-=+j2 22
bz LNV 2 129 6 ar
N=-jy(1- LUz ) - jof. [ Uz, -1 or
Typical EDFA-based lumped amplified transmission system Split step Fourier method-based solution of NLSE for
employing digital back propagation. Qualitative digital
representation of pulse broadening as a function of back propagation. (a) Per DBP step, (b) per span, and
transmission distance and DBP-based (c) per link. E, z, h, and t represent signal electric field,
compensation. step/span distance, step/span size,and time instant,
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Andrew Ellis, Mariia Sorokina, Optical Communication Systems: Limits and
Possibilities, Stanford Publishing Pte. Ltd. 2020



Digital back propagation (DBP)

Manakov equation: DBP linear section:
MNopy | Ve | a v 12 12y ZP (w, 2) = Vi (w, z)e (34 F4%)
T s /1 L —.L'.v..n — - ir 2 'L _]1'1.-'-. _1-_._|1|-|. ; T /
dz J 2 oi DTy 3V (Val™ + [V
_ _ DBP nonlinear section:
L-'- — [I,-;- 1'-34 "_'r — %F: i i D ;..,.\ri,':/[__:lll |:’;"E::]|1-,
ﬁ;-_:';‘,lilr. :I = .r_."_?,...-.,_j,[lr. :]f.:_'lv' - + o 3
0 <= ¢ < 1 is a real-valued optimization parameter.
DBP implementation principle: DBP key features:
- multiple FFT/IFFT are used for converting signal between
~ time to frequency domains;
- multistep approximation of NLSE;
Linear | Z<D (w) el - usually used on RX side;

Vayy(t) 44 FFT p

‘ o IFFT p _ — Zayy(t) - hard to make adaptive due to sequential structure;
section section

- computationally complicated, requires multiple steps per
span and multiple samples per symbol

“x N,

Amari Abdelkerim and others, A Survey on Fiber Nonlinearity
Compensation for 400 Gb/s and Beyond Optical Communication
Systems, 2017



Perturbation based model (PBM)

For a quasi-linear propagation regime in which the dispersive effects are the dominant source of signal distortion,
the nonlinearities can be modeled as a small perturbation to the linear solution

a s & o —g(z) . .8 .y
—ut,z) + j=——=u(t, z) + ——"Lu(t, z) = j—7y|u(t, z)[*ult, z).
i )+ 2 B2 (£, 2) 5 (£, 2) ..i'g lu(t, z)|"u(t, z)

g(z)  is added to model the signal amplification through the link

Set  ult.z) = v(t.2)f(2), with L2 = L= (s),
(1.
flz) = e7™/= for one span of fiber with no distributed amplification
Then
¢ 3y 07 8 . 2
—w(t. 2]+ i— 7)) = =y z) CzTw(E, =),
(_j._:vl_!._.__l i3 fr}Iu‘l.rl[lf_h_l jg.f (z)|w(t, z)| v (t, =)

Considering the following expansion /

v(t,2) = vt 2) + W (L 2) + .+ V(L 2) where
B i"_I?..-[:l:IIr'_ :] . l!‘_‘?l‘l:[f _-] + . E,;rl"”__:]l
vy (t, 2) vy (t, 2) vy (t, z)

Ali Bakhshali, Nonlinearity Compensation for Next Generation Coherent
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are n-th order perturbation solutions.

Optical Fiber Communication Systems, 2017



Perturbation based model (PBM)

We arrive at

—v ot — vt =0

8z ) 2 a2 )

8 B &, 8 o
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First equation can be solved in the frequency domain to obtain the following solution
v (t,z) =F! {VmIix}f.J'jﬂ“'f:""z}. where Vi(w) = F{v(t,0)} = f*(0)F{u(t,0)}

Similarly, the solution of the second order inhomogeneous differential equation corresponding
to the first order perturbation solution is

v l:“ 3':: — _J,T_'—'- { g j Btz /- SI ._—_I'J-m‘” ' Ji" }
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Ali Bakhshali, Nonlinearity Compensation for Next Generation Coherent
Optical Fiber Communication Systems, 2017



Perturbation based model (PBM)

Consider input signal as

+oo where :a; = [a,[k] a,k||" - vector of modulated symbols;
u(t,0) = Y apby(t — kT), _ _
e bp(t) - unit energy transmit pulse shape

The matched filter output of the transmitted signal after propagation over distance z and sampled at t = kT can
be expressed as

= a4+ Ay
where Ay = [6.[k| dy[k]]" is the first-order perturbation of the sampled output with,
o o

Byl k] = Z Z (az/y[k + nlal,, [k +n + maz [k + m]

M=—o00 M—=——

+ aygak +nla [k + n+mlay, [k +m]) Cp o,

(' n are the perturbation coefficients with m and n indexing the symbols relative to the current symbol

[ 2¢ with by(t, z) denoting the dispersed shaping pulse at distance z,
('__"m_” :_,'I'"'f lfi;'_,lr |_,',':|I
0
+ oo
X / dthy(t, z)bo(t — nT, z)by(t — (n + m)T, z)bg(t — mT, z) bo(t, z) = F! {F{%{E}}Hjﬂ*&:-‘g}_

Ali Bakhshali, Nonlinearity Compensation for Next Generation
Coherent Optical Fiber Communication Systems, 2017



Comparison of PBM and DBP models

Nonlinear Schrodinger equations (Manakov equations for 2 polarizations):

8EX|Y(t’Z) ,6 0 Exw(t 2)
0z 2

2

Perturbation based model (PBM):
Ex(t,O), Ex(t,Z),

EY(t,g)»( bBM O»Ey(t,z)

single step
approximation

Ex|\( (t Z)_
= Ey (t0)+4

X|Y (t Z)

t+mz,0 +mz+nz,0)+
AEyy (t,2)= D" cpnExy (t+n7,0 Euy -+ m7. 0By (t+me +n7.0) +
e +Ey (t+mz,0)Ey, (t+mz+n7,0)
+ 3 ComExy (t+M7,0)Ex (LO)Ey 4 (t+mz +n7,0)
m=0
dB
100 0
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sample index, n
n o
o (=] o

PBEM is batter

DBP is better
10 i
-?OO S50 O 50 100 40 I” P i
sample index, m T

4By (6 2)E, (2 +[E, (62 )-oEyy (t.2)

R

Ex(t,0),

EY(I'O)»( fiber

Digital back propagation model (DBP):

Ex(t,Z),

()_}Ey(t,Z)

multistep
approximation

Ex(t,0), cutting to pieces Ex(t,2),

1) linear step (chromatic dispersion only):
Eyy(t,z+dz)=E,, (t,2)®h,(dz)

2) nonlinear step (Kerr nonlinearity only):
By (1,2) = Eyy (1, 2)o" (B0 e 0]

~ Eyy (t,2)+iy dzEyy (t, z)QEx (t.2) +[E, (t Z)‘Z)

PBM: single step model, quadratic complexity vs memory
size, limited order of nonlinearity, optimal for medium
distances

DBP: multistep model, linear complexity vs number of
spans, optimal for long distances



Example of simulation results

Signal constellation after PBM and DBP

PBM DBP
41 e after linear equalizer| T 4r Sy . ';_ 0 +  after linear equalizer|
+ after PBM y " - after DBP
| = 1t g
:.. Nos®
2 - .... 2 i
1¢ H 1t
3. LW
g 0 5 ) ot 12
ol oy 1
2} o 3F 2t
3r 8 I
4 W 4 4
-6 -4 2 0 2 4 6 -4 2 0 2 4
real real

after linear equalizer:

NMSE: -12.866 dB, SER: 3.089e-02, BER: 7.068e-03, MI: 3.5498 bit/sym
after PBM:

NMSE: -13.849 dB, SER: 1.256e-02, BER: 3.160e-03, MI: 3.6147 bit/sym
after DBP:

NMSE: -14.739 dB, SER: 6.058e-03, BER: 1.519e-03, MI: 3.6421 bit/sym

Spectrum of error after PBM and DBP:

10

power spectrum, dB

-15

source signal

error after linear equalizer
error after PEM

error after DBP

NMSE criteria of algorithm performance:

Cxiy (k): Xx v (k)_ Zyy (k)
e (k)

NMSE =10Ig| = k=0

K
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0,if Uy y (n) =V (n)

Our “‘)Z{L g (1) vy (1)
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z
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Compensation of fiber nonlinearity in receiver

Requirements: single channel algorithm for compensation of fiber optic nonlinearity on receiver side, nonlinear adaptive model
Challenges: compensation of nonlinear crosstalks from neighbor channels (not known in receiver), large memory of nonlinear model
due to convolution of chromatic dispersion and Kerr nonlinearity

System structure:

transmitter channel receiver
[ 10 11 T
Q o I
I =X cg |5 og
—»%—»% g§—>%§—>gg—>
. o o a © @ 0 © T © 5
input | 5| | € = @ = o o |5 | output
bits Sl Lot o |19 =2 S| 8| bis
S G = F R 2|E5 3 38—
|0 € E[8 g| E 5 |O
O8I, ]12lo] 7o 5| 8|0
wijoe|o]|? D g (5] w
T 5] =3 = = 2 o9 T
S I S £ T G =
IE Sg R 3
I I Il I adding neighbor —| EDFA EDFA —> dropping neighbor T —
WDM channels 5| L »  WDM channels
Nonlinear distortions for DWDM signal: Signal and noise power profile:
A main signal
power, . .
dBm /b@/ A /b@/ A
I S, S. —
A S J y W
H n
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(% i 48@ g
neighbor neighbor main neighbor neighbor E 7‘/‘/ 7]
channel channel channel channel channel % H ~s~ { V_ é
I © e
AWGN x 5 5 S\ 5
L N T N N T I T = IS g o, ®
T T T T > L L O/S@ Selt 8
An2 Aot An At sz Wavelength A = = ? =
IS S i E
a S @

distance, km'

Impulse response of CD filter
(example for 960 km):

Impuise Response
T

Amplitude

Kerr nonlinearity (example for pulse):

lo

Intensity ()/t

— £ s to

Frequency (uwit




PBM nonlinear model and principle of adaptation

Equation for PBM model:

Yxy (k) Xx v (k)+AXX|Y (k);

M M
Axxw(k): Z ZCXW,O,m,nXXlY(k—I—m)XX|Y(k+n)X:<|Y(k+m+n)+

=—M n=-M

M

M
+ Z ZCXIY,l,m,nXxW (k + m)xle (k + n)X\tIX (k + M+ n)

=—M n=-M

X |Y -index of polarization (X or Y); K -number of sample;

CX,O’ Xl’ CYO’ Yl’

Xy (k), X, (k)
Yx (k). yy (k)

dy (k). dy (k)

- coefficients of nonlinear model;
- input signals for X and Y polarizations;
- output signals for X and Y polarizations;

- desired signals for X and Y polarizations
(we assume that it is available in receiver);

Structure of adaptation, based on NMSE criteria:

dx(k) dv(k)

+
o) Ty
— > RlaaNes
nonlinear +
Xy (K) model yy(K) i
—T—> >€9
Cx,...
Cv...
ex(k)
—
adaptation ey(k)
 — <

model with 2 complex-valued inputs and
2 complex-valued outputs



Adaptation of nonlinear model, based on NMSE criteria

For block of K data samples we can define matrix and vectors:

Uxpv 0. (0)1 Uyt (O)""

- matrix of
nonlinear
terms;

Uyy =
Uy, o,...(K 1) Uy y 1,...(K 1)

with elements, filled with triplets from input signal

uX|Y,O,m,n(k): Xx v (k + m)XX|Y (k + n)X:(|Y (k + M+ n);
uX|Y,1,m,n(k)

XmY :(dxw (0)
Y xy :(yxw (0) yXIY( -1

Cxy :(Cxw,o,...’---’

X (K + M)y (k) (k- m )

dyy (K1)
)) - vector of output signal;

C )T - vector of coefficients;
XY 1,00

NMSE (nhormalized mean square error) criteria of algorithm
performance:

Cxpy (k): dyy (k)_ Yxy (k)

K-1 K-1 2
NMSE,, zlolg( ey (k) j/(kZ\xXW(k){ j
=0

k=0

) - vector of desired signal;

Typical coefficients of PBM model: Surface of goal function in the space of

coefficients:

100

o
o

O

O
S

sample index, n

-10
-?OD 50 O 50 100
sample index, m

We can rewrite model's equation in matrix-vector form,

Yxy = UX|YCX|Y

formulate optimization problem as

. 2 . 2
CX|Y :argmdexw _yX|YH2 =al‘gmlanle _UX|YCX|YH2

and apply least squares (LS) method for calculation of coefficients

1
Cxy = (UQWUXW) UQlele




Adaptation of nonlinear model, based on BER and MI criteria

Problem: NMSE (normalized mean square error) criteria is simple and convenient for Structure of adaptation, based on BER criteria:  uy(n) uy(n)
adaptation of coefficients, but doesn't guarantee best detection of signal in the
presence of nonlinear distortions. If we want achieve better performance, we should %x(K) T ®) V() l
use BER (bit error ratio) or Ml (mutual information) criteria for adaptation. Extremums X , x , X >
of NMSE, BER and Ml are located in different points in the space of coefficients. nonlinear demap
Xv(K) model | yy(K) per | vy(n) Y
Task: Propose efficient adaptation algorithm for coefficients of PBM model, based - > —> > xor
on BER or Ml criteria. Cx...
Cy,..
BER criteria: Ox(n)
0.if Uy, (n)= Vi (n) 1 N2 . adaptation « Oy(n)
( )= ;  BERyy =32 Oxy (n)’
X[ Lif uyy ()= vy, (n) N =
d XY XY n=0
Example of NMSE and BER performance (z axis) versus coefficients (x and y axis):
where N -number of bit; Uy (n) - source (desired) bits; NMSE
BER
Vv (n) - bits from demapper after applying of PBM model
Ml criteria: -
1 k) s(k S o4
1(x:v)2 L SHiog, BeVINSK). g (k)= B (s s (v(K)Is )
Ki= ay (y(k)) i=0
.
1 1 Vi) =5 ) o Vi (k)=
s (y(K)Is(k)=c; )= &P -5 (k) ) (k)
J2rdet(s) ) 2\ Yolk)= 11, Yo(K)=Ho;

additional details how to calculate BER and Ml can be provided by request



Call for proposals

Task 1: Constant Matrix Multiplications (was announced on previous seminar)

Task 2: Adaptation of PBM model, based on BER or Ml criteria

- Propose efficient algorithms for adaptation of PBM model, based on BER or Ml criteria (minimum for NMSE
can be taken as initial point)

Steps:
1) Huawei Optic Algorithm Lab announces and publishes task description;

2) If you are interesting, please write to contacts below and we will provide additional information
(parameters of model, type of signal, reference performance) and examples of data;

3) Huawei is collecting research proposals with basic description of algorithms and simulation results
until 28 February 2022;

4) Huawei arranges internal review of proposals, select the best one and pay award up to 5000S

Contacts:
pavel.plotnikov@huawei.com
Pavel Plotnikov, PhD., Principal Engineer, Director of Optic Algorithm Lab

dolgikh.dmitry@huawei.com
Dmitry Dolgikh, PhD., Principal Engineer, Team Leader of Optic Algorithm Lab
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Thank you for attention!

Any questions?



