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1. Lower bounds from exPeriments

p(Y|X) q(Y]X) :
I(X;Y):Ellog— > E |log —=—— N
p(Y) q(Y)
Lo
Mutual information (M), Achievable information rate (AIR), R
cannot be calculated calculated by Monte Carlo e ,I°b'°s P;; |
because p(Y | X )is unknown estimation from experimental data oo ¢ 9"
Recirculating loop experiment Mismatched Decoding [1]
=p(Y|X) * Lower-bounding the MI by assuming
DM X2 an auxiliary channel q(Y | X)
(Y_ R T pl G- ® Acheivable by a receiver designed
: ; for ¢(Y'|X)
- : K 1] . . .
x {g} : @ — : ® This study: comparison of different
: — assumptions for ¢(Y | X
g Pol- S0 km SMF > a(Y| _ )
Scrambler ‘trrrrrrraaaeeess et ¢ Symbol-by-symbol receivers only

[1] Arnold et al., TIT, 2006
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Channel distribution models

2D independent,
identically distributed
Gaussian (2D-iidG)
® 2D Gaussian ¢(Y | X)
¢ Diagonal covariance
® Fixed means = X

OOOO
OOOO
OOOO
OOOO

® The baseline ¢(Y | X),

typically assumed in
today’s receivers
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4D independent,
identically distributed
Gaussian (4D-iidG)

® 4D Gaussian ¢(Y | X)
¢ Diagonal covariance

® Optimized mean for
each X

OHOOO
OO
010.0]0,
©0.0]0)O

O = covariance

° =mean
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4D correlated Gaussian
(4D-CG)

® 4D Gaussian ¢(Y | X)

® Optimized covariance
for each X

® Optimized mean for
each X

A
o
S3&2
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. 4D-CG

Single-channel
20-Gbaud 16QAM

® Optimal launch power

‘| 2D-iidG

® No inline dispersion
compensation

o

1000 2000 3000 4000

Transmission Distance [km] ® Very small differences in AIR

® Keep on using 2D-iidG!
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Results with dispersion compensation

8 — O o —— 5 SHS o

— Vi

E o 4D-CG ,:.;"% v

c 787 —8—4D-jiidG | N\ +' | 4D-CG

> —¥— 2D-iidG

A76 T

I
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=

) ® Single-channel

w720 20-Gbaud 16QAM

(' .

w | |° Slightly higher than 2D-iidG

_g optimal launch power

> 68| | Inline dispersion

'_E:_J ' compensation

< 66 * Significant gains in AIR by

0 500 1000 1500 2000 optimizing 4D means
Transmission Distance [km] ® Even larger gains if

For details, see [2, 3. covariances are optimized |
Also, extensions to other distributions, [2] Eriksson et al., ECOC 2015
other links, other baudrates, and WDM [3] Eriksson et al., ArXiv, Dec. 2015
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2. Lower bounds from stochastic backProPagatlon

Baseline:
Digital backpropagation (DBP)
X Y

—| Fiber link

I(X;Y)>I(X;Z)

Naga‘V/.
<Z_ DBP - Irukulapati et al.
o . SDBP [4, 5]
Sttér(:ﬁgg;céa[c)ép (SDBP) ® Returns a distribution of X, not a single
x v estimate
—| Fiber link ® Builds on factor graphs and the sum-
product algorithm
r(X|Y) ® Marginalizes out unobserved variables
SDEP to get r(X1Y)
® Is used to model channel memory
Can SDBP increase the AIR over DBP? (4] Irukulapati et al., TCOM 2014

[5] lrukulapati et al., JLT 2015
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AIR computation

Mismatched decoding using an auxiliary channel gq:

q(YIX)]
q(Y)

p(Y|X)
p(Y)

® Achievable using a receiver based on q [1]

I(X;Y)=E [log ] >E [log

® Computing ¢ for a given r is hard
Mismatched decoding using a reverse auxiliary channel 7 .

1657 = [ 220 X))

p(X) p(X)

® Knowledge of ¢q is not necessary for achievability

B

® Achievable using a receiver based on r [6, 7]
® In this work, r is obtained from SDBP [1] Arnold et al., TIT, 2006

[6] Ganti et al., TIT, 2000
[7] Sadeghi et al., TIT, 2009
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N

Results
* DBP/SDBP operates on a block of
symbols Y’ ® Single-channel, single-
* Symbol-by-symbol detection after . . polarization 28-Gbaud 64-QAM
DBP/SDBP e * 30 spans of 100 km fiber
7k « o7 {1 | *® Inline dispersion compensation
N
® Split-step Fourier simulations
6
]
= SDBP gives much higher
2 AIR than DBP in the
2, nonlinear regime
o - i
<

For details, see [8].

> . . ' | ' ' ' Also, extensions to other

8 10 12 14 16 18 20 22 24

E./N, [dB] modulation formats,
o baudrates, and link setups

[8] Irukulapati et al., in preparation
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3. Lower bounds for the ﬁ'nite~memor3 GN model

The (regular) GN model [9], [10]: The finite-memory GN (FMGN)
: . : : model:
® Large dispersion, weak nonlinearity
o i .
®* WDM (under some conditions also i?]lglia:ntgréhgciyra:?g?oerl ;%rn"ﬁ q
valid for single channel) ! ]
* iid input ® More complex—output depends

_ _ on a sequence of inputs
= the nonlinearity behaves as

additive Gaussian noise

Xk @ Yi = X + Z,
— Tx Rx

" 7, ~CN(0,03)

1 k+N 3
7t = 03 + [ X =ity X P
i=k—N

(assumed independent of k)

(depends on k)
[9] Splett et al., ECOC 1993
[10] Poggiolini et al., JLT 2014
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Model validation

® Pulsed QPSK transmission: 200 o GN model:
symbols at 6 mW, then 200 at O '
mW, etc. 008y
NS 006
SSFM simulations: Eom-
01— L ' ' 002 .
o o ARSI 0 830000 0 PHE 55D 0%
0.08 0 aEans | it |
E 006 L A T ) N 100 200 300 k400 500 600 700
— 004}

ﬁ 0.02}

® Both models are accurate for iid

input
® The FMGN model also allows .
time_varying noise power 100 200 300 2:00 500 600 700
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Channel capacity results

N =0
] "™~ EMGN, lower
: // bounds
7 ’2
= 10, 20, 50
1 T~ GN,
. exact
20 15 -1 -5 o s |
Px [dBm] For details,
see [11].

Capacity estimates based on the
GN model are too pessimistic

[11] Agrell et al., JLT 2014
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4. Lower bouncl for the split—-stcp Fourier modcl

A(0,1)

9

N
The nonlinear 0A , 5 By 0%A Kamran
Schrédinger equation: 5, = JVAFA— = + N Keykhosravi et al.

The split-step
Fourier method:

Ao Ap—1/ . Ag
— —* Nonlinearity | Dispersion | Noise —7—> - -+ —>
"""""""""""""" Segmentk
A(z,t) is sampled in time and space: * Often used for simulations

Ay =[Apos. s Aps1] ® Used as a channel model

in [12]
Ak,l = A(kAZ, lAt)

[12] Kramer et al., ITW 2015
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Previous capacity results

® Ignoring nonlinearity, the ® Ignoring dispersion, the capacity grows
capacity is C' = log(1 + SNR) as C' ~ (1/2)log SNR [13, 14]

SNR T
® Considering nonlinearity and distortion, all known lower bounds either

saturate or fall to zero at high power [15, 16, 11]

18

Distributed
16 amplification

) ey
& wn o <

w

5
C' [bit/symbol]

Capacity (bits/symbol)

0
S @ @
o —_ o

-20 —-15 -10 =5 0 5

5 0 5 10 15 20 25 30 35 40 45
P [dBm]

SNR, . (dB)

whereas the only known upper bound grows unboundedly [12, 17]

[13] Turitsyn et al., PRL 2003 [11] Agrell et al., JLT 2014 [16] Mecozzi and Essiambre, JLT 2012
[14] Yousefi and Kschischang, TIT 2011 [15] Bosco et al., OE 2012 [17] Yousefi et al., CWIT 2015
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A lower bound for the split-step Fourier channel

The capacity of the split-step Fourier channel with K segments and L time
slots is defined as

8 ““““““““““ ]
1 ( |
Cr,L = 7 Supb I(Ak;Ao)  Known upper bound [12, 17] ]

)

CK,L § log(l + SNR
O 4!

New lower bound

Theorem: If E[||Aq||*] < Ey, E, is the noise energy, and SNR = E,/E,, then

1 e SNR? 1
lim Crpr > ~log | — (1 ~ ~ log SNR
Koo KoL =5 Og(%( +1+28NR)> g °°

[12] Kramer et al., ITW 2015
[17] Yousefi et al., CWIT 2015
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Sketch of the proof

Let the input A be iid complex circularly symmetric
Gaussian and lower-bound

I(AK; AO) — h(AK) — h(AK|A0)

1. h(Ag) > Llog (%e (Eo + En))

Proved via the entropy power inequality

. L 27T3€ 2

Proved via the maximum entropy result in polar coordinates

For details, see [18, 19].

Also, extensions to dual polarization [18] Keykhosravi et al., MIO 2015, poster
and Iumped amplification [19] Keykhosravi et al., ArXiv, Dec. 2015
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Conclusions

] . Assuming a 4D Gaussian auxiliary channel can increase the AIR
over the conventional 2D assumption

2.. Accounting for channel memory using SDBP can increase the AIR
over DBP

5. The capacity of the finite-memory GN is much higher than that of
the conventional GN model at high power

4’. The capacity of the split-step Fourier channel grows unboundedly
with power
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