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Modulation Instability and Its Impact in Multispan
Optical Amplified IMDD Systems:
Theory and Experiments

Rongging Hui, Maurice O’Sullivan, Alan Robinson,
and Mike Taylor

Abstract—The nonlinear interaction between amplified spon- intensity-modulation direct-detection (IMDD) optical system,
taneous emission noise and copropagating signal in a dispersivethe spreading of the optical spectrum must be accompanied
optical fiber is investigated both theoretically and experimentally. by dispersion mediated phase to intensity conversion to
A transfer matrix formulation is used to solve the nonlinear . . . . . .
propagation equation. A continuous wave (CW) input optical pr_Od_uce an In(_:rease in the relative intensity nO'S? (RIN)
signal format isolates the effect of modulation instability (M) Within the receiver baseband. For IMDD systems with zero
from the signal self-phase modulation. The change of the relative fiber dispersion, FWM between the signal and ASE has been
intensity noise (RIN) spectrum at an optical receiver caused by studied both numerically and analytically [3]-[4], [8]-[9], it
MI has been analyzed extensively in multispan optical amplified has been shown that, the broadening of the signal optical

systems, and thus the impact of Ml in the performance of inten- t d by Ml d t d de bit i
sity modulation and direct detection (IMDD) systems is evaluated. spectrum cause y 0€s not degrade Dbit error rate.

Performance of systems with distributed dispersion compensation 1hiS is so since, as long as the system optical bandwidth
(DC) and a lumped DC at the receiver are compared in terms of is wide enough to accommodate the broadened spectrum, no

the effect of MI, the results show that the highest efficiency of DC phase to amplitude conversion will take place. In most of the
to reduce the effect of MI can be achieved by putting a lumped ,50tical cases, however, fiber dispersion is locally non zero.

DC module at the receiver side. Excellent agreement betweenU der th . t h ) d by MI b
theory and experiment demonstrates a good understanding of the naer these circumstance, phase noise caused by can be

mechanism of Ml and its impact in the performance of terrestrial  Converted into intensity noise via dispersion. The analytical
optical transmission systems. approach used in [8]-[9] fails to describe this wide category

Index Terms—Fiber nonlinearity, modulation instability, opti- of pra(_:tlcal systems. . .

cal communications. In this paper, we present a semi-analytical model to calculate

the effect of MI in optical amplified multispan IMDD systems

with nonzero fiber dispersion. Experiments are conducted to

verify the theoretical results. We will also show that the system
ONLINEAR effects have been reported to be significaqtenalty due to Ml can be reduced by dispersion compensation
in optical fiber transmission systems [1]-[2]. Of particu¢DC). The optimum amount of DC and its optimum position

lar interest is the Kerr effect where the refractive index of tha terms of reducing Ml effect are discussed.

fiber medium strongly depends on the intensity of the optical

signal. In a nonsoliton system the Kerr effect broadens the

signal optical spectrum through self-phase modulation (SPM), Il. THEORETICAL ANALYSIS

this broadened spectrum is mediated by fiber dispersion and

causes a performance degradation. In addition, four wave- Transmission Matrix Formulation

mixing (FWM) between the signal and amplified Spontaneous, - e propagation along a lossy, single-mode and linearly

emission (ASE). nois_e has been _rep_ort«_ad to cause p‘?Ff Blarized fiber can be described by the nonlinear Schrodinger
mance degradations, in systems using in-line optical amplifi auation [1]

[3]-[6]. This later effect is commonly referred to as modulation

I. INTRODUCTION

instability (MI). OA(2. 1t i At
The mechanism for system performance degradation caused % = ?LB”% + iy A(z, )| A2, 1)
by MI depends on system type. In coherent transmission ) o
systems, degradation is mainly caused by the broadening - §A(z,t) 1)

of the optical spectrum [7]. On the other hand, for an
where A(z,t) is the electrical fieldy = wonz/cAcg is the
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The steady-state solution of (1) isdependent where Az; = zj41 — 2z; and
. . 2 a4 . ikiz _ o —ik;z
Aoz) = VR (nl AP e (-52) @y = TR (10)
307

and the signal optical power can vary for tens of decibels Gy (e ki% — ¢tkiz)

along the fiber in practical systems because of the attenua-M12’ = 11— 7 5m0;] (11)
tion. Therefore, a simple mean-field approximation over the ' i iij_J iika)
transmission fiber is usually not accurate enough. For an easyMQ({) = 1e © (12)
solution, the fiber can be divided into short sections and a ‘|1 = 75i"b] ‘
mean-field approximation can be applied within each section. , ;) _ eT Rz — gy ek (13)
For example, in thgth section with length\z;, (1) becomes 22 |1 —7pm5]
. 852 — | A2 v A
aAj(zvt) Y aQAj(th) . 2 P k] /3(4) 7]|A0]| — Yo,
0.~ =0 o Tl 0l AE () & v A3 kj + Pw? + ;] Ao; 2
where (14)
1 —exp (—aAz) Ty = ky = p® = 5l dojl? = —i44
V= T (4) ! 154%; kj + Bw? + ;] Aoy |?
7 (15)

With the assumption that noise power presence at the input ) ] )
of the fiber is much smaller than the signal power, the solution Equations (7)~(8) have two eigenmodes whose propagation
of (3) can be written as constants are equal in magnitude and opposite in sign, given by

Aj(z,t) = [Aoj + a(z,t)] exp (iv;] Ao [P2) () kj = jE\/(ﬁw(" + 75 40;[?)? = (5l A0j )2 (16)

where Ay; is the steady-state solution of (3},(z,t) is a Here,r;; andr,; are the effective reflectivity for the two
small perturbation and;(z,t) < Ao; is assumed. With linear eigenmodes respectively, therefore, the signkaghould be
approximation of the noise term chosen such that ;| < 1 and|ry;| < 1. 5 = 3”/2 was used

5. in the above equations for simplicity of notation.
__/HM The evolution of the noise along the fiber can then be

9z 2 . 8t§~ B calculated simply by matrix multiplication
+ 175l Aojl"aj (2, 1) + Ag;a;(z, )] (6)

|: a(w, L) :| - |:B11 B12:| |: a(w, 0) :| ex (—gL)
Higher order terms ofi;(z,¢) have been neglected and the |a*(—w,L)| |Bo1 DBaa | |a*(—w,0) P 2
symbol* denotes complex conjugate. We need to emphasize (17)
that the linear equation for the perturbation shown in (6) is

valid only when the perturbation is small and as a result of thigth

0a, (z,t) =t

apgro;imgtio?, theic pumg dep]!ego_n is POt taken igto a(_:coijcr;t. B Bu N M(jl») M(é)
ya ourier rané ormation of (6) into frequency domain [10] [321 BQJ = Jl;[l [ME{) Mgé)} (18)
a]g:’/j) - %wQﬁ//aj(w’z) iyl Aoj aj(w, 2) and whereL is the fiber length andV is the total number
+ i A af (—w, 2) (7) of sections.
aa;(_w’z) —1 2l % . 2 % . .
— g, —guwh a;(—w, z) — ivj| Aol @} (—w, 2) B. Power Spectrum of the Optical Field
_i,yjAgj,aj(%z)_ (8) According to the Wiener—Khintchine theorem, the power

spectrum of the optical field is propotional to the square of
The formal solution of linear differential (7)-(8) can beahe modulus of the Fourier transformation of the complex field
expressed in a matrix format amplitude. If the field is sampled over a time interal

{ajH(w,zj +Az) } _ [Mff Mf?} [ a;(w, %) }

a1 (~w, zj + Azj) MQ({) Méé) aj(—w, zj)

J

1 (772
Si(w,z) = lim {T/ A(z,t) exp (iwt) dt}.

—00 —T/2

When we take into account the linear attenuation of the genarating the field into CW and stochastic components, as
signal, from the start of one section to the start of the nex} (5), we have

section, we have

[ ajy1(w, 2 + Azj) } — [Ml({) Ml(é):| { a;(w, 2;) }

@54 (—w, 2 + Azy) MQ({) Méé) a;(—w,z;) where ( ) denotes ensemble average, and normalization by
o the sample intervali(w) is the Kronecker delta function.The

- exp (—§Azj) (9)

noise term has zero mean, $6(w,z)) = 0 and the cross

Se(w, L) = (la(w, L)[*) + | Ao(L)*6(w)
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terms vanish. It is convenient to remove the CW contribution
from the power spectrum, so we define

S(w, L) = Se(w, L) + [Ao(L)]6(w) = (Ja(w, L)]*). (19)
Using (17)
S(w,L) = <|Blla(w70)+312a*(_wv0)|2> exp(—al). (20)

Because:(w, 0) is a random process, amplitudes at distinct
frequencies are uncorrelated, §gw, 0)a*(—w, 0)} = 0 and

S(w,L) = {|B11*S(w,0) + | B12|2S(—w, 0)}e=*F  (21)

where S(w,0) = {(a(w, 0)a*(w,0)) is the power spectrum of
a(t,0), the input noise. To simplify the analysis, we assume
that the input noise spectrum is symmetric around the carrier
(e.g., white noise)S(w,0) = S(-w,0). (21) becomes

S(w, L) = {|Bll|2 + |Blg|2}5(w,0)6_aL. (22)
A linear system can be treated as a special case with

nonlinear coefficienty = 0. In this casek = puw?,r; =
my, = 0, |Bll| = 1,312 = 0 and

Sp(w,L) = S(w,0)e>L, (23)

Using St as a normalization factor, so that the normalized
optical gain, or optical noise amplification in the nonlinear
system is

wr

w

1 spectrum (dB)
=

opticai
ro

Normalized

-
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o R e
L I T
o I R
LIy
iy
7S

2l

_ Swl)
- SL(w,L)

Fig. 1 gives the normalized optical spectra versus fiber
length in a single span system using dispersion shifted fibers
(DSF) with positive dispersion [see Fig. 1(a)] and negative
dispersion [see Fig. 1(b)]. Fiber parameter used to obtain
Fig. 1 are loss coefficienty = 0.22 dB/km, input signal 07100 srequed®
optical power P,, = 13 dBm, nonlinear coefficienty = )
2.07W~tkm~!, and fiber dispersioD = 2 psinm/km for _ - . _ _

Fig. laandD = —2 ps/nm/km for Fig. 1(b) withD defined as F_|g. 1 N(_)nlmlear_amplllflcatlon of A_SE optical noise anng the_ fiber lon-
. : _ itudinal direction in a single span fiber system. Input optical signal power

D = 2mcf3/A2. Fig. 2 shows the optical spectra for differents = 13 dBm, fiber nonlinear coefficient = 2.07W~1km~! and fiber

value of fiber dispersions with the fiber length fixed at 100@ssa = 0.22 dB/km. (a) Positive fiber dispersio® = 2 ps/nm/km. (b)

km and P, = 15 dBm. In both cases of Fig. 1 and Fig. 2/Negative fiber dispersiod) = —2 ps/nm/km.

optical noise are amplified around the carrier. The difference

is that in anomalous dispersion regime, optical spectrum ha@eNoise Description at a Direct-Detection Optical Receiver

two pef""‘s at_each side of the_ carrier while in the nqrmgl After the square-law detection of a photodiode, the photo

dlsper§|on regime, spectra are sm_gle peaked. The z_impllflcat rent can be expressed as

of optical spectra near the carrier can be explained as the

spectrum broadening of the carrier caused by the nonlinear I(t) =n|Ag + a(t)|?

phase modulation between the signal and the broadband ASE. =7l Aol + Aod*(t, L) + Aja(t, L)] (25)

In the case of coherent optical transmission, the whole
optical spectrum is moved to IF after beating with the loca¥heren = niwe/hy is the photodetection responsivity angl
oscillator. The frequency components beyond the range of théludes quantum efficiency and coupling loss. Second order
baseband filter will then be removed and thus causes recei§8tall terms have been omitted in the derivation of (25).
power penalty. Therefore, the broadening of the signal opticalln an intensity-modulation and direct-detection (IMDD)
spectrum is the major source of degradation in coherent optiiftem, the receiver performance is sensitive only to the
transmission systems. For IMDD optical systems, on the ott@hplitude noise of the photo current, which can be obtained
hand, the photo diode detects the total optical power witholiem (25) as
wavelength discrimination and relative intensity noise of the _ o . K0T\ 5
optical signal is the major source of degradation related tc;SI(t) = 1) = fo = nlAo(L)a"(+, L) + A(L)act, L)] (26)

MI. In the rest of this paper, we will focus our attention omwhere I, = 7| Ao|? is the photocurrent generated by the CW
the effects of Ml on IMDD systems. optical signal.

Soa(w, L) =|Bu > + |Ba)* (24)

vormalized optical spectrum (dB)

7 0

N

100

(Cs\"ﬂ
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8 , ! , Using (10)—(16), it is easy to prove thaB;; + By |* =
- % 2 . |B12 + Bas|?, therefore, (28) can be written as

pn(w) = 2Pun?|B1y + Bo1 |2S(w, 0)e ™2k (29)

where P, is the input signal power such thatiyo(L)|? =
P exp (—OéL)

Again, a linear system can be treated as a special case of a
nonlinear system with the nonlinear coefficient 0. In this
case,k = /3(4)2,7’)0 =7, = 0, |Bll| =1 and Bs; = 0. The
electrical noise power spectrum in the linear system is then

po(w) = 2Pmn?S(w, 0)e 2L, (30)

w E [} »
T

ro

Normalized optical spectra (dB)

Using po(w) as the normalization factor, the normalized
power spectrum of the receiver electrical noise, or normalized
RIN, caused by fiber Kerr effect is therefore

Frequency (GHz) R(w) = |Bll + Bgl|2. (31)
(@) Comparing (31) to (24), it is interesting to note that these
. two spectra are fundamentally different: relative phase differ-

ence betweemB;; and Bs; has no impact in the optical noise
amplification spectrum of (24) but it is important in the RIN
spectrum as given in (31).

Fig. 3 gives the normalized RIN spectra versus fiber
length in a single span system with anomalous dispersion
[see Fig. 3(a)] and normal dispersion [see Fig. 3(b)]. Fiber
parameter used in Fig. 3 are the same as those in Fig. 1.
Fig. 4 shows the normalized RIN spectra for different value
of fiber dispersions with the fiber length fixed at 100 km
and P, = 15 dBm. In the anomalous fiber dispersion
regime [see Fig. 3(a)], two main side peaks of noise grow
along z, the peak frequencies become closer to the carrier
frequency and the widths become narrower in the process of
propagating. On the other hand, if the fiber dispersion is in
the normal regime, as shown in Fig. 3(b) and Fig. 4(b), noise
power density becomes smaller than in the linear case in the
vicinity of signal frequency. This implies a noise squeezing

(b) and system performance improvement. In either regime, the
Fig. 2. Nonlinear amplification of ASE optical noise after 100 km transmisSyStem performance is sensitive to the baseband electrical
sion in a single span fiber system. Input optical signal poikgr= 15 dBm, filter bandwidth.

1 H i~ ;— ~w—1 —1 1 . — . . . ..
Bk, (8) Positve fier dispersion. Solid gz 1 psinm/km. dashedi ine: _ 1t S Worth mention here that i [L0], similar RIN spectra for
D = 0.5 psinm/km and dash-dotted lin@ = 0.05 ps/nm/km. (b) Negative & lossless fiber have been calculated. However, since the fiber
fiber dispersion. Solid lineD = —1 ps/nm/km, dashed lineb = —0.5 loss was neglected, the calculated RIN spectra are qualitatively
ps/inm/km and dash-dotted liné = —0.05 ps/nm/km. different from a real situation. For example, in the case
of normal fiber dispersion, the normalized RIN spectra was
The power spectrum of the noise photocurrent is the Fouri@ivays less than 0 dB in the mean-field approximation. Fig. 5

transformation of the autocorrelation of the time domain nois&ows the normalized RIN spectra with normal fiber dispersion

Normalized optical spectra (dB)

Frequency (GHz)

amplitude calculated by the transfer matrix method when the fiber was
divided into 1, 10, and 20 sections. The results converge very
pn(w) =12 {| A5 By + AoBa1 |25 (w,0) quickly when the number of sections is larger than ten. Here,

+ |Af Bia + AoB[2S(—w,0)}e™E (27) the section lengths were chosen exponentially increase along
the fiber longitudinal direction, that is, inversely proportional
where S(w,0) is the power spectrum oi(t, 0). to the local optical power in the optical fiber. Fig. 6 shows
Under the same approximation as we used in the optidthe maximum calculation error versus the number of sections
spectrum calculation, the input noise spectrum is symmetiit the case of 100 km normal dispersion fiber with 10, 15,
around zero frequenc§(w,0) = S(—w,0), (27) becomes and 20 dBm optical powers. When the number of sections is
larger than 30, the maximum error becomes less than 0.01 dB
pr(w) =n*{|B11 + Ba1* + |B12 + Bx|*} for the 20 dBm optical power case. For results reported in this
| Ao(L)|?S (w, 0)e L, (28) work, 50 sections were used.
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Fig. 3. Nonlinear amplification of relative intensity noise along the fiber

longitudinal direction in a single span fiber system. Input optical signal power (b)
P, = 13 dBm, fiber nonlinear coefficient = 2.07W~1km~! and fiber
lossa = 0.22 dB/km. (a) Positive fiber dispersio® = 2 ps/nm/km. (b)
Negative fiber dispersio® = —2 ps/nm/km.

Fig. 4. Nonlinear amplification of relative intensity noise after 100 km
transmission in a single span fiber system. Input optical signal power
P, = 15 dBm, fiber nonlinear coefficientt = 2.07W—1km~—! and
fiber lossa = 0.22 dB/km. (a) Positive fiber dispersion. Solid lin® = 1
. . . ps/nm/km, dashed line> = 0.5 ps/nm/km and dash-dotted lin& = 0.05
D. Effect of Dispersion Compensation (DC) ps/nm/km. (b) Negative fiber dispersion. Solid linB: = —1 ps/nm/km,

. . . dashed line:D = —0.5 ps/nm/km and dash-dotted lind? = —0.05
It is well known that DC is an important way to reducgsnmkm. 0P ?

the total system chromatic dispersion. We will show here that

DC has also an important impact on the effect of MI. D direct-detect tical L i tonlv to th

is usually accomplished by using dispersion compensati rect-getection oplical receiver IS sensitive not only 1o tne
fibers or grating devices. Neglecting the nonlinear effect lue of DC but to the position of the D.C module (DCM) as
the DC module, its transfer function can be represented b)yvgll. Let us take two examples to explain the reason. First, if

. . the DCM is positioned after the nonlinear transmission fiber
conventional Jones matrix (at the receiver side), the combined transfer function becomes
[C] _ €xXp ['L(;I)(CU)] exp [_(?L(I)(w)] (32) |:B11 B12:| _ [exp ('L(I)) 0 :| |:B{1 B1f2:|
B21 BQQ 0 exp (—L(I)) Bgl BgQ
when the DC is made by a piece of optical fibérw) = _ Bf{l exp (1®) Bf{; exp (i®)
Bw?z. | By exp(—i®) Blyexp(—i®) |’

The effect of DC on the optical system can be evaluated
by simply multiplying the Jones matrix in (32) to the transfer
matrix in (17). We can demonstrate that the RIN spectra at R(w) = |B], exp (i®) + BJ, exp (—i®)|?

The normalized RIN spectrum in (31) is then



1076 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 15, NO. 7, JULY 1997

T T T T T T T T T 1-span of 100km, Pin=15dBm, Gamma=2.07, fiber loss 0.22dB/km

Normalized RIN (dB)
Normalized RIN (dB)

15 ; ;
_ : : : : -f00  -80 -60 —40 20 0 20 40 60 80 100
-16 1 L L I L L L 1 1 Frequency (GHz)

-100 -80 -60 40 -2D 2} 20 40 50 30 100
Frequency (GHz)

Fig. 7. Normalized RIN spectra for 0% (solid line), 50% (dash-dotted line)
Fig. 5. Nonlinear amplification of relative intensity noise after 100 km tran .—Bd 1000{9 (dashedﬁl_m_e) dlipgrsLon Sqrrllpeplsalf_lgns.l Flbgrldn%igﬂgoltm,
mission in a single span fiber system. Input optical signal paigr= 15 ! er_non_mear coe 'C'eit =2.07TW m™", fiber lossar = 0. Blkm,
dBm, fiber nonlinear coefficient = 2.07 W~ km~!, fiber lossa = 0.22 Pn =15 dBm andD = 1 ps/nm/km.

dB/km andD = —1 ps/nm/km. dash-dotted line: = 1, dashed linen = 10

and solid line:n = 20, wheren is the number of sections the fiber is divided

into in the calculation. matrix is
|:B11 Blg:| o |:B-1J;1 Biz:| [exp L‘I)) 0 :|
3 Bgl B22 - 321 exp (—L‘I))

— B{I exp (i®) Bl2eXP(—i‘1’)
- Bglexp(iq)) Bngxp(—zYI)) ’

251

The normalized RIN spectrum in (31) then becomes
R(w) = |B], exp (i®) + B, exp (i®)|* = |B], + B} |*.

Therefore, dispersion compensation does not bring any
difference into the normalized RIN spectrum if the DCM is
placed at the transmitter side.

Another important observation is that the optical spectrum
is not affected by the dispersion compensation, regardless of
the position of the DCM. The reason of this can be found
from (24) where the normalized optical spectrum is related to
the absolute value aB;; and B;». It does not matter where
the DCM is placed in the system, DC has no effect on the

normalized optical spectrum.
Fig. 6. Maximum error in the normalized RIN calculation versus the number

of sections the fiber is divided into. Fiber length= 100 km, fiber nonlinear . . o . .

coefficienty = 2.07W~1 km~", fiber lossa = 0.22 dB/km andD = —1  E. Ml in Optical Amplified Multispan IMDD Fiber Systems
s/nm/km. CrossesP,, = 10 dBm, circles: P, = 15 dBm and stars: . . . ,

?*in — 20 dBm. ’ In an optical fiber system oV spans withV EDFA’s (1

post amplifier andN — 1 line amplifiers) as schematically
shown in Fig. 8, the span losses are compensated by the optical
where Bf (i = 1,2,5 = 1,2) are the transfer function gain of the EDFA’s. Suppose that all EDFA’s have the same
elements of the nonlinear transmission fiber only. Obviousloise figure, the ASE noise power spectra generated by the
the normalized RIN spectrum is sensitive to the amount of pgh EDFA is
Fig. 7 shows an example of normalized RIN spectra without
DC (solid line), with 50% of compensation (dash-dotted line)

and with 100% compensation (dashed line). It is interestingre, the ASE spectrum is supposed to be white within the
to note here that 100% dispersion compensation does Behle of receiver optical bandwidth. After the transmission
necessarily bring the RIN spectrum to the linear case. through fibers, amplified by EDFA’s and detected by the photo
On the other hand, if the DCM is placed before the nonlinediode, the power spectrum of the detected RIN can be obtained
transmission fiber (at the transmitter side), the total transfiey the multiplication of the transfer function of each span

Maximurn error of RIN spectrum (dB)
tn

05}

15
Number of sections

S; = hv(FG; — 1) (33)
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EDFAL1
DFB LD EDFA2 ED‘FA3 EDFA4
Lt L2 L3
1.2nm filter
SmA @10kHz
Brillouin

suppression tone

Spectrum
INF—
P Analyzer

Fig. 8. Experimental setup. L1: 84.6 km (1307 ps/nm), L2: 84.6 km (1291 ps/nm, L3: 90.4 km (1367 ps/nm). Optical powers at the output of EDFAS5,
EDFA6, and EDFA7 are less than 0 dBm.

of optical fiber, supposing that ASE generated by differemthere o and o, are noise standard deviations in the nonlin-

EDFA's are uncorrelated ear and linear cases, respectively afidv) is the receiver
N baseband filter transfer function.
— 2hw Py FGryopag— 1 BN=-m+1) In a direct-detection optical receiver with the effect of Ml
plw) Pl r;{( Nomt JIBL taken into account, the quality fact@p can be expressed
I—m as (38) shown at the bottom of the page whéres the
+ BLTRY ay =) Pag

signal level,osy,, o4, 0sp-sp @Nd o,-5, are, respectively, the
standard deviations of shot noise, thermal noise, spontaneous-

k) . .
where B™®) are matrix elements defined as : . SN
J spontaneous beat noise and signal-spontaneous beat noise in

k the absence of MI. Subscripts 1 and O indicate the sym-
B® =] [Bll 312} (35) bols for signal logical “1” and logical “0,"” respectively. MI
el Bar B, affects mainly during signal logical “1” and the change in
the RIN spectrum only affects the term representing signal-
and spontaneous beat noise through the ratig. However, con-
[311 Bm} sidering that the signal extinction ratio is not infinite, signal
Byy B |,, power at logical “0” may also introduce MI througboy,

is the transfer function of theuth fiber span. this effect should usually be very small. Optical spectrum
Settingy = 0 to get the normalization factor, the normalize¢"ange due to MI may introduce thig degradation through
RIN spectrum is then: spontaneous-spontaneous beat noise, but it is expected to be
the second-order small effect in the direct-detection optical

N receiver.
Z(FGN—m-I—l — 1)|BYmH . g{V=mAD)2 Equation (38) indicates that in the general case, system
R(w) = m=1 _performance degradation due to MI depends on the proportion-
N ality of signal-spontaneous beat noise to other noises. Multi-
Z (FGN-mt1—1) span optical amplified fiber systems, where signal-spontaneous
m=1 (36) beat noise predominates, are most sensitive to MI. Neglect-

ing other noises, to first order, the systeth degradation

Assuming Gaussian statistics [11], the change of the sta(ﬁa—used by the MI can be expressed in a very simple form

dard deviation of the noise caused by fiber MI can be expressaésd
in a simple way

10log (6Q)) = —5log (60) (39)
o2 eo
so=7 = / R@)|f(w)]? dw 37) . , | |
90 —o0 whereé( is the ratio of( between nonlinear and linear cases.
Q= 51~ 5o (38)

2 2 2 2 2 2 2 2
\/US}LI + Oth1 + asp—spl + O—s—spléo—l + \/US}LO + Otho + asp—spO + Us—sp0500
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Ill. EXPERIMENTAL SETUP - . . . . . . . —

The experimental configuration is shown in Fig. 8. The CW ; A%y
laser, emitting at 1543 nm, has a sine wave tone superimposed g /Og &&
on its drive current to dither the optical frequency so as to B
suppress Brillouin scattering. A separate experiment found that
5 mA p-p at 10 kHz was adequate to ensure that Brillouin
scattering was suppressed. It was found that the laser RIN
could corrupt the results in some circumstance. When the drive
current was 35 mA the RIN had a peak at 6 GHz due to

Normalized RIN (5dB/div.)

the laser relaxation oscillation 7 dB higher than the dc level. & LY G K
With the insertion of 85 km of non dispersion shifted fiber ]
(NDSF), this peak rose by a further 6 dB due to laser phase

TR VY TYVIVTY

t 1 L L ¢ Lom

T T T T T TR T T T T T T T

noise, which was converted to intensity noise by the fiber's

dispersion. This converted noise was avoided by increasing the . ‘ 6 8§ 10 12 14 16 18
laser drive to 70 mA, which moved the relaxation oscillation Frequency (GHz)

to higher frequency, and increased the damping rate to the

relaxation oscillation thereby reducing the laser related RING: 9. Measured (open points) and calculated (solid lines) RIN spectra
level in the three-span NDSF system as described in Fig. 8 without dispersion

) compensation. The optical power at the output of EDFA2, EDFA3 and EDFA4
In order to make sure that the measured receiver RINi$s8 dBm (triangles-down), 10 dBm (triangles-up), 12 dBm (squares) and

dominated by signal-spontaneous beat noise, we increa%éqpm (circles). Curves are shifted for 10 dB between one and another for
the broadband ASE noise from EDFA’s intensionally. The ™" display.
role of the first optical amplifier in the link was to inject

optical noise. It had a noise figure of 7.5 dB and the input . Copon : . . ; . ‘
optical power of —32 dBm. The narrowband optical filter

which followed kept the total ASE power less than that of
the signal so as to decrease the spontaneous-spontaneous beat ;> gee® 9); Ro”
noise. The signal power was typically 0.5 dB less than the N
total power emerging from the EDFA, and this was taken

into account setting the output of the line amplifiers. The first

EDFA was the dominant source of ASE arriving at the p-i-n

detector. The three line amplifiers had output power adjustable
by computer control. The fiber spans all had loss coefficient
measured by OTDR of 0.2 dB/km. The output power of the

next two EDFA’s was set below 0 dBm to avoid nonlinear - _ o I
effects in the dispersion compensating fiber. The narrowband E ’
filter after EDFA suppressed ASE in 1560 nm region, which £ : : : : : . : 1
would have led to excessive spontaneous-spontaneous beat ¢ 4 6 8 10z 4 16 18
noise. The last optical amplifier was controlled to an output Frequencu (GHz)

power of 4 dBm, just below the overload level of the p-i-fFig. 10. Measured (open points) and calculated (solid lines) RIN spectra
detector. in the three-span NDSF system as described in Fig. 8 wi#®70 ps/nm

librati d ith . | dispersion compensation. The optical power at the output of EDFA2, EDFA3,
A calibration run was made, with an attenuator in plac&q epra4 is 8 dBm (triangles-down), 10 dBm (triangles-up), 12 dBm

of the system. This measurement was substrated from (@fjuares), and 14 dBm (circles). Curves are shifted for 10 dB between one
subsequent traces so as to take out the effect of the frequefied/another for better display.
response of the detection system. The calibration trace was

;:r?ddB higher than the noise floor for the whole 0-18 GHpz)s/nm at the receiver side as shown in Fig. 8. To obtain the

theoretical results shown in Figs. 9 and 10, the fiber nonlinear
coefficient used in the calculation was= 1.19W~*Km~!
IV. RESULTS AND DISCUSSIONS and other fiber parameters were chosen according to the values
The RIN spectra at the output of the three-span link afd NDSF used in the experiment as shown in Fig. 8. Very
shown in Fig. 9 with line amplifier output power (signalgood agreement between measured and calculated results in
power) controlled at 8, 10, 12, and 14 dBm, for triangleghe practical power range assures the validity of the two
inverted triangles, squares, and circles, respectively. In Fig.roajor approximations we have used in the transfer matrix
open points represent the measured spectra with the systermulation, namely, the linear approximation to the noise
configuration described in Fig. 8 except no DC was usetrm and the insignificance of pump depletion.
Continuous lines in the same figures are calculated usingAlthough the RIN spectra are independent of the signal data
(31). Similarly, Fig. 10 shows the measured and calculategte, the variance of the noise depends on the bandwidth of
RIN spectra with the dispersion compensation 08070 the baseband filter as explained in (37). In this paper, raised
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L 3 * Measured

10 15 Z0 25
Optical power (mW)

(@

k-

1000 2000 3000 4000 0
Dispersion compensation (ps/nm)
Fig. 11. Comparison afo between calculation (solid line) and measurement

(diamonds) for the three-span system described in Fig. 8 with optical power
P, = 12 dBm.

DC bC DC DC

14 v

o}
Distributed DC “©
(a) 1 e
O O O o |
D R P = :
DC 0.8 5
Lumped DC :
D'7 I3 1 1 1
(b) o 5 10 15 20 25
Optical power (mW)
3.5:”.”..\..‘,.‘”.v.‘\" (b)
[ 5ol
3.0 i ‘l\ V\S\ i Fig. 13. 6o versus optical power for a four-span DSF system with 100
25 2 »* S ale | km per span with fiber dispersio#2 ps/km/nm (a) and-2 ps/km/nm (b).
L '\ \N\ e 1 Baseband filter bandwidth are 2 GHz (crosses), 8 GHz (pluses), 20 GHz
2.0 X (stars), and 30 GHz (circles).
© 154
g T | - coers .
& 1.0 , Fig. 11 shows the effect of dispersion compensation on the
w

ratio of noise standard deviation between nonlinear and linear
cases for the three span fiber system described in Fig. 8.

A

AL
Wt

N

0.0 The optical power was 12 dBm at the input of each fiber
05 span and the filter bandwidth is 8 GHz. Both theoretical and
-1.0 experimental results demonstrate tléat approaches to its
SEUTPSF ARV PSS SR N IS S SR minimum when the DC is approximately 70% of the total

20 40 60 80 100 120 140 system dispersion. Generally, the optimum level of dispersion
Dispersion compensation (%) compensation depends on the number of spans, electrical
© filter bandwidth, optical power levels and the dispersion in

Fig. 12. Schematical illustration of optical systems with distributed DC (ES_aCh fiber span. It is |nt'erest|ng to compgre systems with
and a lumped DC in front of the receiver (b). () Comparison oi%so)  distributed DC and a DC in front of the receiver, as schemat-
versus the percentage of dispersion compensation between distributed i@§||y described in Fig. 12(a) and (b), for a four-span case
(open points) and lumped DC (solid points) in the four-span NDSF systems . . . ; .
shown in (a). TrianglesP, = 10 dBm, diamondsP,, = 12 dBm, and WIth nondlsp§r3|pn sh|fteql fibers (NDSF). Fig. 12(c) ghows
circles: P, = 14 dBm. Slog (6c), which is proportional to the syste) degradation

by MI, versus the percentage of dispersion compensation
cosine baseband filters are used in the system performafwethese two kinds of DC configurations for three different
evaluation. optical power levels. In Fig. 12(c), the percentage of dispersion
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Fig. 14. A Bog(é0) versus fiber dispersion for different signal power levels in a four-span system with 100 km per span. Baseband filter bandwidth
are 2 GHz (a), 8 GHz (b), 20 GHz (c), and 30 GHz (d).

compensation is the total DC divided by total transmissiadifferent bandwidths, among which 1.8 GHz bandwidth cor-
fiber dispersion. The dispersion value used in the transmissi@sponds to a 2.5 Gb/s (OC-48) system, 8 GHz for a 10
fiber is 17 ps/nm/km and the nonlinear effect in the DC fibgBb/s (OC-192) system and 30 GHz for a 40 Gb/s (OC-
is neglected supposing the optical power in the DC fib&68) system. It is interesting to note that in the anomalous
is small enough. The results demonstrate that the efficierfidyer dispersion regime, system performance always becomes
of DC, in terms of MI, is approximately 100% higher inworse with increasing signal power. On the other hand, in the
the lumped DC configuration than in the distributed D@ormal dispersion regime, system sensitivity can be improved
configuration. Even though the best compensation performarge the nonlinear process for OC-48 and OC-192 systems.
is obtained with distributed DC, but higher DC value usu-However, for systems with higher bit rate, sensitivity degra-
ally implies higher loss (governed by the figure of meritlations are also possible in the normal dispersion regime with
of the DCM) and thus more ASE noise generated fromigh input signal powers. This degradation is believed to be
EDFA'’s, therefore, lumped DC at the receiver may be a betteaused by the subsidiary peaks as shown in Figs. 3(b) and
choice in the system with low to moderate optical powet(b).

levels. Fig. 14(a)—(d), respectively, predict tlig¢ degradation fac-

In all above calculations and the corresponding experimentst 5 log (60), caused by MI, versus fiber dispersions with
NDSF’s were used. In order to make a quantitative evaluatitime electrical bandwidths of 2, 8, 20, and 30 GHz. It is easy
of the system with DSF’s, Fig. 13(a) and (b) show the ratito see also from these plots that at zero dispersion, system
of standard deviation between nonlinear and linear cases farformance degradations are always zero regardless of optical
D = 42 ps/km/nm andD = —2 ps/km/nm, respectively. signal powers. This agrees with results of early studies [9], [12]
Raised cosine filters are used in the calculation with founder the assumption of unlimited system optical bandwidth.
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Fig. 15. é0 versus number of fiber spans for different signal power levels.

Electrical bandwidth 8 GHz, 100 km per span. Open circlBs:= —2

ps/km/nm andP;,, = 5 mW, open triangles:D = —2 ps/km/nm and
P, = 10 mW, open squares? = —2 ps/km/nm andP,, = 15 mW, solid
circles:D = 2 ps/km/nm and?;, = 5 mW, solid trianglesD = 2 ps/km/nm
and P,,, = 10 mW, solid squaresD = 2 ps/km/nm andP;,, = 15 mW.
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V. CONCLUSION

In conclusion, a transfer matrix model has been devel-
oped to analyze the impact of nonlinearity on the ASE
noise for multispan fiber systems operating at nonzero dis-
persion. Excellent agreement between theory and experiment
assures that we have a good understanding of the mecha-
nism of MI and its impact in the performance of IMDD
optical transmission systems. Contrary to the conventional
notion that nonlinearity is always an impairment to system
performance, we show that for system operating at normal
dispersion, nonlinearity reduces the deleterious impact of
ASE noise when compared with linear propagation. This
improvement is achieved over a range of signal power level
and receiver bandwidth. However, in the anomalous disper-
sion regime, nonlinearity always degrades the system per-
formance when compared with linear propagation. Transmis-
sion at zero dispersion shows the same noise performance
as for the linear case, which agrees with previous works.
Dispersion compensation is an effective way to reduce the
effect of Ml and the optimum position of DC is discussed.
The DC efficiency is approximately 100% higher in the
lumped DC configuration than the distributed DC configura-
tion where dispersion is compensated for within each fiber
span.

Quantitative agreement between the theoretical and the
measured RIN spectra also suggests that it is an alternative way
to estimate the fiber parameters such as nonlinear coefficient
~ and dispersionD.
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