ik N A A SR A SRR
%ﬁﬁﬁv

Long-Distance DWDM/Subcarrier Multiplexed
Lightwave Systems and HFC Access Network
Architecture

Frad ol mwE

—_—

W R fog



N S WA SRR N R REERT
fe i B e B2

Long-Distance DWDM/Subcarrier Multiplexed
Lightwave Systems and HFC Access Network

Architecture
FrA o ime Student: Wei-Hung Chen
ih %?{j@: - H},’@E% K Advisor: Dr. Winston I. Way

A Dissertation
Submitted to the Institude of Communication Engineering
College of Electrical Engineering and Computer Science
National Chiao-Tung University
in
Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in
Communication Engineering

July 2004
Hsinchu, Taiwan, Republic of China

PooE xR 4 2 = & -



Lot N AP WA S g
k%ﬁﬁ%y

‘ié~
\‘*"
\%
fea
>
E“_
g

SRR L HE S SR N

RTINS Y =

T % B

GRS Tu‘\b 1> 5 PRk JFT L3 (SSBISCM) #: 53 £ 771 % (DWDM)
g if”fﬂrﬁ R (Metropolitan Optical Network ) fivpi' 7 {4 « ﬁﬂfﬁiﬂﬂ??ﬁﬁ [Fil—
PR BB R SRR IO - IR Pl CUTER
w0 B [ BRIV R U RHRESSEERE S Rl O~ 2 3
RN U - Rl g FT‘”TI/ FIHEELT > (5 (1) Mach-Zehnder &
P (2) ARl o e AR & (CSO ~ CTB) UG~ = - b
ELOTEITI T RS £ TSR IR R v T oS T  pAER
TERraEgse VP 43 (Cross-Phase Modulation ) P % sk )4 <[] #8 (Crosstalk )
i J%%ﬁ%ﬂ;ﬂbﬂf’? AR o PRI T SR W R R~ 53

TP AR (702 U BERERE2 « 1) AT IO
R o A O RS - R e 25 TR R e R
SSBISCM/DWDM 193 ]| o il [ 5 1L A [ o e vt POt -

Al B R RS o ST W2 A ST i
S SL R PR R RS I (HRC) JEEVARIE kg o1 RbRar o
o PR A R R e BRI R BT 2T pUE 22 B
FF GO ITU APRSAO R « 5300 %70 SRS 2 e BRI SR
S BT | SRR o LA R S SR 2T YA -
=91 P AR O Rkl Ml = I il 2 (et W e L I L AT 11 B R PRt



Long-Distance DWDM/Subcarrier Multiplexed
Lightwave Systems and HFC Access Network

Architecture

Student: Wei-Hung Chen Advisor: Dr. Winston . Way

Institute of Communication Engineering, National Chiao-Tung University
Abstract

In this dissertation, we investigate the applicability of single-sideband
subcarrier-multiplexed (SSB/SCM) technology combined with dense
wavelength-division-multiplexing (DWDM) scheme in the metropolitan optical network,
which requires significantly more bandwidth-efficiency and high capacity with high
granularity (protocol-and rate-independent at the same time) at low cost. To understand
the transmission limitation of the SSB/SCM signals,.we present a close-form analysis to
predict the Mach-Zehnder intensity: (MZl) modulator-induced composite triple beat (CTB),
and linear-fiber-dispersion-induced composite second-order (CSO) and CTB distortions.
To combine SSB/SCM with DWDM systems, analytical and numerical tools, which are not
constrained by any wavelength spacing and modulation frequencies, are used to analyze
cross-phase modulation (XPM) -induced crosstalk. All the analytical and numerical results
are verified by computer simulations. Several multichannel SSB/SCM/DWDM systems
with transport capacities of 10 or 20 Gb/s per wavelength, with a wavelength spacing of
25,50,100 GHz, are also studied in this dissertation to understand the fundamental

transmission limitations.

We also proposed an evolutionary hybrid-fiber-coax (HFC) network architecture, which
does not require DWDM in the beginning stage of adding narrowcast services, yet can be
eventually upgraded using multiple DWDM wavelengths with a large channel loading per

wavelength, is proposed and experimentally verified.
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Chapter 1 Introduction (Overview)

1.1 Metropolitan Network

Metropolitan optical networks are characterized by densely populated areas, a large number
of central offices, short distances between these interconnecting central offices, and lower
data rates than long distance networks (typically less than 2.5 Gbps). In metropolitan
networks, the traffic patterns change rapidly and require dynamic interconnections at these

numerous central offices.

Capacity constraints in metropolitan optical networks are becoming frequent and common
as data transmission consumes all* available “metropolitan fiber optical bandwidth.
Capacity demand is being driven -principally by the, growth of the Internet, home office
usage, e-commerce, and other broadband services. Moreover, enterprises that currently
access the WAN through T1 circuits will-require'DS-3 and OC-3 connections in the near
future in order to support virtual private networks and high-speed Internet access. Heavy
and unpredictable data traffic, a condition present in many metropolitan areas, is driving an
intense need for a metropolitan network solution that will optimize the installed fiber

infrastructure and provide flexible capacity cost-effectively.

1.2  Why using Subcarrier Multiplexing (SCM)?

Demand for more flexible capacity creation at lower cost is causing service providers to
look at alternative and complementary technologies to traditional time division multiplexing
(TDM) systems. Subcarrier multiplexing (SCM) provides an additional dimension of

multiplexing to increase the bandwidth-efficiency, overall capacity, and flexibility of optical
1



transport networks.

TDM is the other technology usually employed to increase capacity in metropolitan
networks. TDM equipment offers flexible add/drop multiplexing, remote management,
and performance monitoring. However, TDM solutions do not offer the level of
granularity required on the tributary inputs and outputs. In order to serve the OC-3 or
lower speed services required in the metropolitan market, OC-192 systems require external
multiplexers, which adds cost and consumes valuable space. Higher data rate TDM is
therefore not cost-effective in many metropolitan applications. Furthermore, TDM system
is not particularly scalable, since the common equipment high-speed components represent
high first cost. Finally, TDM dose not offer the protocol and data rate independence

obtained with DWDM technology.

SCM has been used in radio, satellite, and-hybrid-fiber coax (cable-TV, cable-modem, etc.)
applications at much lower data rates-.for many years, providing low-cost, highly
bandwidth-efficient physical-layer transport. SCM is a scheme where multiple
bandwidth-efficient modulated signals, translating to lower speed (and cost) electronics and
to an ability to transmit more information in a given bandwidth, are multiplexed in the
radio-frequency (RF) domain and transmitted by a single wavelength. For optical
modulation, a scheme of optical single sideband (OSSB) is used to eliminate the need for
chromatic dispersion compensation in all but long-distance optical networks. Such an
SCM system described above achieves the features desired for metropolitan networks. It
provides significantly more bandwidth-efficiency and high capacity with high granularity at
low cost. Significantly more bandwidth-efficiency and high capacity are attributed to the
combined technologies of SCM and OSSB in the system. Low cost is achieved by using

commercially available, standard components developed and proved for other high-volume
2



industries. In the meanwhile, multiple advanced Forward-error-correction (FEC) coding
algorithms were exploited so that performance comparable to or better than alternative
approaches can be achieved with similar power. The SCM channels can be
protocol-independent and rate-independent, since no synchronization is required among the
channels. Finally, SCM can be combined with TDM on the tributaries and DWDM on the

high-speed side to achieve even greater granularity and higher overall capacity.



Chapter 2 Multi-Channel Single-Sideband
SCM/DWDM Transmission Systems

In a conventional SCM transmission system, lower and upper subcarrier sidebands appear
on both sides of an optical carrier, and their phases tend to rotate with respect to each other
due to the chromatic dispersion in a standard single-mode fiber (SMF). At a certain
transmission distance, the two sidebands could be 180° out of phase, and after
down-conversion through a square-law photo-detector, the signal is cancelled out. This
kind of “fading” phenomenon could periodically occur at different transmission distances
along a fiber link.  Single sideband SCM (SSB/SCM) modulation eliminates the energy on
one side of the optical carrier, and consequently its chromatic dispersion tolerance is
significantly enhanced — limited only:by.the symbol rate of the individual subcarriers not by
the aggregate signal bandwidth while“an optical filter before the photodiode is adopted to
select a certain sub-channel; or the“usage of the-bandwidth is not limited any more by the
first-order RF power degradation while utilizing*broadband detection at the receiver end.
As a result, SSB/SCM has been used in wireless-optical fiber links operating at
millimeter-wave subcarriers to carry a narrowband signal, such as 51.8 Mb/s at 12 GHz
over 80 km of SMF [1], and 155 Mb/s at 38 GHz over 50 km of SMF [2]. SSB/SCM has
also been applied to a transmission system carrying multiple channels, for example, a
system with 70 channels of 6 MHz AM-VSB at 28 GHz over 23.8 km of SMF was studied
[3]. However, only simulation results were provided in [3], and no clear analytical

guideline was given.

In this chapter, we first study the fundamental transmission limitations in a single

wavelength, multi-channel SSB/SCM system. These include fiber dispersion-induced



second- and third-order nonlinear distortions, and the effect of self-phase modulation (SPM).
We then investigate whether DWDM can be used in combination with multi-channel
SSB/SCM modulation technique. Computer simulations, numerical calculations, and
fundamental analytical tools are provided to understand the effect of cross-phase
modulation (XPM) [4] and XPM-to-IM conversion via group velocity dispersion, for
various wavelength spacing and modulation frequencies. We also present a few metro
optical network case studies to understand the applicability of SSB/SCM/DWDM. Our
fundamental analysis and numerical calculations can be easily extended to multi-channel

wireless-optical fiber links.

2.1  System Configuration

Fig. 2.1 illustrates the basic SSB/SCM/DWDM system configuration. Multiple SCM
channels from digital modems at a single-intermediate frequency, with or without FEC
codecs, are frequency converted and-filtered to a series of equally spaced subcarrier
frequencies (fi, fo, ...fx). The subcarrier channels are then combined together, creating a
single composite RF signal consisting of k independent subcarrier channels.  Subsequently,
the composite RF signal is used to modulate an ITU wavelength via a dual-drive

Mach-Zehnder (MZ1) electro-optical modulator [1].

The composite modulating signal from an SCM block (see Fig. 2.1) was applied to both
electrodes of the MZI modulator, with a n/2 relative phase shift between the arms. A DC
bias sets the modulator at a quadrature point. Note that if a /2 phase shift cannot be met
over a wide frequency range, multiple phase shifters will have to be built. Thereafter, a
number of wavelengths (41, 42, ...An), each carrying plural single-sided SCM signals, are

combined by a conventional DWDM multiplexer onto the same fiber. At the receiving
5



terminal, these wavelengths are demultiplexed and a high-speed photo-detector converts the
composite SCM signals in a single wavelength back to their original RF frequencies. The
composite SCM signal is then separated into constituent signals by a sequence of electrical

frequency converters, filters, demodulators, and decoders.

2.2 Nonlinear Distortions In an SSB/SCM Transmission

System — Single Subcarrier Channel

2.2.1 Third Order Harmonic Due to MZI Modulator

The output electrical field of a differential dual-electrode MZI modulator can be written as

Eout = \E/% [COS(G)Ot + ¢1)+ COS(&)ot T ¢2 )] (21)
= \E/% [(cos ¢, +cosg, )-cosw, t — (sing, —sin ¢, )-sinw,t] (2.2)

where o, is the lightwave carrier angular frequency; E, and E_, are the input and

out

output electrical fields of the MZI modulator, respectively; ¢ and ¢, are the

voltage-induced phase shifts of the two arms of the MZI modulator, both of which can be
ﬂ-'vdc n ﬂ.'vac (t)
\Y

7,ac

represented in the form of

(where V_ are the voltages

C C

and V_,

x,dc

required at DC bias port and RF input ports, respectively, to cause a 180-degree phase shift

between the two interferometric arms). V. and V,_(t) are the DC bias voltage and RF
drive signal, respectively. The opposite signs of ¢ and ¢, in the two cosine terms of

(2.1) are attributed to the “differential” electrode configuration of the MZI modulator.



For SSB/SCM modulation, the RF signals at the two electrodes of a modulator must be a
Hilbert transform pair, which means that one of the two RF signals has to pass through a 90°
phase shifter. Furthermore, the modulator is DC biased at a quadrature point of the
nonlinear E/O transfer curve of the modulator to avoid second-order nonlinear distortions.
Therefore, if the modulator is modulated by cos(Qt), where Q is a modulating RF

frequency, ¢, and ¢, can be respectively represented as 7r/2+m-cos(Qt) and

m-sin(Qt), where m=7x-V, V.. is the root-mean-square optical modulation index

(RMS OMI). Note that m2/2 is the normalized electrical power of the subcarrier
channel at an RF input port of the MZI modulator. The output electrical field of the single

RF-frequency modulated optical signal can then be obtained by rewriting (2.1) as

out \/E

E = 5{{005(% +mcos Qtj +cos(msin Qt)} -COS @, t

—(sin[%+ mcoth]—sin(msin Qt)j-sin wot}

-5 2, mcof .0+ % - 20, -cosl, + )]

J2
23, (m)- {cos[(a)o +20)-t —ﬂ + COS|:(a)o ~20)t —%}}

+2J,(m)-cos|(w, —3Q)-t]

++/23,(m)- {005[(600 +4Q)-t+ ﬂ " COS{(G)O o +ﬂ}

—23,(m)-cos|(@, +5Q)-t] +- (2.3)

where we have used Bessel function expansion to obtain  (2.3), and J,(-) (k=1,2,3...) is

the Bessel function of the first kind, kth order. As expected, the electrical field is



composed of, in addition to the single-sided fundamental modulating frequency, an infinite
number of harmonics of the modulating frequency. The even harmonics are double-sided,
whereas the odd harmonics consist of alternative upper or lower sidebands at different

orders. Fig. 2.2 shows the optical spectrum of a single channel SSB/SCM signal.

If only transmission loss is considered, the detected photocurrent is given by

RylE. |
— R [Ep = #{Ji(m)—ZﬁJo(m)Jl(mycos[m—%j

+2+/2[3,(m)J, (m) - Jl(m)Jz(m)]-cos(SQt +%} +} (2.4)

where R is the photodiode responsivity, and 7 s the optical power attenuation. The
first term 9277|Em|2 Joz(m)/Z: PR is _the average photocurrent, and P, is the received

optical power. Note that the result containsrnoreven order harmonics, as can be seen in
(2.4). The third order harmonic distortion(HD3) due to the intrinsic nonlinear E/O
“cosine” transfer curve of an MZI modulator, while using SSB/SCM modulation without

considering fiber dispersions, is given by

34(M)3y(m) =3, (M), (m) |
3o(M)J;(m)

HD 355/ som mz1 = { (2.5)

2.2.2 Second and Third Order Harmonic Distortions due to Linear

Fiber Dispersion

Eq.(2.3) can be modified to include the effect of linear fiber dispersion in a transmission

link. The electrical field of an SSB/SCM signal after propagating through a SMF with a
8



length z is given by

_En . Z_8 7]- . o
Eouo _ﬁ{ﬁJo(m) cos{a)ot+ 1 ﬂwozj 2J,(m) cos[(a)0+§2)t ,b’%mz]

+/23,(m)- {cos[(a)0 +2Q)-t —%— ,mez} + cos[(a)0 -2Q)-t —%— ,H%mz}

+2J,(m)-cos|(w, —3Q)-t— ﬂ%_mz]

+\/§J4(m)-{c03[(a)o +4Q)-t +%—ﬁwo+4gz} + cos[(a)o ~4Q)-t +%—,B%_4Qz}}
—~235(m)-cos|(@, +5Q)-t— B, s02] +---| (2.6)

where £ is the propagation constant at a frequency @ ; which can be expanded around an

optical carrier frequency @, as

B = Bot Bi(0-0,) 4 f (00, @)

where the higher order dispersion terms are neglected. B, and £, denote the first and

second derivatives of the propagation constant with respect to the optical carrier frequency,

respectively. The propagation phase shift, £, z, for each optical subcarrier term is
different due to the change in the refractive index as a function of the frequency. The
SSB/SCM signal propagates in a fiber link with a group velocity 1/4,, and the fiber

dispersion D is related to the group velocity dispersion parameter S, by

D=—27zcﬂ2/;t2 where A is the operating wavelength and c the velocity of light in



vacuum.

According to (2.6), the detected photocurrent can be written as

| =R Epo| z%Ei”r{\]oz(m)—Z\/EJo(m)Jl(m)-cos(Qt—ﬂlﬂz—%ﬁZQZZ —%j
_43,(m)J, (m)sin[% B,(20)° zj .c0s(20t - ,(20)2)
+24/2C; - cos(SQt ~ B(30)z+ %j
~23/2¢, -sin(BQt— 5.(30)z +%j+--} (2.8)
where

C,=J,(m)J,(m) cos@ B, (3Q) zj +3,/(m)J, (m)cos@ B, 3Q22j

C,= Jo(m)J3(m)sin(%ﬂ2 (3Q)? z)— Jl(m)Jz(m)sin(%,BZB‘szj

Note that higher-order harmonics have been neglected in (2.8). Based on (2.8), we can see
that when SSB/SCM modulation is used and a fiber transmission link with a distance z is

considered, the normalized second and third order harmonic distortions are given by

2

Jz(m)sin(;ﬂ2 (ZQ)sz

HD2¢55/50m 0 = 2 3,(m) (2.9)
C’+C,’

HD 345550 0 :m (2.10)
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2.3 Nonlinear Distortions In an SSB/SCM Transmission

System — Multiple Subcarrier Channels

2.3.1 CTB Distortions Due to MZI Modulator

The derivations in Sec. 2.2 can be extended to the case of multiple subcarrier channels, i.e.,
¢ and ¢, in (2.1) can be replaced by r/2+m-> cos(t) and m->sin(Qt),
respectively, Q, is the radian carrier frequency of the subcarrier channel i, and all
channels have the same RMS OMI value, m.  Fig. 2.3 shows the optical spectrum of a 2-ch

SSB/SCM signal. The resultant SSB/SCM-modulation 3™ order nonlinear distortions

(NLDs) are summarized in Table 2.1.

It is well known that when the number of |subcartier channels is large, the dominant 3"

order NLD is the triple beat product, which is'expressed in decibels as

4
J; (m)
CTBsss/sem mz =10-log {4{m} 'NcTB} (2.12)
where Nz is the triple-beat product count at a particular subcarrier channel of interest,

whose center frequency Q, isequalto Q;+Q; +Q, .

2.3.2 CSO due to Linear Fiber Dispersion

The derivations in Sec. 2.2.2can be extended to the case of multiple subcarrier channels, and
we summarize the results of various 2" order NLDs in a transmission system using

conventional single-mode fiber with a length of z in Table 2.2.

11



The second order intermodulation distortion terms include two categories, IM., . and

1+

IM,_;, as a result of SSB/SCM modulation. The reason why the amplitudes of IM,,

i-jr
and IM,_;are different can be explained as follows. IM, ; results from two types of
beatings, i.e., ®, beats with [, +(Q, +Q,)] or [, —(Q,+Q,)]; while IM,_results
from three types of beatings, i.e., in addition to @, beating with| m, +(€,-Q,)] or

[a)o —(Ql—Qz)], there is a third contributing term from the beating between (@, -Q,)

and (o, -9Q,).

Note that IM,_; in Table 2.2 is not-only distortion frequency (€2, ) dependent, but also is

source frequency (€; and €;) dependent.

When the number of subcarrier channels is large, the dominant 2" order NLD is the

combination of IM,,; and IM,

J i_j» and is expressed in decibels as

CSOssp/50m,0 :10'|og{lMi+j : NQi+Qj=Qd + Z IMiJ} (2.12)

where Q; and €Q; should be arbitrarily chosen from the frequencies of multiple
subcarrier channels and N, ., o is the number of second order intermodulation

components whose source beating-frequencies satisfy Q; +Q; =Q,. On the other hand,

12



when the distortion is source beating-frequency dependent, the accumulation of the second
order intermodulation distortions should be rewritten as the summation form such as the

second term in (2.12).

2.3.3 CTB due to Linear Fiber Dispersion

The derivations on linear fiber dispersion-induced harmonic distortions in Sec. 2.2 can be

extended to third-order intermodulation distortions as follows:

M {Mm)

4

(C2%.., +C2% . 2.13
i+jtk Jo(m):| ( ]Lj,k |,j,k) ( )
where Cl,,, and C2, ., are given by (2.14a)+(214h) shown below (note that p in

these equations is again given by 1/2. 35+ 7):

Cliju = COSI:P'(Qi +Q, +Qk)2J—C05[P'(Qi2 — (€2 +Qk)2ﬂ

—eos| (2 =2 +)') |-cos| p- (2 - (@ +))")] o

C2,.,, =sin[ p-(@ +, +Qk)2]+sin[p-(Qi2 ~ (@, +Qk)z)}

+sin[p.(sz —(©, +Qk)2)}+sin[p-(gk2 —©, +Q,~)2)} (2.14b)
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C1i+j—k = _COS[,O'(Qi +Qj _Qk)z]_COS[P'(QiZ _(Qj _Qk)z):|

o (0700 a0 000

C2,,,., =sin[ p-(Q +Q, —Qk)2]+sin[p~(§2i2 ~(@, —Qk)z)}

(o 00 el (000

ClL_,, :—cos[p-(Qi -Q, +Qk)2]—cos[p-(£)i2—(—Qj +Qk)2)}

w0 -0 0] - om0 -0 ]

C2, 1, =sin[ p-(@ -, +Qk)2J+sin[p-(Qi2 “Co +Qk)z)}

sl p {0 @y oo ST 10 0]

Clifjfk :COS[,O'(Qi _Qj —Qk)z}_cos[p.(giz _(_Qj _Qk)z):|

(0] -01-0 e 0 -0 -0

C2, . =sin[ p-(@ -, —Qk)2]+sin[p-(gi2 ~(-Q, —Qk)z)}

{0700 p {000
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We can write the composite triple beat (CTB) in decibel as:
CTBSSB/SCM,D :1O'|Og[ Z IMi+j+k] (2-15)
Q00 =0,

where Q;, Qj;and €, could be chosen arbitrarily from the frequencies of multiple

subcarrier channels and €, is the distortion frequency.

2.3.4 Theoretical Predictions and Simulation Results

Computer simulations were carried out to verify. the analytical results derived in Sec. 2.3.1
to 2.3.3, and the results are given below. Note that we used a time window (the reciprocal
of "frequency resolution™) of 128/155e6:sec;-7and .a- sample rate of 8x64x155e6 Hz

(79.36GH2).

To verify the results derived in Sec. 2.3.1 and 2.3.2, we used 64 channels of QPSK signals
in the frequency range from 0.93 to 12.648 GHz. RMS OMI per channel was assumed to
be 4%. Each QPSK signal has a symbol rate of 155 Msps and an excess bandwidth factor
of 0.2; and the channel spacing is 186 MHz (1.2x155 MHz). Bit-streams among those 64

channels were assumed to be uncorrelated.

To study the fundamental nonlinear distortions due to intrinsic MZ modulator nonlinearity
and fiber dispersion, thermal and shot noise are not taken into account. At the receiver end,

noise-to-signal ratio (NSR) is measured to estimate the impact of NLDs. CW
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RF/microwave tones are used to represent the modulated signals [5].

Two cases were studied: back-to-back and 80 km SMF transmission (with a fiber dispersion
of 17 ps/nm/km at 1.55 um). In both cases, after all subcarrier channels were converted to
electrical signals by a photodiode, one of the 64 channels was sampled and electrically
filtered to measure its NSR performance. The sampled channel should be turned off while
measuring the total noise-like NLD in its bandwidth. Since different orders of NLD
falling into a particular channel cannot be separated in the simulation, we need to know the
dominant NLD in each case — for the case of back-to-back, the dominant NLD is CTB due
to MZI modulator, and it is the fundamental system limit even when all fiber dispersions are

compensated; for the case of 80 km transmission, the dominant NLD is CSO.

Fig. 2.4 shows the frequency distribution of the resultant:NSR for transmission lengths of 0
and 80 km, respectively. In the case of O-km,-the simulation result agrees well with the
analytical CTB approximation obtained from (2.11).-  However, in the case of 80 km SMF
fiber transmission, although the simulation result agrees quite well with the analytical CSO
approximation obtained from (2.12) in most cases, there does exist some large discrepancy
at those frequencies close to dips. This is because at those dips, CTBs due to linear fiber

dispersion are not negligible.

Note that in general CSO is proportional to m* while CTB is proportional to m*, as can be

observed from Egs. (2.11) and (2.12) by letting J,(m)~1, J,(m)~m, J,(m)~m?/2

and J,(m)ocm® for RMS OMI/ch << 1. Therefore, in a multi-channel, dispersive system

with small RMS OMI/ch, CSOs are the dominant nonlinear terms.
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Fig. 2.5 shows the linear fiber dispersion-induced CSO as a function of transmission
distance. At an OMI/ch of 4%, the CSO in channel 32 (dashed line) first monotonously
increases with transmission distance until at about 50 km and then fluctuates around ~ -14

dB with a peak-to-peak variation of ~ 2.5 dB. This phenomenon may be explained from

IM,_; in (2.12), where each contribution has distance-dependent cosine or sine terms and

with different period along the transmission distance z. The solid line in Fig. 2.5
represents the CSO in a worst-case channel at different distances. Note that the worst-case
channel is not a fixed channel, rather, it is distance-dependent, i.e., for each distance, the
worst CSO may occur in different channels. It can be seen that the worst-case CSO

increases with distance initially, but saturates at ~ -10 dB beyond about 100 km.

It is of interest to compare SSB/SCM systemito a’'conventional SCM system, in which two
sidebands exist on each side of an optical carrier.. The transmission distance of the latter is
known to be bounded by the dispersion-limited-bandwidth [6], rather than by CSOs. The
limited transmission bandwidth is caused by the'periodic cancellation of the two sidebands.
For example, when a conventional SCM system has the same maximum microwave
subcarrier frequency of 12.648 GHz as the current SSB/SCM system, its transmission

distance is limited to only ~ 23 km.

To verify the results derived in Sec. 2.3.3, a computer simulation on fiber
dispersion-induced CTB was carried out for the case of 32 16-QAM signals between 6.882
and 12.648 GHz (within an octave), with an RMS OMI per channel of 1.8%. Fig. 2.6
shows the frequency distribution of the calculated and simulated NSR for transmission
lengths of 0, 30 and 80 km, respectively. In the case of 0 km, the dominant NLD is the

intrinsic MZI-induced CTB (see (2.11)). However, with fiber transmissions, the dominant
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NLD becomes the fiber dispersion-induced CTB. It is clear that the simulation results
agree well with the analytical CTB given in (2.15). Note the dispersion-induced CTB at
30 km is more severe than that at 80 km. This is because the dispersion-induced CTBs
oscillate around the MZI-induced CTB, as shown in Fig. 2.7, and is due to the cosine and

sine terms in (2.14a)-(2.14h).

Fig. 2.7 shows the linear fiber dispersion-induced CTB as a function of transmission
distance. The intrinsic MZI-induced CTB of channel 16 (dotted line) obtained from (2.11)
is shown as a distance-independent baseline. It is shown that the CTB in channel 16
(dashed line) irregularly oscillates around the baseline, and the deviation from the baseline
becomes smaller as the distance increases. This may be attributed to the
distance-dependent cosine and sine terms in (2.14a)-(2.14h). Note that the worst-case
CTB which occurs in channel 16 has a maximum' value of ~ -45 dB after a fiber
transmission of ~ 30 km. Furthermore, the_-worst-case CTB approaches the baseline
beyond a certain distance, i.e., 150 km'in the current QAM/SSB/SCM system. This result
has an important implication to future metro and wireless optical networks in that the
transmission distance of a high-capacity SSB/SCM system can be essentially

distance-independent, provided that all SCM channels can be kept within one octave.

2.4  SPM-Induced Impairment

The effects of SPM in an SSB/SCM system include (1) SPM-induced subcarrier amplitude
fluctuation which varies among multiple modulation frequencies (considering a fixed
distance); (2) SPM and chromatic dispersion induced residual optical single sideband [14];
and (3) SPM-induced nonlinear distortions.  We have found that the third factor is

negligible when compared with the nonlinear distortions caused by linear fiber dispersion
18



and nonlinear cross-phase modulation (in the case of multiple wavelengths). The first and
second factors can also be ignored if we limit the launched power per wavelength to below
~ 6 dBm, which gives a subcarrier to subcarrier amplitude variation of less than 1 dB [14],

[19].

2.5 DWDM Configuration — XPM Limitations

In this section, the effect of XPM on SSB/SCM/DWDM optical fiber links is investigated
theoretically and numerically. A generalized theoretical model of crosstalk (XT) induced
by an arbitrary number of wavelength channels through XPM is derived, and is verified by

computer simulations.

2.5.1 XPM-induced XT Considering Two Wavelengths

Here we generalize the analysis presented:in [7}-and.[8] to obtain the results for SSB/SCM
systems. Note that the small-signal perturbation approach shown in [4] cannot be applied
to subcarrier frequencies higher than about 1 GHz, and is not applicable to the microwave
SSB/SCM system under consideration. We first consider a CW probe wavelength and a
modulated pump wavelength with the same polarization co-propagating in a single-mode
optical fiber. At the fiber input, the expression for a sine-modulated pump channel is

given by

P.(t)=mP,(0)-cos(Qt + ), (input pump)

whose complex amplitude is given by P,(2)=mP,(0)-e!’, where P,(0) is the average

pump power at the fiber input. The change of the pump signal power due to both GVD
19



and fiber nonlinearity can modulate the phase of a probe channel through XPM. Let us
assume the normalized complex amplitude of the pump signal at a distance z can be

expressed as [8]

P, (2,Q)=P,(Q)-H, (2,Q)-e e ™", (pump at a distance z)

—jQz/

where e e "*"* accounts for the attenuation and propagation delay at a distance z from

the fiber input. Note that v, and « are the group velocity and attenuation coefficient,

respectively. The function H FX(z,Q) (x = p for a pump channel, and x = b for a probe
channel) is defined as the ratio between the intensity modulation at the fiber output (at a
distance z) and fiber input (z = 0) [9], and is called, the intensity modulation-fiber transfer
function (IM-FTF), which takes into account, the. interaction of fiber nonlinearity and

dispersion.  To separate the effect of “IM-IM" and PM-IM conversions, we can

expressH, (z,Q) as [9]-[15],

H F, (Z’Q): CIM—IM (Z’Q)"' Hou (Q)'CPM—WI (Z’Q)

where  C,, (Z,Q):ﬁN(z,Q)/ﬁN(O,qu;(OQ)ZO is a conversion function representing

iS a conversion
P (0.02)=0

IM-IMconversion, Cpy_y (2,Q)= f)N(z,Q)/[Zﬁ(O)-&(O,Q)]

function representing PM-IM conversion, and H,,, (Q)=2P(0)-4(0,2)/P, (0,Q) gives
the relation between IM and PM for a given optical transmitter. Note that p, (z,Q) and

gZ(z,Q) are the Fourier transforms of the normalized signal power and phase terms

Py (z,t) and ¢(zt) (normalized by P(0)) of the pump channel (or probe channel),
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respectively.

In a directly modulated semiconductor laser [10]-[12], H.,, (Q)=a (1~ j f./f), where

a, 1s the chirp parameter and f_ is the frequency at which the adiabatic chirp equals to

c

the transient chirp. In an externally modulated IM-DD system [15], H,, (Q):a . In

c

an SSB/SCM modulation system with ideal dual-electrode MZI modulator [14], i.e., the
case we are interested in, H,, (Q):ij (+ ] represents optical lower side band (LSB),

whereas —j represents optical upper side band (USB)).

For a given H,,(Q), one can numerically solve C,, ., (2,Q), Cp,_n(2.Q) and

HFX(Z,Q) (by using the fourth-fifth-order Runge-Kutta method) from the following

coupled linear differential equations, which depicts:the evolution of small-signal power
P, (2,Q) and phase #(z,Q2) along astransmission link by considering both GVD and fiber

nonlinearities [16]:

Pul20)_ 4 0:(0) 3(z.0) 216)
04(z2.Q)_ [p0* ]
P 45(0)+7/ exp(-az) |- Py (2.Q) (2.17)

where £, is the first-order group velocity dispersion parameter presented in section 2.2,

y= 27zn2/(/1Aeff ) is the nonlinearity coefficient accounting for the nonlinear Kerr effect, n,

is the nonlinear refractive index, and A,; the effective core area of the optical fiber.
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Once HFp(z,Q) is obtained, the XPM-induced complex sinusoidal PM in the probe

channel (originated in an infinitesimal section of length dz at a distance z from the fiber

input) is given by [8]

dden (2.Q)=-27,P, (Q)-Hg, (2,Q)-e7%e ™""»dz  (XPM-induced PM in a probe

channel), (2.18)

where y, isthe nonlinear coupling coefficient of a probe channel.

XPM-induced PM in a probe channel is converted to IM at the output of a transmission link
through PM-IM conversion. The taotal XPM-induced.IM of a probe channel at the output

of a transmission link with a lengthzL is-given by
~ L . s ~2)Ivg ~
PXPM (Z’Q) = J.o 2Pb (Z) eia(l:z)e ol 'CPM—IM,b(L - Z’Q)' d¢XPM (Z’Q) (PM'tO'IM

induced IM in a probe channel), (2.19)

where P,(z)=P,(0)-e™ is the average power of the probe channel at a distance z, and

P.(0) is the average power of a probe channel at the fiber input; e (-2 2"

represents the attenuation and propagation delay of the probe channel from z to L; and

CPM—IM,b(L - z,Q) is the PM-IM conversion of the probe channel from z to L.

Substituting Egs. (2.18) into (2.19) yields
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P (Q) =—4y,R, (O) P

p

(Q)-e7e 1w

L
-IO exp(—o0z)-He, (2,Q)-Coy_iyp (L—2,Q)-dz (2.20)
. 1 1 A .
where o =a-jQd,, and d, =(v,,) —(vgp) :L D(4)dA is the walk-off parameter
between pump and probe wavelengths. In a non-zero dispersion region,
dy, = Dy A4, =S, -(A/Ibp)z, where A4, =4, -4, is the separation between probe and

pump wavelengths, and S, = dD/d/1|ﬂb is the dispersion slope of the probe channel.

Note thatH, (z,Q) in (2.20), instead of heing numerically obtained via (2.16) and (2.17),

can possibly be approximated by wusing a closed-form: obtained from a linear dispersive
system.  In the next Section, we will point-out the limitation of this approach, despite that
it could save significant computing “time and help-us gain more physical insights. The

IM-IM and PM-IM conversions of a pump channel can be expressed by [9]

Coume,(z.Q)=c0s(©,2) and  Cpy_,(z,Q)=-sin(@©,2) , respectively, where

®,=0*D, 4, /(4zc) with D, being the dispersion coefficient of the pump channel.
Consequently, the IM-FTF of a pump channel is given by a simplified expression:

He, (2.Q) =cos(©,2) - H,, (Q)-sin(©,2).

In an USB/SCM system, H. (z,Q)=Hg, . (2,Q)=cos(®,z)+-sin(®,z) and

CPM_,M‘b(L—z,Q):—sin[Gb(L—z)] can be used in (2.20) to obtain a closed-form

solution as
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Prowi uss () = 47,R, (0) Isp (Q) R Sl

{( _@1)2 5 2[(a—j®p)-sin(®bL)—®b-cos(@bL)Jer-e(”’GP)L]} (2.21)
o—] p +0,

For an LSB/SCM system, the result in (2.21) can be modified by replacing j©, with

-j®._ . The XT induced by XPM in a probe channel is given by

p

XT o :‘PXPM (Q)/(Pp(Q).e‘“le,where P,(Q2) is the complex amplitude of a pump

channel.

(2.21) shows that the strength of the"XPM-induced power fluctuation in a probe channel
depends on the average power of the pump and-probe channels, the modulation frequency
Q, the walk-off and dispersion parameters. " (2.21) also shows that in general the major
contribution to the XPM-induced XT is generated in the front part of the fiber as a result of

the optical power attenuation e-. (2.21) further shows that only when there is a local

zero fiber dispersion at the probe wavelength (i.e., ®, =0) can the XPM-induced XT be

eliminated.

If we rewrite the term o —jO in(2.21)as a-— j(dep i@)p), we can see that when ©

and the walk-off parameter Qd,, have the same sign, ® increases the walk-off; whereas
when they have different signs, ®, decreases the walk-off. It is interesting to see that

the phase change effect due to GVD in SSB/SCM modulation is significantly comparable to
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the walk-off effect at a small channel separation and at a high modulation frequency. This

Q/o,

can be easily observed from the ratio of ® and Qd, , givenb
y p bp g y ZA/’ibp/lp

, Where w,

is the optical angular frequency of the pump channel. For example, when the wavelength

separation is 0.2 nm and the modulation frequency is 1 GHz, the ratio of ® , and Qd,, is

about 1/50, and therefore ® is negligible. Following the same logic, this is also true

when the channel spacing is more than 0.2 nm. However, when the modulation frequency

is increased to > ~10 GHz, ®, becomes comparable to Qd,, and cannot be neglected.

From the above discussion, it is possible to further simplify (2.21) by letting ®, =0 when
the WDM channel spacing is larger than 0.2.-nm-and when the RF modulation frequency is
lower than a few GHz. Under this condition; we have- H., (z,Q)~1, cos(®,L)~1, and
sin(®,L)~Q2D,,’L/(47c). Consequently, XT based on (2.21) can be approximated as

[4], [8]

(2.22)

It can be seen from (2.22) that for a weak walk-off and small modulation frequencies,

‘Qddp‘ <<a, the XPM-induced XT increases linearly with Q*; while for a strong walk-off

and higher modulation frequencies, |Qd,|>>a , the XPM-induced XT is linearly

proportional to Q?, and inversely proportional to the square of channel spacing. Also
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note that XPM-induced XT is independent of OMI/ch.

Under the conditions of large wavelength spacing and small modulation frequencies, both
an SSB/SCM system and a dispersion-compensated optical double sideband (ODSB)

system have neither dispersion-induced fading nor pump envelope change, i.e.,

‘HFp(z,Q)‘:l (note that an ODSB system without dispersion compensation has
He, (z.Q)=cos(®,z) ). It should be noted, however, that in an SSB/SCM
system H, (2,Q)=cos(©,z)+ j-sin(©,z) =exp(+j©,z) (+: USB; —: LSB), hence
‘HFp(z,Q)‘:l does not imply ©,=0.  Consequently, the assumption of ®, =0 may

cause errors, which we will discuss subsequently.

2.5.2 Multiple Wavelengths

(2.18) can be easily extended to ‘cases when there are more than two wavelengths
co-propagating in a fiber link. In those cases, each pump wavelength k modulates the
phase of a probe wavelength independently [17], [18] and therefore (2.18) can be modified

as

Ay, total (Z, Q) =-2y, {Z P (Q) He (Z, Q) L@ I Ve } e %z (2.23)

kb

where P, (Q2) and H, (z,Q) are the complex amplitude and the IM-FTF of pump channel

k, respectively. The total power fluctuation induced by XPM in a probe channel at the

output of a fiber link can be written as Py o () =D Py o () Wwith each individual
kb

26



~

Pyom ok (Q) given by (2.20) or (2.21). When random phase relationship of the modulating

signals in each wavelength is assumed, the total XPM-induced XT in a probe channel can

be expressed by

(2.24)

stpwl bk (Q)/( ~b (Q)‘e_aL)

XTyom jtotal — z

kb

2.5.3 Transmission Link Performance due to XPM: Simulation,

Numerical, and Theoretical Results

To validate the theoretical results on XPM-induced XT, we carried out numerical
calculations and computer simulations onsaisystem with parameters shown in Table 2.3.
The system is a 64-channel 155 Msps QPSK USB/SCM.transmission system over 80 km of

conventional SMF, and has a theoretical transport capacity of 20 Gbps per wavelength.

1) Two Wavelengths: Assuming a pump  wavelength is modulated by 64-channel
QPSK signals occupying a frequency range beyond an octave, the distribution of XT at
different RF frequencies in a co-propagating probe wavelength is shown in Fig. 2.8.

Three average optical power levels per wavelength were studied: 0, 6 and 10 dBm.

Simulation results are shown by circles (A4,,= -0.2 nm, i.e., 4,-4,=-0.2 nm) or

triangles (A4,, = +0.2 nm, but only for input power of 0 dBm per wavelength). Note

that in the simulation, the digital modulation data among different RF channels were
carefully kept independent. Also, we used a time window of 128/155e6 sec, and a

sample rate of 8x8x64x155e6 Hz (634.88 GHz).
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Numerical results obtained from (2.20) and the coupled nonlinear Schrédinger

equations (2.16) and (2.17) are shown by solid lines.

Theoretical results obtained from (2.21) (®, #0, dotted line; and ® = 0, dashed line)

are also shown in Fig. 2.8.

Several observations from Fig. 2.8 are summarized below:

® The numerical results show an excellent agreement with those of simulations,
even in the case of a high optical power level of 10 dBm per wavelength. In

general, The XT is nearly groportional to, Q*. at low modulation frequencies, and

nearly proportional to the:square of E(O) as predicted by (2.22).

Theoretical results based on (2.21) (®, #0) agree very well with simulation

results (within ~2 dB).  The ~2 dB discrepancy occurs only at the case of 10
dBm/A with a modulation frequency > ~8 GHz. This discrepancy may be
attributed to two factors. The first is that at a very high input power per

wavelength, the linear-system-approximated IM-FTF
He, (2,Q)=cos(©,z)+ j-sin(®,z) is no longer valid. This is because the
interaction between SPM and chromatic dispersion could generate a second
residual optical single-sideband [14], causing two optical sidebands to interfere

with each other at the receiver. The second is that a high input power could

cause enhanced IM-IM and PM-IM conversions, and in addition, the
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fading-induced dip frequency could shift toward slightly higher frequencies [13],
[14], [19].

The theoretical approximation based on (2.21) (®,= 0) is seen to cause more
errors in the higher modulation frequency range when compared to the more exact

theoretical estimation based on ®  #0.
At a launched power of 0 dBm per wavelength, the XT of A, = -0.2 nm is

always greater than that of A4, = +0.2 nm by up to ~5 dB. The difference is

more pronounced at higher modulation frequencies. This confirms what we said
earlier about the pump phase change along the fiber (caused by the combined
effects of SSB/SCM modulation, and GVD) could enhance or mitigate the

walk-off effect. Since we used TWSBISCM. here, the walk-off effect will be

affected via o — j(dep +®p) (see (2.21)). Considering 1550 nm wavelength
propagating in a conventional. SMF, the dispersion is positive, and therefore O
is positive. Consequently, a negative A4, (€Qd, < 0) will generate more

XPM-induced XT than a positive A4, (Qd,, > 0), because the latter enhances

the walk-off effect.

The CNR requirement of a QPSK signal is 17 and 20 dB in theory and practice,
respectively. Therefore, the power level per wavelength should be kept below
~3 dBm in this transmission system.

A dip frequency occurs at somewhere between 9.6 to 9.8 GHz under different

conditions. This is due to the fact that PM-IM conversion vanishes around 9.6

GHz for a SMF fiber length of 80 km, ie, Oyz=nzr in
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2.6

Com_m (2,Q)=-sin(©,z), and therefore the XT performance is improved.

2) Four Wavelengths: Fig. 2.9 shows the XPM-induced XT due to four adjacent
wavelengths (spaced at 25, 50, or 100 GHz) for the system given in Table 2.3. The
average optical power per wavelength is 6 dBm. The probe channel is located at the
center (4, in the inset of Fig. 2.9).  Simulation results are shown in circles, numerical
results (using (2.16), (2.17) (2.20) and (2.24)) are shown in solid lines, and theoretical
results (using (2.21) and (2.24)) are shown in dotted lines. The followings can be

observed in Fig. 2.9:

® All results from simulations, numerical_calculations, and theory match very well.
However, it should be noted. thatwat higher. power levels (e.g., 10 dBm), the
influence of fiber nonlinearity on the PM-IM conversion becomes non-negligible
and the small-signal analysis results-used to derive (2.21) may no longer be valid.
® The XT is nearly inversely proportional to the square of wavelength separation for

moderate to high frequencies, as predicted by (2.22).

® It can be predicted that the XT estimates based on either ® ,#0 or ®,=0 (not

shown in figure) will have a negligible difference (within 1 dB for 0.2 nm
wavelength separation). This is because, from the viewpoint of a central probe
channel, that the mitigated or enhanced XTs due to left- or right-hand side

neighbor channels are averaged out.

Complete System Performance Considering All Transmission

Impairments
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In this section, we shall include all possible transmission impairments, in addition to the
XPM-induced XT described in the last section. These impairments include receiver
thermal noise, signal-spontaneous and spontaneous-spontaneous beat noise due to optical
amplifiers, shot noise, and linear fiber dispersion induced nonlinear distortions (CSOs and
CTBs which were discussed in Sec. 2.3). Note that in the 64 channels QPSK system
example shown in Table 2.3, only CSOs need to be considered in the transmission system
when OMI per channel is <<1 (this is because CSO ~ m? and CTB ~ m*). However, if we
consider a system with modulation frequencies distributed within an octave, e.g.,
32-channel 155 Msps 16-QAM or QPSK equally distributed between 6.882 and 12.648
GHz, then only CTB needs to be considered. As we will see, keeping all modulation
channels within an octave is a way to achieve high capacity, long distance transmission

without dispersion compensation.

We used an EDFA pre-amplifier in the.system-so. that the receiver thermal noise is not
dominant [20]. The pre-amplifier has an.unsaturated gain of 30 dB, a 3-dB saturation

output power of 10 dBm, and a noise figure of 5 dB.

1) 64 channels of QPSK: Four wavelengths, each carrying the same 64-channel QPSK
signals (see Table 2.3), are considered in an 80 km transmission system. No dispersion

compensation is used. The probe wavelength again is A;.

Fig. 2.10 shows the theoretical results of the worst-case noise-to-signal-ratio (NSR)
(the worst among 64 subcarrier channels) as a function of RMS OMl/ch. Note that in
the case of four wavelengths, the worst-case channel frequency depends on the
combination of CSO and XPM-induced XT. The dashed line represents the NSR

caused by linear fiber dispersion-induced CSOs, which was obtained from (2.12). It
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shows that the NSR is proportional to the square of RMS OMI/ch. Due to this
linear-dispersion-limited NSR, we must have a low OMl/ch in order to obtain a low
NSR, e.g., OMl/ch less than 1.5% to obtain NSR < -20 dB. However, to reach a long
transmission distance with such a small OMI/ch, the launched optical power per
wavelength has to be high. When there is only a single wavelength, we see from the
three dotted lines in Fig. 2.10 that the launched optical power has to be as high as 10
dBm so that NSR can reach its best value of —20 dB to meat the requirement of a
QPSK signal. We also notice that there is an optimum OMI/ch, i.e., 2.2%, 1.6%, and
1.1%, for the three power levels, respectively. When the OMl/ch is low, e.g., lower
than 1%, the dominant noise is the signal-spontaneous beat noise, which is linearly
proportional to the signal power. When the OMI/ch is high, e.g., higher than 2%, the

dominant noise is the linear-dispersion-induced CSO.

In the case of four wavelengths,: XPM-induced “XT has to be included, and the
theoretical results based on (2.21) and.(2.24) are shown by solid lines in Fig. 2.10.
Note that the wavelength separation is 50GHz, and the probe wavelength is at the
center of the four wavelengths, i.e., 4,. As shown in (2.20), XPM-induced XT is
proportional to the square of optical power per wavelength, thus a 10 dBm input power
per wavelength causes a significant degradation to the single-wavelength NSR.
When the input optical power is -2 dBm per wavelength, the theoretical results are the
same for both single and four wavelengths. This is because the XPM-induced XT is
negligible when compared to the combination of fiber dispersion-induced CSOs and
signal-spontaneous beat noise. When the input power is 4 dBm per wavelength, the

NSR is only slightly degraded by the XPM-induced XTs.

Fig. 2.11 shows the distribution of NSR in all the RF channels (OMI/ch= 1.8%) given
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in Table 2.3, when there are four equal-power wavelengths with per wavelength power
of -2, 4, or 10 dBm and a channel spacing of 50 GHz. The theoretical results (dotted
lines) are based on (2.12), (2.21), (2.24) and various receiver noise terms. Again, the
NSR limited by the linear fiber dispersion-induced CSOs (see Eq.(2.12)) serves as the
fundamental limitation of the given transmission system despite of the wavelength
power level. We see from Fig. 2.11 that it is impossible for all QPSK channels to
reach the minimum practical requirement of —20 dB NSR after 80 km of transmission
without dispersion compensation, unless a forward error correction (FEC) coding gain

is available.

Also shown in the figure are the simulation (circle) and numerical (solid line) results,
which exhibit excellent agreement over the entire frequency range of the subcarrier
channels for all optical powers. . Theoretical results at 10 dBm, however, show slight
discrepancy (~2 dB) from- the.-simulation /results. This is because the
high-power-induced fiber nonlinearity.. affects the applicability of the linear-system
IM-FTF, as was discussed in section 2.5.1.  When the input power per wavelength is 4
dBm, we can see in Fig. 2.11 that the worst-channel NSR is about —16 dB, and is

consistent with what was presented in Fig. 2.10.

Table 2.4 summarizes the theoretical results based on the optimum input optical power
per wavelength, RMS OMI/ch and the corresponding worst-case NSR for a wavelength
spacing of 25, 50 and 100 GHz, respectively. It can be seen that the wider the
wavelength spacing, the higher input optical power per wavelength can be launched
into the system, the lower OMI per channel can be used, and a better NSR performance

can be obtained.
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The coding gains required to reach a BER of 1072 in practice for all wavelength
spacings are also shown. These coding gains should be within the reach of
conventional Reed-Solomen FEC codecs. For longer transmission distance, more
optical amplifier-induced noise will have to be added (even though CSO is already
close to its highest value, similar to what was shown in Fig. 2.5), and the coding gain
may not be enough to cope with this additional noise due to longer transmission.
Setting the total modulation bandwidth to within an octave may be a good solution to

this problem. The following example confirms the feasibility of this approach.

2) 32 channels of 16-QAM or QPSK: Four wavelengths, each carrying 32-channel
155 Msps 16-QAM (or QPSK) signals equally distributed between 6.882 and 12.648
GHz, are considered in an 80 kmi-transmission system. No dispersion compensation

isused. The probe wavelength again is | 4,.

Fig. 2.12 shows the theoretical results.of the worst-case NSR as a function of RMS
OMl/ch. The dashed line represents the NSR caused by linear fiber
dispersion-induced third order nonlinear distortions, which were obtained from (2.15).
It shows that the NSR is proportional to m*. It is obvious that we can now work in a
region with much higher OMI/ch than that in Fig. 2.10. To reach an NSR < -27 dB
for practical 16-QAM signals without coding gain, OMI/ch needs to be less than 6.5%.
When there is only a single wavelength, we see from the three dotted lines in Fig. 2.12
(for a launched power of -6, 0, and 6 dBm per wavelength) that the launched optical
power has to be as high as 6 dBm such that NSR can reach its best value of —29 dB to
meet the requirement of a 16-QAM signal. We also notice that there is an optimum
OMl/ch, i.e., 7.1%, 5.6%, and 4.5%, for the three power levels, respectively. When

the OMl/ch is low, e.g., lower than 4%, the dominant noise is the signal-spontaneous
34



beat noise, which is linearly proportional to the signal power. When the OMI/ch is

high, e.g., higher than 7%, the dominant noise is the linear-dispersion-induced CTB.

In the case of four wavelengths, XPM-induced XT is included, and the theoretical
results based on (2.21) and (2.24) are shown by solid lines in Fig. 2.12. We can
observe: (1) when the input optical power is as low as -6dBm per wavelength, the
theoretical results are the same for both cases of single and four wavelengths, because
the XPM-induced XT is negligible; (2) when the input optical power is as high as 6
dBm per wavelength, the XPM-induced XT degrades the single-wavelength NSR
severely; and (3) when the input power is 0 dBm per wavelength, the NSR is only

slightly degraded by the XPM-induced XTs.

Fig. 2.13 shows the distribution of NSR in-all the RF channels (OMI/ch= 5.5%), when
there are four equal-power wavelengths-with-per wavelength power of -6, 0, or 6 dBm
and a channel spacing of 50 GHz. The theoretical results (dotted lines) are based on
(2.15), (2.21), (2.24) and additive receiver noise terms. The NSR limited by the
linear fiber dispersion-induced CTBs (see Eq.(2.15)) serves as the fundamental
limitation of the transmission system, which gives a NSR limit of about —30 dB after
80 km transmission. If we carefully choose 0 dBm as the per wavelength power level
to avoid XPM-induced XT, the resultant NSR is about —24 dB and is limited by the
amplifier signal-spontaneous beat noise. This NSR is more than sufficient for QPSK

signals, but requires > 3 dB FEC gain for 16-QAM signals.

Also shown in the figure are the simulation (circle) and numerical (solid line) results,
which exhibit excellent agreement over the entire frequency range of the subcarrier

channels for all optical powers. Theoretical results at 6 dBm, however, show slight
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discrepancy (~1 dB) from the simulation results because of the accuracy of the
theoretical prediction of XPM-induced XT due to high-power-induced fiber
nonlinearity. When the input power per wavelength is 0 dBm, we can see in Fig. 2.13
that the worst-channel NSR is about —24 dB, and is consistent with what was presented

in Fig. 2.12.

Table 2.5 summarizes the theoretical results based on optimum input optical power per
wavelength, RMS OMI/ch and the corresponding worst-case NSR for a wavelength
spacing of 25, 50 and 100 GHz, respectively. It can be seen that the wider the
wavelength spacing, the higher input optical power per wavelength can be launched
into the system, the lower OMI/ch can be used, and a better NSR performance can be
obtained. Also note that the warst-channel NSR can get 7.7 to 8.5 dB improvement
than those given in Table 2.4. _This implies that-we can comfortably increase the
constellation to 16-QAM, while maintaining-the same system capacity (20 Gbps) and
transmission distance. On the other-hand,.if we decrease the transmission capacity to
10 Gbps by using 32 channels of 155 Msps QPSK within an octave, we can obtain a
much longer transmission distance than 80 km because now the main system limitation
comes from amplifier signal-spontaneous beat noise, just as in conventional

transmission systems.

2.7 Summary

We have investigated the fundamental linear and nonlinear system limitations of
multi-channel SSB/SCM/DWDM systems through theoretical analysis, numerical
calculations, and computer simulations. We have presented general analytical tools which

can be used in either wireless or metro optical systems which transport multiple SSB/SCM
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narrowband digital signals on a single or multiple wavelengths. These analytical tools
include: Eq.(2.11) and Table 2.1 for MZI modulator-induced CTB; Eq.(2.12) and Table
2.2 for CSOs caused by linear fiber dispersion; EQs.(2.13)-(2.15) for CTBs caused by
linear fiber dispersion; Egs. (2.21)-(2.24) for XPM-induced XT. To predict XPM-induced
XT precisely and without the limitation of wavelength spacing or modulation frequency

range, Eq.(2.20) was derived for numerical calculations.

Through case studies of 64 or 32 channels of 155 Msps n-QAM signals, we discovered the

following system considerations for SSB/SCM/DWDM transmissions:

(1) The MZI modulator nonlinear transfer curve-induced CTB is the very basic
SSB/SCM system limitation even when all fiber dispersion has been
completely compensated. - This CTB is'usually not of concern because it is
relatively low, e.g.,-lower-than--30 dBe¢ (64 channels) and -50 dBc (32
channels) in our case studies.

(2) Although an SSB/SCM system does not have the same distance-dependent
carrier suppression problem as in a conventional double-sided SCM system,
its transmission distance is still severely limited by linear fiber
dispersion-induced CSOs when the multiple modulation signals occupy more
than an octave of frequency range. In our case study of 64 channels of
QPSK signals with 4% OMI/ch, this CSO can be as high as —-17 dBc and -9
dBc when the transmission distances are ~50 and > 150 km, respectively.
Beyond 150 km, this CSO saturates at -9 dBc.

(3) The main optical fiber nonlinearity-induced impairment in a DWDM
SSB/SCM system is caused by XPM. To avoid this XPM-induced XT, the

launched optical power per wavelength should be kept below a certain level
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(4)

(about 3 dBm in our case studies).

Two case studies of 20 Gbps per wavelength over an 80 km DWDM system
without dispersion compensation were carried out. We found that both are
theoretically achievable but with little margin left, especially when
wavelength channel spacing is small. We did notice that, however, it is
possible to transport 10 Gbps (e.g., 32 155 Msps QPSK signals with
traditional FEC and within an octave) per wavelength using SSB/SCM in a
DWDM system, even at 25 GHz wavelength spacing, over a transmission
distance of many hundreds of kilometers without dispersion compensation.
The key point in achieving this superior transmission performance is to keep
all the modulation frequencies within an octave so that the dominant

transmission impairment is linear-dispersion-induced CTB.
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Chapter 3 An Evolutionary HFC Network

Architecture for Adding Narrowcast Services

Using dense-wavelength-division-multiplexing (DWDM) technology to deliver both
broadcast and narrowcast services in hybrid-fiber-coax (HFC) systems has recently attracted
significant interest. The typical 64/256 quadrature amplitude modulated (QAM) channel
loading on each ITU-grid wavelength of today’s commercial product is only 8~16 channels.
The main reason why higher number of channel loading is difficult is because the broadcast
and narrowcast channels can interfere with each other at the single-photodiode receiver [21].
Furthermore, most of the proposed DWDM-system based HFC architecture uses a dedicated
wavelength for a single optical node [21],.[22]., . Consequently, only 8~16 QAM channels
are delivered to an optical node. .This makes future .upgrade to higher number of QAM
channels (to accommodate more and more digital video and video-on-demand channels) per

optical node a difficult task.

On the other hand, some optical nodes may require only a few QAM channels in the
beginning stage. For example, if the narrowcast targeted services include only Internet
access, packet telephony, teleconferencing, etc., only 4 ~ 5 64-QAM channels are required
to cover all downstream narrowcast traffic for an optical node with a coverage size of 500
homes [23], [24]. Therefore, following previously proposed HFC architecture [21], [22]
for adding narrowcast services to broadcast services, we find it very wasteful to use a
dedicated wavelength for a particular optical node. This is especially true at the initial

stage of delivering narrowcast services.

Considering the above two aspects, we see the need of an evolutionary HFC architecture
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which can add narrowcast services gracefully while in the same time can be upgraded to
provide a very large narrowcast transport capacity. Therefore, in this chapter we propose
and experimentally verify a new HFC architecture in which only a single laser is used
initially to broadcast multiple “narrowcast” M-QAM-carried digital services to multiple
optical nodes.  Although each subscriber can then receive all M-QAM channels,
information intended for other subscribers cannot be eavesdropped owing to the data
transport security protections defined in Data-Over-Cable Service Interface Specifications
(DOCSIS) [25]. The proposed new HFC architecture can gracefully and economically

meet the demands of HFC networks with both light and heavy downstream traffic.

3.1  Architectural Concept

The proposed architecture is shown.in Fig. 3.1. In the beginning stage of providing
narrowcast services, if the traffic -demand-is-light, we can use only a single 1TU-grid
“narrowcast laser” (Anc,1) to broadcast multiple M=QAM channels to multiple optical nodes.
For example, a “narrowcast laser” in the primary hub transports 50 channels of 64-QAM
signals in the frequency range of 450 - 750 MHz (or 550 - 850 MHz), through a long
transmission distance and reaches a secondary hub. The light power is then split M ways

to M optical nodes.

Note that in this architecture, we propose using two optical fibers from the secondary hub to
each optical node, and avoid using an optical coupler or a dual-wavelength WDM
multiplexer to combine the “broadcast” laser (Asc) with Anc,1 into a single fiber. There are
two reasons why we should use two optical fibers to each optical node. The main reason is
because when we use two fibers and dual-receivers at the optical node, the dynamic range

and the channel loading per narrowcast laser can be significantly increased [21], [24]. The
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second reason is because the return-path signal can potentially utilize the narrowcast fiber

via a dual-wavelength WDM multiplexer (e.g., a 1310/1550 nm multiplexer).

In the middle stage of network evolution, we can decrease the number of optical nodes that
Anc.1 serves, and add a second ITU-grid narrowcast laser at Anc 2 to serve the rest of optical
nodes. Multi-wavelength DWDM multiplexer and demultiplexer can be added at this
stage. In the later stage of network evolution, we can add more and more narrowcast
lasers (up to Anc,m), and eventually reaches the final architecture as what has been proposed
today [21], [22]. During the evolutionary stages, it is clear that part of the nodes received
Anc,1 as the narrowcast wavelength in the beginning stage, then received Anc 2 in the second
stage, etc. We can see that the network evolution is extremely smooth considering the
initial narrowcast demand and the lower cost involved. Another important advantage of
this network architecture is that, when.the final evolution stage is reached, each node can
enjoy a narrowcast wavelength with a capacity-of-up to 50 QAM channels, instead of just 8

QAM channels as in today’s HFC-DWDM:-commercial products.

3.2  Experiment and Analysis

Our experimental setup for the long-distance narrowcast system is exactly the same as what
is arranged for the transmission of Anci in Fig. 3.1 (before upgrade to DWDM). An
ITU-grid narrowcast MQW-DFB laser at 1553.3 nm was used. At a bias current of 52 mA,
its output power, relative intensity noise (RIN), 3-dB bandwidth, and frequency chirp were
9 dBm, -165 dB/Hz, 3 GHz and 250 MHz/mA, respectively. 50 channels of CW tones,
simulating 50 channels of M-QAM signal [5], were used to directly modulate the laser. A
booster EDFA with an output power of +19 dBm and a noise figure of 6 dB was used.

Following the booster EDFA were a 3 dB pad, 81 km of conventional single mode fiber
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(SMF), and an in-line EDFA with a noise figure of 5 dB. The input and output power
levels of the in-line EDFA were 0 and 19 dBm, respectively. Following the in-line EDFA
were 14 dB attenuation, 21.5 km of SMF, and a conventional CATV optical receiver. The
14 dB optical attenuation is equivalent to the power loss due to a typical 1x16 optical

splitter.

There are three factors that need to be considered in choosing the optimum optical
modulation index per channel (OMI/ch): (1) minimizing the stimulated Brillouin scattering
(SBS)-induced nonlinear distortions; (2) minimizing the double Rayleigh backscattering
(DRB)-induced intensity noise; and (3) minimizing the fiber dispersion-induced nonlinear
distortions. Since our architecture uses a dedicated optical receiver for the narrowcast
M-QAM signals within an octave, the.second-order nonlinear distortions (NLDs) are not of
concern. The second-order NLDs-can. be eliminated by the diplex filter located after the
dual optical receivers to avoid degrading.the-broadcast signal quality. Therefore, we only
have to concentrate on the composite triple beat (CTB) products caused by the 50 CW tones,
and the carrier-to-noise-ratio (CNR) per channel. In considering factor (1), our measured
results of SBS threshold (defined as the launched optical power at which the backward
Stokes power is lower than —25 dB of the launched power) as a function of the OMI/ch are
plotted in Fig. 3.2. We see that as long as the OMI/ch is greater than about 1.7%, our
launched power from the booster EDFA (with a 3 dB pad) can always be below the SBS

threshold of +16dBm.

In considering factors (2) and (3), Fig. 3.3 shows the measured (solid circles) and calculated
(dashed line) worst-case C/CTB after 100 km of transmission as a function of OMl/ch.
The dashed line is the calculated results base on a closed-form analysis [22], which shows

that C/CTB decreases with fourth power of OMI/ch. On the other hand, when OMIl/ch is
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smaller than about 3%, DRB-induced intensity noise became dominant, as can also be
theoretically predicted (solid line) [27]. Consequently, we see that carrier-to-(CTB + total
noise), i.e. C/(CTB+N), drops for OMI/ch < 3%. We therefore picked an optimum OMIl/ch
at 3.1% for system operation. By using this OMI/ch, the received RF spectrum after 102.5
km SMF and 14 dB attenuation is shown in Fig. 3.4. We can clearly see the
fiber-dispersion-induced second-order NLDs at lower frequency range, and the worst-case
CTB (-42.5 dBc) from the zoomed-in spectrum. The C/CTB and C/(CTB+N) for all of
the received 50 channels (from 450 to 750 MHz) are shown in Fig. 3.5. We can see that
C/CTB and C/(CTB+N) differ by ~ 4 dB, which indicates that the CTB level and the noise
level were about equal. The resultant C/(CTB+N) of the worst-case channel was around
39 dB, which is one dB less than the industry specification [28]. We believe that it is
possible to achieve the required C/(CTB+N)= 40 dB. by reducing the transmission length

from 102.5 to 90 km.

Since the network will have to be upgraded to. DWDM, we need to understand how fiber
nonlinearities could affect the performance of the proposed architecture. Therefore, we
used a 4-wavlength setup shown in Fig. 3.6 to measure the crosstalk levels among DWDM
channels for a transmission distance of 80 km. The probe wavelength channel, which is
the right-most channel in the optical spectrum at the output of the DWDM EDFA, was
operated under CW while each of the other three lasers was modulated by a RF frequency
synthesizer. The launched optical power of the probe channel was controlled to be less
than 6 dBm to avoid SBS effect, while the launched optical power of the other three lasers
were at +10 dBm per wavelength. At the receiver end, the probe wavelength channel is
extracted by using a tunable optical filter for crosstalk measurement. Three polarization

controllers were used to obtain the worst-case crosstalk.
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Fig. 3.7 shows the measured and analytical crosstalk [4] results as a function of RF
frequency. Since the analytical results match fairly well with measured results, we can
analytically predict (solid line in Fig. 3.7) that the worst-case crosstalk of the four-3.2

nm-spacing-wavelengths, after 80 km of transmission would be less than —44 dBc.

If the transmission distance from the secondary hub to fiber nodes is fixed at 20 km, Fig. 3.8
shows the calculated maximum transmission distance between primary and secondary hub
versus wavelength spacing for 4, 8 and 16 wavelengths, for C/(CTB+N+XT) = 40dB on the
received 64-QAM channel. We can see that the maximum transmission distance between
primary and secondary hub can be more than about 49 km. The coverage size from

primary hub to fiber nodes is consequently about 70 km.

3.3 Summary

We have experimentally verified the feasibility..of @ proposed HFC network architecture.
This architecture incorporates a smooth transition from a single-wavelength narrowcast
laser to DWDM narrowcast lasers. For a 64-QAM channel loading of 50 per wavelength,
and using dual-receiver fiber nodes, the coverage range can be up to ~100 km when using a
single laser, and can be up to ~70 km when using 16 wavelengths. Therefore, this
architecture can meet the demand of an HFC network economically and gracefully with

both light and heavy narrowcast traffic demands.

44



Chapter 4 Conclusions

In the thesis, we investigated the fundamental linear and nonlinear system limitations
of multichannel SSB/SCM/DWDM systems through theoretical analysis, numerical
calculations, and computer simulations. We have presented general analytical tools, which
can be used in either wireless or metro optical systems, which transport multiple SSB/SCM
narrowband digital signals on a single or multiple wavelengths. These analytical tools
include: (2.11) and Table 2.1 for MZI modulator-induced CTB; (2.12) and Table 2.2 for
CSOs caused by linear fiber dispersion; (2.13) — (2.15) for CTBs caused by linear fiber
dispersion; (2.21) — (2.24) for XPM-induced XT. To predict XPM-induced XT precisely
and without the limitation of wavelength spacing or modulation frequency range, (2.20) was
derived for numerical calculations.

Through case studies of 64 or-32.channels of 155 Msymbol/s n-QAM signals, several
system considerations for SSB/SCM/DWDM-transmission were discovered.

® The MZI modulator nonlinear: transfer: curve-induced CTB is the very basic

SSB/SCM system limitation even when all fiber dispersion has been completely
compensated.

® Although an SSB/SCM system does not have the same distance-dependent carrier

suppression problem as in a conventional double-sided SCM system, its
transmission distance is still severely limited by linear fiber dispersion-induced
CSOs when the multiple modulation signals occupy more than an octave of
frequency range.

® The main optical fiber nonlinearity-induced impairment in a DWDM SSB/SCM

system is caused by XPM. To avoid this XPM-induced XT, the launched optical
power per wavelength should be kept below a certain level.

® Two case studies of 20 Gb/s per wavelength over an 80 km DWDM system
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without dispersion compensation were carried out. We found that both are
theoretically achievable but with little margin left, especially when wavelength
channel spacing is small. We did notice that, however, it is possible to transport
10 Gb/s (e.g., 32-ch 155 Msymbol/s QPSK signals with traditional FEC and
within an octave) per wavelength using SSB/SCM in a DWDM system, even at
25-GHz wavelength spacing, over a transmission distance of many hundreds of
kilometers without dispersion compensation. The key point in achieving this
superior transmission performance is to keep all the modulation frequencies within
an octave so that the dominant transmission impairment is

linear-dispersion-induced CTB.

We also proposed a new HFC network architecture in the thesis, whose feasibility has
been experimentally verified. This architecture-incorporates a smooth transition from a
single-wavelength narrowcast laser-to DWDM-narroweast lasers. For a 64-QAM channel
loading of 50 per wavelength, and using dual-receiver fiber nodes, the coverage range can
be up to ~100 km when using a single laser, and can be up to ~70 km when using 16
wavelengths. Therefore, this architecture can meet the demand of an HFC network

economically and gracefully with both light and heavy narrowcast traffic demands.
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Tables

Table 2.1  Analytic expressions for the individual third order distortions due to SSB/SCM Modulation, ©;, ©;and Q,, are three arbitrarily

chosen distinct subcarrier frequencies.

Distortion Type Distortion Frequency (€2,) Formula
2
Third Harmonic 3Q, {‘]O(m)‘JS(m) _ ‘Jl(m)‘]Z(m)}
Jo(m)J;(m)
J 4
Third-Order Intermodulation 2Q, £ Q. {ﬂ}
Jo(m)
J 4
Triple Beat Q; Q£ 4{&}
Jo(m)
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Table 2.2 Analytic expressions for SSB/SCM 2™ order NLDs due to linear fiber dispersion. p =1/2-p,-z.

Distortion Type Distortion Frequency (€2,) Formula
- ) 2
Second Harmonic 20, 2 ‘]Z(m)s'n(p'Qd )
J,(m)
' (m)sin( Q 2)_2
2" order Intermodulation(IMi+j) Q, +Qj 9| X1 P 3ag
Jo(m)
J 2
2" order Intermodulation (1M _;) Q,-Q, 2.{ 1(m)} c
Jo(m)

"¢ =eoslo- @7 -@,))-coslp-0,° [ +sinlp- @ -0 )f
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Table 2.3  Parameters for a 20 Gb/s SSB/SCM systems

Number of subcarrier channels on pump wavelength |64

Bandwidth Efficient Modulation (BEM) scheme QPSK

Symbol rate per channel 155 Msymbol/s
Bandwidth excess factor 0.2

Channel spacing 1.2x155 MHz

Channel frequency plan

0.93 ~ 12.648 GHz

Optical modulation scheme

USB/SCM

Number of wavelengths

2 (Fig. 2.8), 4 (Fig. 2.9-Fig. 2.13)

Wavelength separation

25, 50, and 100 GHz

Probe Wavelength (43)

1550 nm

Fiber dispersion coefficient at A3 (D)

17 ps/nm/km

Fiber dispersion slope at A3 (S)

0.044 ps/nm?/km

Fiber nonlinear index coefficient (n,)

2.6x10%° m¥/W

Fiber effective core area (Ae) 80 pum?
Fiber nonlinearity coefficient at Az (y=21no/ A/Ac) 1.32 Wkm™
Fiber power attenuation coefficient () 0.21 dB/km
Fiber length 80 km
Receiver equivalent thermal noise 10 pA/y/ Hz
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Table 2.4 For the system given in Table 2.3, a summary of the optimum optical power, RMS OMI/ch and the corresponding worst-case NSR in

a transmission system with four multiplexed wavelengths.

required coding gains to reach a BER of 10™* are also shown.

Three wavelength spacings are given: 25, 50 and 100 GHz.

25:GHz(0.2 nm)

50 GHz (0.4 nm)

100 GHz (0.8 nm)

Optimum optical power per wavelength (dBm) 2.24 4.48 6.81

Optimum RMS OMI per channel (%) 1.78 1.55 1.36
Worst-channel NSR (dB) —14.66 -15.72 -16.88

Coding gain required to reach BER = 10™* (dB) in practice* 5.34 4.28 3.12

* For QPSK, NSR < ~ -16.95 dB in theory and —20 dB in practice is required to obtain a BER = 10"
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Table 2.5 For 32 channels of 16-QAM signals equally distributed between 6.882 and 12.648 GHz (same transport capacity as that given in

Table 2.3), a summary of the optimum optical power, RMS OMI/ch and the corresponding worst-case NSR in a transmission system

The required coding gains to

with four multiplexed wavelengths.

reach a BER of 10™*? for QPSK and 16-QAM are also shown.

Three wavelength spacings are studied: 25, 50 and 100 GHz.

25 GHz (0.2 nm) | 50 GHz (0.4 nm) | 100 GHz (0.8 nm)
Optimum optical power per wavelength (dBm) =1.49 0.75 3.01
Optimum RMS OMI per channel (%) 5,94 5.45 5
Worst-channel NSR (dB) —22.39 -23.88 -25.39
Coding gain required to reach BER= 10"%(dB)* . . .
for QPSK
Coding gain required to reach BER= 10" (dB)**
for 16-QAM 4.61 3.12 1.61

*  For QPSK, NSR < ~-16.95 dB in theory and —20 dB in practice is required to obtain a BER= 10"

** For 16-QAM, NSR < ~ —23.88 dB in theory and —27 dB in practice is required to obtain BER= 10"
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Fig. 2.1 An SSB/SCM/DWDM system.
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Fig. 2.4 Noise-to-signal ratio (NSR) versus frequency in an SSB/SCM optical transmission system with 64 QPSK channels (ranging from 0.93
to 12.648 GHz), for fiber lengths of 0 and 80 km. Dashed line and upper triangular symbols are the theoretical and simulation
results for the case of no fiber transmission, respectively. Solid lines and circular symbols are the theoretical and simulation results

after 80 km fiber transmission, respectively. RMS OMI per channel is around 4%.
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Fig. 2.5 Linear fiber dispersion-induced CSO versus transmission distance in a SSB/SCM system with 64 QPSK channels. Dashed and solid

lines are the results of channel 32 and worst-case channel, respectively. RMS OMI per channel is 4%.
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Fig. 2.6 Noise-to-signal ratio (NSR) versus frequency in an SSB/SCM optical transmission system with 32 16-QAM channels (ranged from
6.882 to 12.648 GHz), for fiber lengths of 0, 30 and 80 km. Dashed line and upper triangular symbols are the theoretical and
simulation results for the case of no fiber transmission, respectively. Square and circle symbols are the simulation results after 30

and 80km fiber transmissions, respectively.  Solid lines are the theoretical results. RMS OMI per channel is around 1.8%.
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Fig. 2.7 Linear fiber dispersion-induced CTB versus transmission distance in an SSB/SCM system with 32 16-QAM channels. Dashed and
solid lines are the results of channel 16 and worst-case channel, respectively. Dotted line is the intrinsic MZl-induced CTB at

channel 16. RMS OMI per channel is 1.8%.
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Fig. 2.8 Two wavelengths XT versus pump modulation frequency for an average optical power per wavelength of 0, 6 or 10 dBm. Circular

(A4, = —0.2 nm) and triangular (A4,, = +0.2 nm) symbols are simulation results; dashed (® ,= 0) and dotted (®, # 0) lines show

the theoretical predictions; solid lines are numerical results. The pump wave is modulated with 64 QPSK channels between 0.93 and

12.648 GHz using USB/SCM.
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Fig. 2.9 Four wavelengths XT versus pump modulation frequency for wavelength separations of 25, 50 and 100 GHz (with the probe channel

in the center (4,). Circular, dotted and solid lines show the simulation, theoretical and numerical results, respectively. Three pump
wavelengths are simultaneously modulated by three uncorrelated 64 QPSK channels (between 0.93 and 12.648 GHz) using

USB/SCM. The average optical power per wavelength is 6 dBm.
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dBm, for the system given in Table 2.3.

wavelength separation is 50 GHz. Dashed line is due to linear fiber dispersion-induced CSO.

Dotted lines are for single wavelength, while solid lines are for four wavelengths.
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Fig. 2.12 Theoretical results of the worst channel NSR versus the RMS OMI/ch for an average optical power per wavelength of -6, 0 and 6 dBm.

Dotted lines are for the case of single wavelength, while solid lines are for the case of four wavelengths. The wavelength separation

is 50 GHz. Dashed line is due to linear fiber dispersion-induced CTB.
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