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Abstract—The performance of high-speed digital fiber-optic has been pursued by industry and the research community to
transmission using subcarrier multiplexing (SCM) is investigated jncrease fiber transmission capacity. More sophisticated mod-
both analytically and numerically. In order to reduce the impact ulation formats may help to increase the bandwidth efficiency

of fiber chromatic dispersion and increase bandwidth efficiency, . . -
optical single-sideband (OSSB) modulation was used. BecausecOmpared to the bastn-OFFkeying modulation.

frequency spacing between adjacent subcarriers can be much Optical subcarrier multiplexing (SCM) is a scheme where

narrower than in a conventional DWDM system, nonlinear multiple signals are multiplexed in the radiofrequency (RF) do-

crosstalk must be considered. Although chromatic dispersion is main and transmitted by a single wavelength. A significant ad-

not a limiting factor in SCM systems because the data rate at \aniage of SCM is that microwave devices are more mature than
each subcarrier is low, polarization mode dispersion (PMD) has . . . . . -

a big impact on the system performance if radiofrequency (RF) optical devices; t_h_e stablllty ofa microwave oscillator and the

phase detection is used in the receiver. In order to optimize the frequency selectivity of a microwave filter are much better than

system performance, tradeoffs must be made between data rate their optical counterparts. In addition, the low phase noise of RF
per subcarrier, levels of modulation, channel spacing between oscillators makes coherent detection in the RF domain easier
subcarriers, optical power, and modulation indexes. A 10-Gb/s than optical coherent detection, and advanced modulation for-
SCM test bed has been set up in which 4 2.5 Gb/s data streams mats can be applied easily. A popular application of SCM tech-

are combined into one wavelength that occupies a 20-GHz optical - . . g
bandwidth. OSSB modulation is used in the experiment. The Nology infiber optic systems is analog cable television (CATV)

measured results agree well with the analytical prediction. distribution [1], [2]. Because of the simple and low-cost im-

e o e plementation, SCM has also been proposed to transmit multi-
Index Terms—Optical fiber communication, optical fiber polar- . - - - . .
ization, optical modulation, optical receiver, optical signal process- channel d'g'ta_l optical signals using direct detection [3], [4] for
ing, subcarrier multiplexing. local area optical networks.

In this paper, we analyze the performance of high-speed

digital fiber-optic transmission using SCM both analytically and

|. INTRODUCTION numerically. In order to minimize the impact of fiber chromatic

N order to use the optical bandwidth provided by opticalispersion, optical single-sideband (OSSB) modulation is used,

fibers more efficiently, new transmission technologies havhich also increases the optical bandwidth efficiency. Fiber
been developed in recent years, such as time division mufiRnlinearities such as cross-phase modulation (XPM) and
plexing (TDM), wavelength division multiplexing (WDM), andfour-'wave mixing (FWM) may ge.nerate significant amounts of
their combinations. Apart from noise accumulation, high-spedgniinear crosstalk between adjacent SCM channels because
TDM optical systems suffer from chromatic dispersion, noﬁhey are very closely spaced. Although chromatic dispersion is

linear crosstalk, and polarization-mode dispersion (PMD). O otalimiting factor in OSSB-modulated SCM systems because

tical systems with data rates of 10 Gh/s and higher require pa?'e data rate at each subcarrier is refatively low, carrier fading

) . ) : . . . ue to PMD may be significant because of high subcarrier
cise dispersion compensation and careful link engineering. rgquencies [14]. In order to optimize the system performance
fche othe_r hand, WDM technology spreads transm|_SS|on capailyjeoffs must be made between data rate per subcarrier, levels
into various wavelength channels and uses relatlvely _Iow d modulation, channel spacing between subcarriers, optical
rates at each wavelength. However, due to the selectivity of Rswer, and modulation indexes. An experiment of 10-Gb/s SCM
tical filters and limitations in the wavelength stability of Semiﬁber-optical system was performed, in whiclx2.5 Gb/s data
conductor lasers, the minimum channel spacing3® GHz in - streams were combined into one wavelength, which occupied an
current commercial WDM systems. Narrower channel spaciRgproximately 20-GHz optical bandwidth. OSSB modulation

was achieved using a balanced dual-electrode electrooptic mod-
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Fig. 1. SCM-WDM system architecture.

frequenciesf;. These are combined and optically modulated
onto an optical carrierm wavelengths are then multiplexed (T
together in an optical WDM configuration. At the receiver, anf =% "7
optical demultiplexer separates the wavelengths for individue
optical detectors. Then, RF coherent detection is used at tt
SCM level to separate the digital signal channels. Channe
add—drop is also possible at both the wavelength and SCI
levels. Although this SCM-WDM is, in fact, an ultradense
WDM system, sophisticated microwave and RF technolog:
enables the channel spacing to be comparable to the spect
width of the baseband, which is otherwise not feasible by usin_ RFsignal in

optical technology. Compared to conventional high-speed TDi. 2. Illustration of OSSB modulation using dual-electrode MZ modulator.
systems, SCM is less sensitive to fiber dispersion because the

Optical signal out

0
90° Hybrid

dispersion penalty is determined by the width of the baseban - 0
of each individual signal channel. Compared to conventiona
WDM systems, on the other hand, it has better optical spectre -5
efficiency because much narrower channel spacing is allowed & 2
Conventional SCM generally occupies a wide modulann; -10
bandwidth because of its double-sideband spectrum structuiz Z / \
and, therefore, is susceptible to chromatic dispersion. In ordos_.:3 -15
to reduce dispersion penalty and increase optical bandwidts 20 }\ /\/\/\/ \

efficiency, optical SSB modulation is essential for long-haul

SCM-WDM optical systems. Fortunately, optical SSB is

relatively easy to accomplish in SCM systems. This is becaus.

there are no low-frequency components, and the Hilbert trans§ _3q

formation is, thus, much simpler than OSSB in conventional

TDM systems [6], [7]. -35
50 -40 -30 -20 40 O 10 20 30 40

Il. EXPERIMENT Frequency (GHz)

In order to investigate the feasibility of long-haul digital SCIMFig. 3. Measured OSSB spectrum with four subcarrier channels.
transmission at high speed, an experiment was conducted at
10-Gb/s capacity per wavelength. Four 2.5-Gb/s digital signakown in Fig. 2, in order to generate OSSB, the composite signal
were mixed with four RF carriers each at 3.6, 8.3, 13, andlas applied to both of the two balanced electrodes with&
18 GHz, and binary phase-shift keying (BPSK) modulatiophase shiftin one of the arms using & ®9brid splitter. A direct
format was used in the RF domain. The RF carriers were themrrent (dc) bias sets the modulator at the quadrature point to
combined and amplified to drive a dual electrode LiNbOgenerate OSSB [8]. Fig. 3 shows the OSSB spectrum measured
Mach—Zehnder (MZ) modulator with a 20-GHz bandwidth. Aby a scanning Fabry—Perot (FP) interferometer with a 1-GHz
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Fig. 4. Example of the measured RF composite spectrum at the receiver.

resolution bandwidth. Suppression of the unwanted sidebar ~ 10° ' N : T T ' T :
of at least 13 dB was achieved, as can be seen from Fig. 3. \\ A 8

To measure the transmission performance, this optical signi \m Q a\‘\\\
was then launched into an SMF link with accumulated chro- 10+ A0
matic dispersion of-2640 ps/nm, SMF. The experiment was \\\‘\\‘A\\:ékl
performed using dispersion compensating fibers (DCF) (DK se S \ § N NS
ries, Lucent Technologies, Murray Hill, NJ 07974 USA), which £ \A\*\\A\:‘\‘\\‘:\
have large negative dispersion values. No dispersion compenss ARY " QN
tion was used. At the receiver, the optical signal was preams 10 OO AR
plified and detected by a wide-band photodetector. A typicad \*\‘\ \A\‘&\
spectrum of the detected composite RF signal after the wide 10 \:\‘\, \335,
band photodiode is shown in Fig. 4, where four optical subcar  10® \‘C ‘\\‘«21::\
riers are converted into the RF domain. Each subcarrierwas the \\:\ A@
down-converted to an individual baseband by mixing the com Lok N e ‘wgh
posite signal with an appropriate RF local oscillator and ther |41 , , ‘ , , , ) B
passing through a 1.75-GHz lowpass filter. Although both am: -8 36 -3 32 30 -28 26 24 22 20
plitude shift keying (ASK) and phase shift keying (PSK) mod- Receiver power (dBm)

ulation—detection schemes may be used; in our experiment, we

have used PSK format in the RF domain for better receiver séig. 5. Measured bit-error rate in a system with four subcarrier channels
sitivity before (solid points) and after (open points) a fiber transmission line with a

. —2640 ps/nm total dispersion.
The bit error rate (BER) was measured for all four channels,

both back-to-back and over the fiber. Fig. 5 shows the measured

BER plotted as a function of received optical power level. Thepacing of less than 4.7 GHz due to interchannel crosstalk. The
measurement was performed under the condition that all fawsults shown in Fig. 6 are for a case where only two subcar-
SCM channels were operated simultaneously. At the BER levar channels were used. Thus, the maximum allowable modu-
of 10719, the back-to-back sensitivity ranges froa25 dBm lation index is higher than a four-channel case; therefore, the
to —27 dBm for the different channels due to the ripples in thgensitivity in Fig. 6 is better than that in Fig. 5. Further im-
microwave devices and the inaccuracy of the modulation indprovement of bandwidth efficiency might be achieved using mi-
of each individual SCM channel. After transmission, the sensirowave single-sideband modulation.

tivity is degraded by about 2.5 dB. In our experiment, this degra- Owing to the relatively low data rates carried by each indi-
dation was largely attributed to the frequency instability of thedual SCM channel, the SCM system can tolerate more chro-
local oscillators. In this four-RF channel experiment, an appromaatic dispersion than a TDM system of same capacity. We have
imately 4.7-GHz spacing between RF channels was used; thiade an experimental comparison of the system performance
spacing was selected based on the tradeoff between the intetween a TDM system with 192 optical combiners (OCs) and
channel crosstalk and the bandwidth efficiency. In fact, the mia-four-channel OC-48 SCM system. Fig. 7 shows the measured
imum allowed spacing between RF channels largely dependseiver sensitivities versus the accumulated dispersion. Back
on the quality of the baseband filter. Fig. 6 shows the me#r back, the sensitivity of SCM system is about 6-dB worse
sured receiver sensitivitBER = 10~%) versus RF channel compared to its TDM counterpart because of small modulation
spacing. Significant sensitivity degradation results for channialdex in the SCM system. However, with the accumulated dis-
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Fig. 7. Receiver sensitivity (at BER of 1) comparison between a 10-Gb/s

Fig. 6. Measured receiver sensitivity BER = 107°) versus frequency TDM system and a 4-tone SCM system with 10-Gb/s capacity.

spacing between RF channels. Only two RF channels are used.

For examplefSs must be smaller than 0.4 to guarantee that the

persion of higher than 1700 ps/nm (corresponding to 100 km§fnal power is 20 dB higher than the power of the second har-
SMF), the performance of the TDM system deteriorates rapidijonic. However, a8r = 0.4, the power at the continuous wave
whereas the performance of the SCM system remains essgf\v) carrier, represented by thig(37) term in (1), is approxi-
tlally unchangec_i. Becaus_e the_ transmission fiber used_ IN OUr &Xately 11 dB higher than the signal. Obviously, a small modula-
periment has high negative dispersion, the effect of fiber nofis, index means inefficient modulation and poor receiver sen-

linear crosstalk may be underestimated.

I1l. CARRIER SUPPRESSION

sitivity because the strong carrier component does not carry in-
formation. In order to increase the modulation efficiency while
maintaining reasonably good linearity, optical carrier suppres-

An important issue in an SCM system is intermodulation di§ion may be applied using an optical notch filter. Fig. 8 illus-
tortion. This mainly comes from nonlinear modulation chaitrates the motivation of optical carrier suppression. Note that
acteristic of optoelectronic modulators. For an OSSB modulle carrier cannot be completely suppressed because the energy
tion using a dual-electrode MZ modulator, if the modulator i the carrier must be equal to or higher than that of the signal.
single-frequency modulated leys(2t), the output optical field Otherwise, signal clipping will occur [9], which may introduce

is [8]

E;
EO :?

{COS [wct + g + B cos Qt}
+ cos [wct + B7 cos (Qt + g)} }

:%{\/ﬁjg(ﬁﬂ) sin (wct - g)

— 2J1(f7) cos [(we + Q)¢]
+ 2J5(B7) sin [(w. — 2Q)1]
+ 2J3(fn)sin [(we — 3] + - - } 1)

where E;(t) is the input optical fieldw, = 27 f,. is the light-

significant waveform distortion. In our experiment, we used an
FP tunable filter in the reflection mode to perform optical car-
rier suppression.

The implementation of optical circuit for carrier suppression
is shown in Fig. 9, where an optical circulator is used to catch
the reflected lightwave signal from the FP filter and an active
control is used on FP to stabilize the notch frequency at the
optical carrier. To verify the effect of carrier suppression on
system performance, we have measured the receiver sensitivity
(at BER = 107?) for an SCM system with a single RF car-
rier and 2.5-Gb/s data rate. The power suppression ratio for the
carrier was approximately 7 dB when the carrier suppression
was applied. Fig. 10 shows the measured receiver sensitivity
with and without carrier suppression. It is evident that the sensi-
tivity improvement introduced by optical carrier suppression is
inversely proportional to the RF power used to drive the elec-

wave carrier frequency? is the RF frequency of the modula-tropptic modulator. Although a calibration was not made be-

tion, andgn =

7Vae/Vx is the normalized amplitude of thetween the RF power and the modulation index in our experi-

RF drive signallV; is the switching voltage of the MZ modu- ment, they should be directly proportional. Fig. 10 indicates that

lator andV,,. is the amplitude of the sinusoid drive signal. Befor high modulation indexes, the system performance improve-

cause MZ modulators do not have a linear transfer function, sigrent induced by carrier suppression is less than that seen with
nificant high-order harmonics can be generated if the modulaw modulation indexes. The reason is that, at high modulation

tion strength3n is too high; this introduces crosstalk betweeindex, the modulator already works in the nonlinear regime and

channels. In practicgjr < 1 must be maintained so that thecarrier component is not a dominant term in the composite op-

signal termJ1(37) is much higher than the higher order termdical signal.
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Fig. 8. lllustration of optical carrier suppression.
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Fig. 9. Optical circuit for carrier suppression.
-29 optical system withV subcarrier channels, similar to (1), the
A A no carrier suppression output electrical field from the electrooptic modulator is

/é\ =31+ O with carrier suppression .
3 4 B =T t zj\: () By sin Qyt
= 0= —< COS |w.t— Uk %7 sin $2
Z 83y 2 =
5 o . N
g 350 O A —sin |w.t + Z g, () Brm cos Qt 2
@
B o A k=1
2 A
L -8 o A wherew;(¢) is the normalized digital signal at thigh subcar-
& o o rier channel. For PSK modulation;(t) = +1, and for ASK

.39 J J , o modulationu(t) = 0, 1 to represent digital signal “0” and “1,”

0 2 4 6 8 respectivelyw.. is the carrier frequency ardy, is the RF sub-
RF power to modulator (dBm) carrier frequency of théth channel.

In order to keep higher order harmonics small and operate
Fig. 10. Measured receiver sensitivity BER = 10~°) versus RF power the modulator in the linear regime, the modulation has to

used on the electrooptic modulator with and without optical carrier suppressi . o .
Only single RF channelis used at 8 GHz. Triangles: without carrier suppressign: erak' Under the assumptlor? of ?ma” signal modulation,
> kel /Bw‘ < 1 and (2) can be linearized as

Squares: with approximately 7-dB optical carrier suppression.

IV. RECEIVER SENSITIVITY Ey= %{Sin (wct — %)
2
In this section, we analyze the sensitivity of a digital SCM N
system with an optically preamplified receiver. A simplified L Zm(t)ﬁw cos(we + Qk)t}. (3)
block diagram of this system is shown in Fig. 11. In an SCM V2

k=1
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Fig. 11. Simplified block diagram of SCM system with amplified optical receiver.

Here, the first term in the bracket represents the carrier and thén order to calculate the receiver sensitivity, amplified spon-
second term is the signal. If optical carrier suppression is caaneous emission (ASE) noise generated by the erbium-doped

sidered, (3) can be modified as fiber amplifier (EDFA) preamplifier must be considered. The
b E; . (w . 1) \/Z ASE noise spectral density is
TR ! pase = 2nephi(G — 1) = Fha(G — 1) @)

N
1 , o . ,
L Zm(t)ﬁw cos(wo + Qk)t} 4) wheren,, is the spontaneous emission factér,is the noise

V2 — figure of the EDFA, is the Planck’s constant; is the op-

] ) ) . tical frequency, and? is the optical gain of the EDFA. Note
where0 < ¢ < 1is the power suppression ratio of the carriefy, t the factor 2 in front ofi, is there to account for both po-
At the receiver, the optical carrier beats with the subcarriers|afizations of the ASE. After photodetection, the optical ASE
the photodiode, down-converting the optical subcarrier into thgise is converted into the electronic domain. Consider only
RF domain. The generated photocurrent at the receiver is signal—ASE beat noise, which is usually the dominant noise

1 X source in an optically preamplified receiver. Under Gaussian ap-
I, = n|Eo*GR =~ Iy {1 + = > mpu(t) COS(th)} (5) proximation, the double-sideband electrical power spectral den-
V< k=1 sity of signal-ASE beat noise is

where 1, is the system transmission and coupling lo%s, o 1.
is the photodiode responsivity? is the gain of the op- <'Lsig-sp> = §§R 2pasplinG. (8)
tical preamplifier, I = n(GRE?/2 = PuGR is the  Thg factor 1/2 in (8) accounts for the fact that the signal has

average photocurrent?, is the average power of the op-gn|y a single polarization, and the factor 2 in (8) takes into ac-
tical signal reaching the preamplified optical receiver, ang,n; the double optical sidebands of the ASE noise (symmetric
my = V20 is the normalized modulation index. Obviouslyqpiical noise around the optical carrier). Because the noise is
the useful photocurrent signal for thigh channel isli = 3ndom, it can be decomposed into in-phase and quadrature
PinGRmycu (2) cos(it) /+/C. In deriving (5), a small-signal componentss, () andn,(#), respectively, and, thus, the total
approximation has been used. Receiver photocurrent mUStéﬂ%rnating current (ac) signal of theth RF channel entering

positive; therefore the RF demodulator is
n P GRmyug(t) cos(Qyt)
> mrun(t) cos(ut)| < V. 6) U= e
k=1

_ ) o +nc(t) cos(Qut) + ns(t) sin(Qt)  (9)
Equation (6) sets a conservative approximation for the

maximum amount of carrier suppression that can be appligéiere the total noise power is
without introducing clipping. In conventional analog SCM 1., 1, 2
CATV systems with a large number of channels, clipping-in- e T 5N, =28 (i5igsp)
duced signal-to-noise ratio (SNR) degradation is proportional =2R%pasp PinGB., andn? = a2
to the power addition of all the channels [9]. In digital systems, ) . )
however, the performance is measured by BER. Because'$ieré 5. is the spectral width of the signal baseba2é( ac-
the nonlinear relationship between SNR and BER determin&gUNts for double RF sidebands). ) ,
by an error function, a small degradation in SNR may induce At the RF demodulatol/, () coherently mixes with a local
a large BER change at low BER levels. Although (6) is gscillator2 cos(€2xt), and the output of the demodulator is
worst-case approach, it is appropriate for high-capacity digital PL,GRmyug(t) ne(t) (10)

systems with a limited number of channels. Uz = V<
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where frequency-doubled components have been filtered o1~ 14
Assuming a reasonable optical gain of the EDFA preamplifiel  _4s}

G > 1,the SNRis 18t ASK
g
P GRmy uy (1) P GRmy uy (1) & -20F QPSK
SNR= Ve - Ve T ol
V2R2PppaseGBe  /2R2P,Fhi(G — 1)GB. s
‘7 24+
Pin 2,2 t =}
~ M (11) 2 el
2FhB.C g
§ 281
It is worth mentioning that, in conventional intensity-modu- ~ 8ok
lation direct-detection optical systems, signal-dependent nois
321

such as signal-ASE beat noise, does not exist during signal “C
However, in SCM optical systems, receiver noise is identical ¢ 34, . v " -~ e ” -
signal “1"s and “0"s as long as the frequency of the subcarrie Number of RF channels
is higher than the data rate it carries.

Using PSK modulation, and taking into account the fact thatg. 12. Calculated receiver sensitivity versus the number of RF channels for
u(t) € (—1,1), in the ideal case without signal waveform disASK, BPSK, and QPSK modulation formats. Total data rate is 10 Gb/s and the

. " . optical amplifier noise figure is 5 dB.

tortion, the receive€) value can be approximated as P P g

_ VPamy — (=) Piamy zv/ Pramy

_ (12) noise presented by (8) will be halved and the receiver sensitivity
2,/2FhB.C 2/2FhB.C will be improved by 3 dB.
It should be pointed out that the receiver sensitivity pre-

wherez = 2 for PSK modulation. sented so far did not include signal waveform distortion and

For ASK modulationy () € (0, 1) and for quadrature PSK inter-channel crosstalk. Signal waveform distortion may be
(QPSK), ux(t) € ((—1/v2),(1/V2)); thereforez = 1 for introduced by nonideal transfer function of RF circuitry and
ASK andz = /2 for QPSK. To achieve a BER of 18 (Q =  optical modulator, chromatic dispersion, self-phase modulation
6), the minimum required optical signal power must be (SPM), and PMD. In an SCM optical system using OSSB
modulation, because the datarate per subcarrier channel is

Q

P, = 288hFCB€,. (13) low, the system tolerance to chromatic dispersion is increased
xrms, by N? compared to a conventional TDM system at the same

data rate per wavelength. SPM depends on the optical power
This value is commonly referred to as receiver sensitivity. Wer subcarrier, with a fixed optical power per wavelength; the
an SCM system, as the number of RF channels increases, digct of SPM will decrease wittV. However, we will show,
modulation index of each channel must decrease to satisfy (§).section VI, that PMD is likely a limiting factor in SCM
Assuming an identical modulation index for all RF channelgtical systems. In addition, with a fixed optical modulator
we have(my/v/() < 1/N. In addition, the receiver electrical pandwidth, increasing the number of RF channels will decrease
bandwidthB is determined by the data rate per RF channel. {e frequency spacing between them. Although linear crosstalk
a binary NRZ system, we can ugg = 0.7B/N whereB is  can pe minimized using high-quality microwave filters, non-
the total bit rate per subcarrier channel. Fig. 12 shows a pr@igear crosstalk created during the transmission in the optical

tical example of receiver sensitivity versus the number of Riper may become significant. This will be discussed in the
channels. In this example, the total data rate per wavelengthsisction V.

10 Gb/s and the optical amplifier noise figure is 5 dB. As shown
in Fig. 12, receiver sensitivity degrades as the number of sub-
carrier channels at each wavelength increases. This is mainly
because of the decrease of the modulation index. For a BPSKKPM and FWM are two of the mostimportant sources of non-
system withN = 4, the minimum achievable receiver sensilinear crosstalk in multiwavelength fiber-optic systems. Their
tivity is approximately—31 dBm. effects are generally proportional to signal optical power and
In the sensitivity analysis presented so far, we have assunieeersely proportional to the channel spacing [10], [11]. In con-
that the optical bandwidth of the receiver is wide enough sutfast to a conventional WDM system, an SCM optical system
that the optical noise is symmetric around the carrier, althoughcks low data-rate RF channels tightly within the available
optical signals are only at one side of the carrier because of thedulation bandwidth of an optical modulator, and the optical
SSB modulation. If a narrowband optical filter is used in frorpower per RF channel is relatively low. The understanding of
of the receiver, optical noise on the mirror side of the optical sigonlinear crosstalk optical SCM systems is critical in the system
nals may be removed and, therefore, the optical noise becordesign.
single sided. Fig. 13 illustrates the effect of the narrowband In the following evaluation, we assume that the total data rate
optical receiver filter. If the bandwidth and center wavelengttarried by one wavelength is 10 Gh/s, the total RF bandwidth of
of the optical filter are properly arranged, the signal-ASE betiite modulator is 20 GHz, the total optical power is 4 mW after

V. CROSSTALK CREATED BY FIBER NONLINEARITY
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Fig. 13. lllustration of receiver noise reduction by using a tuned narrowband optical filter.

each optical amplifier, and each RF subcarrier has the same Blgre, H((2) is the receiver electrical power transfer function,
tical power and data rate. We use a Gaussian approximationt@s the attenuation coefficient of the fibek, is the length of
guantify the level of nonlinear crosstalks due to XPM and FWhe ith fiber span, and.,, is the accumulated fiber length of
and evaluate their standard deviations normalized to the optitta whole systemy; = 2ana/(A; A, ;) is the nonlinear coeffi-
signal. For simplicity, we assume a nondispersion-compensatéent, n. is the nonlinear refractive index,; and,, are the RF
optical system with five optically amplified fiber spans; each hashannel wavelengthsi.g is the fiber effective core area, and
80 km of optical fiber and only the performance at the centef, = | Ax|? andp,; = |4;|? are optical powers of the pump and
channel is evaluated because it usually has the strongest rtbe-probe RF channels, respectively.
linear crosstalk. In an SCM optical system, we assume 50% of the optical
The evaluation of XPM crosstalk follows the analysis in [11]power is in the carrier. Because the carrier is always CW, it
Fiber dispersion and, thus, the relative walk-off between adjdees not contribute to XPM. Fig. 14(a) shows the normal-
cent RF channels, representeddjy = DA\, is an impor- ized standard deviation due to XPM. The plot starts from
tant parameter to determine XPM crosstalk, > 3.€2/2was two RF channels (with 5-Gb/s data rate per RF channel and
assumed in [11], but is no longer valid here because the modi-GHz channel spacing) and ends with 32 RF channels (with
lation data rate is comparable to the frequency spacing betw&d2.5-MHz data rate per RF channel and 625-MHz channel
RF channels. In the aforementioned expressidhis the fiber spacing). Fig. 14(a) demonstrates that, with the increase in the
dispersion parametek and A\, are the average wavelengthnumber of channels, the XPM crosstalk decreases monotoni-
and the wavelength separation between adjacent RF channedly. The effect of decreased channel spacing is approximately
respectively3, = —(\%/2xc)D is the dispersion coefficier, compensated by the decrease of signal optical power per
is the baseband frequency, anid the speed of light. In a systemchannel. On the other hand, because the XPM spectral transfer
with V RF channels and{ optical amplified fiber spans, the functions have typically high-pass characteristics, especially
normalized noise power generated atftrechannel by XPM is at low frequencies [11], the decrease of channel data rate and,
thus, the decrease of the baseband filter bandwidth, reduced the
N 0o effect of XPM crosstalk at the large RF channel counts. Due to
o—ipm = Z {/ Apjk(Q,LM)\/H(Q)dQ} (14) interference between XPM created by various amplified fiber

k=1,kj spans, the XPM contribution versus channel spacing is usually
not monotonic at small humber of channels; this can also
with be explained by the nonuniformity of XPM spectral transfer
function in the frequency domain [11].
Ap;x(Q, L) FWM is another source of nonlinear crosstalk created by
M i1 Kerr effect in optical fibers. Assume that all beating compo-
= Z {2%;955)((2,0) exp LQZ d](.Z)L(") nents around the signal frequengy are within the receiver
i—1 oy bandwidth. Three channelg, k, andl, beat to generate a
i L O NT crosstalk at thenth channel. The frequency relation has to
N eXp( 2 ) exp(—a+ idju)Ls satisfy fjx = fn = f; + fx — f1, | # j, k. Using small-signal
i (a — iQd, + #) approximation, assuming equal channel power and equal
o , Channel spacing, the crosstalk power generated by FWM has
(%) — exp(—a +iQd;,)L; a simple expression
— exp p iQd 182827 ' 4P?2~2G2
(o i - 257 P = 3 (16)

=) 2y Tkl
(15) kL o + AFR,
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23 high optical power. We can simply sej.; = M /2 if any one
= 30 of j, k, and! represents the carrier.
@ Fig. 14(b) shows the normalized standard deviation due to
2 35 FWM. Because the effect of FWM is proportional to the signal
E optical power and inversely proportional to the square of the
£ 40 channel spacing, it generally increases with the increase of the
s number of channels, as shown in Fig. 14(b). However, when
;‘3 -45 the RF channel spacing is too small, there is negligible walk-off
= within the fiber nonlinear length. i > Af;xi, orwm Will NO
3 -0 longer increase with the number of channels.
Eﬁ Comparing Fig. 14(a) and (b), it is evident that FWM is the
o 33 SMF major source of nonlinear crosstalk in SCM optical systems with
b low data rate per channel and extremely narrow spacing between
2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 RF channels. Although a low optical power level is desired for
Number of RF channels the reduction of FWM crosstalk, it hurts the system by reducing
the SNR at the receiver. The estimation of maximum transmis-
@ sion distance of the system may require numerical simulations,
S which optimize optical power level according to the character-

istics of optical amplifiers, optical fibers, dispersion compensa-

tion strategies, the number of wavelengths, and the number of
7 NZDSF RF channels per wavelength. PMD characteristic of the trans-
mission fiber is also a big concern.

VI. EFFECT OFPMD

It has been recognized, in recent years, that in high-speed
fiber-optic transmission systems, PMD is one of the important
sources of performance degradation. The phenomena of PMD
can be easily explained in the time domain. An optical signal in
a fiber is decomposed into two orthogonal polarization modes,
and each of them travels in slightly different speeds. This causes
L a differential group delay (DGD) of the optical signals and, thus,

¢ created by FWM crosstalk (dB)

-19 T . . . . .
74 6 8 10 12 14 16 18 20 22 24 26 28 30 32 introduces signal waveform distortion at the receiver. The gen-
Number of RF channels erally accepted limit for DGD is about 15% of the bit time for
(b) the nonreturn-to-zero (NRZ) modulation format [13].

Another, yet equivalent, explanation of PMD is in the fre-
Fig. 14. Calculated (a) XPM and (b) FWM crosstalk in SCM systems. Totduency domain, where we consider that two lightwave signals
data rate is 10 Gb/s and total RF bandwidth is 20 GHz. Five amplified spangth slightly different wavelengths are launched into an optical
each have 80 km of fiber, and the EDFA output optical poweris 4mW.  finar Although the two lightwave signals have the same state
of polarization (SOP) at the fiber input, their SOPs may walk
with off from each other after propagating through the fiber. This
, SOP walk-off is caused by PMD, and is proportional to both
27 A*D i i i
Abj = i = fFe— 1) (17) \t/\r/]e;vglgrg)gg} fﬁepzéaet:?n between the two lightwave signals and
In an SCM optical system, the composite electrical signal at

where Gji; = 1 for two-tone products andvjii = 2 for o receiver is produced by the heterodyne beating between the
three-tone products? is the optical power per RF channel and. viar and the subcarriers. In order to maintain a stable and

. i S Sufh”%lk-off will introduce fading in the beating signal. If the fre-
PSK, signal has the same optical power for digital 0"s and *1"§, .o cy separation between the carrier and the subcarees is
The random phase relationship between different contributig ., jians and the DGD of the fiber systemAs in seconds

waves isz;.; = 1/2 if all the powers are the same. Howevenhap, the angle separation of SOP between these two frequency
in an SCM optical system, the CW optical carrier contains @Bmponents on the Poincaré coordinate is

least half of the total optical poweF,. ..ic: = M P, whereM

is the number of RF channels per wavelendthis the optical A = AT - Aw.

power per RF channel, an@....;.. is the optical power of the

carrier. Although the CW carrier does not contribute to the XPM This formula has been used in fiber PMD measurements, and
process, it must be considered in FWM analysis because ofiftss commonly referred to as the fixed-analyzer method [14].
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System DGD (ps) VII. CONCLUSION

00 20 4,0 6(,) 80 100 We have analyzed the performance of fiber-optic SCM

transmission using OSSB both experimentally and theoreti-
cally. OSSB is an effective method to reduce the impact of
fiber chromatic dispersion and increase bandwidth efficiency.
Receiver sensitivity has been evaluated for SCM systems using
an optically preamplified receiver, and a comparison has been
made between different modulation formats. Optical carrier
suppression was suggested to increase modulation efficiency
while keeping MZ modulator intermodulation crosstalk low.
Because, in SCM systems, frequency spacing between adjacent
RF channels is much narrower than that in a conventional
DWDM system, we have evaluated the effect of nonlinear
crosstalk in optical fibers created by XPM and FWM. We
have demonstrated that FWM is the dominant source of non-
linear crosstalk in SCM optical systems. Although chromatic
Fig. 15. Calculated receiver sensitivity penalty caused by PMD for subcarr@iSP€rsion is not a limiting factor in SCM systems, PMD
channels with several different RF frequencies. has a big impact in the system performance if RF coherent
detection is used in the receiver. In order to optimize the system
\}%(?rformance, tradeoffs must be made between data rate per
subcarrier, levels of modulation, channel spacing between
subcarriers, optical power, and modulation indexes. A 10-Gb/s
SCM test bed has been set up in whictkx 2.5 Gb/s data
A = cos <ﬁ) — cos <Ar . &> . (18) streams are combined into one wavelength, which occupies a
2 2 20-GHz optical bandwidth. OSSB modulation is used in the
experiment. The measured results agree well with the analytical
Because the noise at the receiver is not affected by this Sfediction.
walk-off, A is also the degradation factor of the receiver SNR.
Fig. 15 shows the SNR degradation versus the accumulated
system DGD. As an example, for 1-dB SNR degradation
(A = —1 dB) and 15-GHz carrier—subcarrier separation, the [1] M. R. Philips and T. E. Darcie, “Lightwave video transmission,” in
. . Optical Fiber Telecommunicationd. P. Kaminon and T. L. Koch,
required system DGD must be smaller than 10 ps. It is worth 45 ™ New York: Academic, 1997, vol. llIA.
mentioning that the SOP walk-off induced SNR degradation[2] P. M. Hill and R. Olshansky, “A 20-channel optical communication

is, to the first order, independent of the data rate on each ggﬂg|ss%bcﬁgmancgI?Efﬁ;g?v;?rsmp% tg%rf_”gggi‘x‘pr(’fl Sg%ita' video
RF subcarrier; 't_ only depends on the f_re_qL{enCy separatlor*[3] K. P. Ho, H. Dai, C. Lin, S.-K. Liaw, H. Gysel, and M. Ramachan-
between the carrier and the subcarrier. This is indeed a stringent  dran, “Hybrid wavelength-division-multiplexing systems for high-ca-
imitati pacity digital and analog trunking application oton. Technol.
limitation for the system. Lett' Vg; '10' ppd 297'299 F';'b 1998" iontZEE Photon. Technol
This S|gnal 'fadmg can §I|SQ be explained in 'the time domain 4] P. A. Greenhalgh, R. D. Abel, and P. A. Davies, “Optical prefiltering in
[15]. During fiber transmission, both the carrier and the sub-  subcarrier systemsElectron. Lett, vol. 28, p. 2054, Nov. 1992.
carrier are decomposed into fast and slow principal states of°] R. Hui, B. Zhu, R. Huang, C. Allen, K. Demarest, and D. Richards, *10

. - - . Gb/s SCM system using optical single side-band modulatiorPrac.
polarization (PSPs). This causes a phase difference in the re- gpcog Angheim’ CA’?\,,;;I 2001, |?/|M4.

ceived subcarrier signal at the photodiode. If we assume ané] M. E. Frerking, Digital Signal Processing in Communication Sys-
equal amount of optical power is distributed into the fast and _ tems New York: Chapman & Hall, 1994.

. . . .[7] J. Conradi, B. Davis, M. Sieben, D. Dodds, and S. Walklin, “Optical
§|OW PSPs, the received subcarrier componentin the RF doma|h signal sideband () transmission for dispersion avoidance and electrical

IS dispersion compensation in microwave sub-carrier and baseband digital
systems,’Electron. Lett. vol. 33, pp. 971-973, May 1997.
[8] G. H. Smith, D. Novak, and Z. Ahmed, “Overcoming chromatic dis-

Receiver SNR degradation (dB)
&

-12

Because of this SOP walk-off, the electrical signal at the recei
is decreased by a factor
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