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Abstract—The performance of high-speed digital fiber-optic
transmission using subcarrier multiplexing (SCM) is investigated
both analytically and numerically. In order to reduce the impact
of fiber chromatic dispersion and increase bandwidth efficiency,
optical single-sideband (OSSB) modulation was used. Because
frequency spacing between adjacent subcarriers can be much
narrower than in a conventional DWDM system, nonlinear
crosstalk must be considered. Although chromatic dispersion is
not a limiting factor in SCM systems because the data rate at
each subcarrier is low, polarization mode dispersion (PMD) has
a big impact on the system performance if radiofrequency (RF)
phase detection is used in the receiver. In order to optimize the
system performance, 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 which 4 2.5 Gb/s data streams
are combined into one wavelength that occupies a 20-GHz optical
bandwidth. OSSB modulation is used in the experiment. The
measured results agree well with the analytical prediction.

Index Terms—Optical fiber communication, optical fiber polar-
ization, optical modulation, optical receiver, optical signal process-
ing, subcarrier multiplexing.

I. INTRODUCTION

I N order to use the optical bandwidth provided by optical
fibers more efficiently, new transmission technologies have

been developed in recent years, such as time division multi-
plexing (TDM), wavelength division multiplexing (WDM), and
their combinations. Apart from noise accumulation, high-speed
TDM optical systems suffer from chromatic dispersion, non-
linear crosstalk, and polarization-mode dispersion (PMD). Op-
tical systems with data rates of 10 Gb/s and higher require pre-
cise dispersion compensation and careful link engineering. On
the other hand, WDM technology spreads transmission capacity
into various wavelength channels and uses relatively low data
rates at each wavelength. However, due to the selectivity of op-
tical filters and limitations in the wavelength stability of semi-
conductor lasers, the minimum channel spacing is50 GHz in
current commercial WDM systems. Narrower channel spacing

Manuscript received November 24, 2001; revised December 13, 2001. This
work was supported in part by Sprint Communications Company, L.P.

R. Hui, B. Zhu, C. T. Allen, and K. R. Demarest are with the Information
and Telecommunication Technology Center, Department of Electrical and Com-
puter Science, University of Kansas, Lawrence, KS 66044 USA.

R. Huang was with the Information and Telecommunication Technology
Center, Department of Electrical and Computer Science, University of Kansas,
Lawrence, KS 66044 USA. He is now with Sprint Advanced Technology
Laboratories, Burlingame, CA 94010 USA.

D. Richards is with Sprint, Inc., Overland Park, KS 66212 USA.
Publisher Item Identifier S 0733-8724(02)02190-4.

has been pursued by industry and the research community to
increase fiber transmission capacity. More sophisticated mod-
ulation formats may help to increase the bandwidth efficiency
compared to the basicON–OFF keying modulation.

Optical subcarrier multiplexing (SCM) is a scheme where
multiple signals are multiplexed in the radiofrequency (RF) do-
main and transmitted by a single wavelength. A significant ad-
vantage of SCM is that microwave devices are more mature than
optical devices; the stability of a microwave oscillator and the
frequency selectivity of a microwave filter are much better than
their optical counterparts. In addition, the low phase noise of RF
oscillators makes coherent detection in the RF domain easier
than optical coherent detection, and advanced modulation for-
mats can be applied easily. A popular application of SCM tech-
nology in fiber optic systems is analog cable television (CATV)
distribution [1], [2]. Because of the simple and low-cost im-
plementation, SCM has also been proposed to transmit multi-
channel digital optical signals using direct detection [3], [4] for
local area optical networks.

In this paper, we analyze the performance of high-speed
digital fiber-optic transmission using SCM both analytically and
numerically. In order to minimize the impact of fiber chromatic
dispersion, optical single-sideband (OSSB) modulation is used,
which also increases the optical bandwidth efficiency. Fiber
nonlinearities such as cross-phase modulation (XPM) and
four-wave mixing (FWM) may generate significant amounts of
nonlinear crosstalk between adjacent SCM channels because
they are very closely spaced. Although chromatic dispersion is
not a limiting factor in OSSB-modulated SCM systems because
the data rate at each subcarrier is relatively low, carrier fading
due to PMD may be significant because of high subcarrier
frequencies [14]. In order to optimize the system performance,
tradeoffs must be made between data rate per subcarrier, levels
of modulation, channel spacing between subcarriers, optical
power, and modulation indexes. An experiment of 10-Gb/s SCM
fiber-optical system was performed, in which 42.5 Gb/s data
streams were combined into one wavelength, which occupied an
approximately 20-GHz optical bandwidth. OSSB modulation
was achieved using a balanced dual-electrode electrooptic mod-
ulator. This 10-Gb/s composite optical signal was transmitted
over 150-km equivalent standard single-mode fiber (SMF)
without any dispersion compensation [5]. The combination
of SCM and WDM may provide a more flexible platform
for high-speed optical transport networks with high optical
bandwidth efficiency and high dispersion tolerance.

The basic configuration of an SCM–WDM optical system
is shown in Fig. 1. In this example, independent high-speed
digital signals are mixed by different microwave carrier
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Fig. 1. SCM–WDM system architecture.

frequencies . These are combined and optically modulated
onto an optical carrier. wavelengths are then multiplexed
together in an optical WDM configuration. At the receiver, an
optical demultiplexer separates the wavelengths for individual
optical detectors. Then, RF coherent detection is used at the
SCM level to separate the digital signal channels. Channel
add–drop is also possible at both the wavelength and SCM
levels. Although this SCM–WDM is, in fact, an ultradense
WDM system, sophisticated microwave and RF technology
enables the channel spacing to be comparable to the spectral
width of the baseband, which is otherwise not feasible by using
optical technology. Compared to conventional high-speed TDM
systems, SCM is less sensitive to fiber dispersion because the
dispersion penalty is determined by the width of the baseband
of each individual signal channel. Compared to conventional
WDM systems, on the other hand, it has better optical spectral
efficiency because much narrower channel spacing is allowed.

Conventional SCM generally occupies a wide modulation
bandwidth because of its double-sideband spectrum structure
and, therefore, is susceptible to chromatic dispersion. In order
to reduce dispersion penalty and increase optical bandwidth
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 because
there are no low-frequency components, and the Hilbert trans-
formation is, thus, much simpler than OSSB in conventional
TDM systems [6], [7].

II. EXPERIMENT

In order to investigate the feasibility of long-haul digital SCM
transmission at high speed, an experiment was conducted at
10-Gb/s capacity per wavelength. Four 2.5-Gb/s digital signals
were mixed with four RF carriers each at 3.6, 8.3, 13, and
18 GHz, and binary phase-shift keying (BPSK) modulation
format was used in the RF domain. The RF carriers were then
combined and amplified to drive a dual electrode LiNbO
Mach–Zehnder (MZ) modulator with a 20-GHz bandwidth. As

Fig. 2. Illustration of OSSB modulation using dual-electrode MZ modulator.

Fig. 3. Measured OSSB spectrum with four subcarrier channels.

shown in Fig. 2, in order to generate OSSB, the composite signal
was applied to both of the two balanced electrodes with a
phase shift in one of the arms using a 90hybrid splitter. A direct
current (dc) bias sets the modulator at the quadrature point to
generate OSSB [8]. Fig. 3 shows the OSSB spectrum measured
by 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 sideband
of at least 13 dB was achieved, as can be seen from Fig. 3.

To measure the transmission performance, this optical signal
was then launched into an SMF link with accumulated chro-
matic dispersion of 2640 ps/nm, SMF. The experiment was
performed using dispersion compensating fibers (DCF) (DK se-
ries, Lucent Technologies, Murray Hill, NJ 07974 USA), which
have large negative dispersion values. No dispersion compensa-
tion was used. At the receiver, the optical signal was pream-
plified and detected by a wide-band photodetector. A typical
spectrum of the detected composite RF signal after the wide-
band photodiode is shown in Fig. 4, where four optical subcar-
riers are converted into the RF domain. Each subcarrier was then
down-converted to an individual baseband by mixing the com-
posite signal with an appropriate RF local oscillator and then
passing through a 1.75-GHz lowpass filter. Although both am-
plitude shift keying (ASK) and phase shift keying (PSK) mod-
ulation–detection schemes may be used; in our experiment, we
have used PSK format in the RF domain for better receiver sen-
sitivity.

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. The
measurement was performed under the condition that all four
SCM channels were operated simultaneously. At the BER level
of 10 , the back-to-back sensitivity ranges from25 dBm
to 27 dBm for the different channels due to the ripples in the
microwave devices and the inaccuracy of the modulation index
of each individual SCM channel. After transmission, the sensi-
tivity is degraded by about 2.5 dB. In our experiment, this degra-
dation was largely attributed to the frequency instability of the
local oscillators. In this four-RF channel experiment, an approx-
imately 4.7-GHz spacing between RF channels was used; this
spacing was selected based on the tradeoff between the inter-
channel crosstalk and the bandwidth efficiency. In fact, the min-
imum allowed spacing between RF channels largely depends
on the quality of the baseband filter. Fig. 6 shows the mea-
sured receiver sensitivityBER versus RF channel
spacing. Significant sensitivity degradation results for channel

Fig. 5. Measured bit-error rate in a system with four subcarrier channels
before (solid points) and after (open points) a fiber transmission line with a
�2640 ps/nm total dispersion.

spacing of less than 4.7 GHz due to interchannel crosstalk. The
results shown in Fig. 6 are for a case where only two subcar-
rier channels were used. Thus, the maximum allowable modu-
lation index is higher than a four-channel case; therefore, the
sensitivity in Fig. 6 is better than that in Fig. 5. Further im-
provement of bandwidth efficiency might be achieved using mi-
crowave single-sideband modulation.

Owing to the relatively low data rates carried by each indi-
vidual SCM channel, the SCM system can tolerate more chro-
matic dispersion than a TDM system of same capacity. We have
made an experimental comparison of the system performance
between a TDM system with 192 optical combiners (OCs) and
a four-channel OC-48 SCM system. Fig. 7 shows the measured
receiver sensitivities versus the accumulated dispersion. Back
to back, the sensitivity of SCM system is about 6-dB worse
compared to its TDM counterpart because of small modulation
index in the SCM system. However, with the accumulated dis-
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Fig. 6. Measured receiver sensitivity (atBER = 10 ) versus frequency
spacing between RF channels. Only two RF channels are used.

persion of higher than 1700 ps/nm (corresponding to 100 km of
SMF), the performance of the TDM system deteriorates rapidly,
whereas the performance of the SCM system remains essen-
tially unchanged. Because the transmission fiber used in our ex-
periment has high negative dispersion, the effect of fiber non-
linear crosstalk may be underestimated.

III. CARRIER SUPPRESSION

An important issue in an SCM system is intermodulation dis-
tortion. This mainly comes from nonlinear modulation char-
acteristic of optoelectronic modulators. For an OSSB modula-
tion using a dual-electrode MZ modulator, if the modulator is
single-frequency modulated by , the output optical field
is [8]

(1)

where is the input optical field, is the light-
wave carrier frequency, is the RF frequency of the modula-
tion, and is the normalized amplitude of the
RF drive signal. is the switching voltage of the MZ modu-
lator and is the amplitude of the sinusoid drive signal. Be-
cause MZ modulators do not have a linear transfer function, sig-
nificant high-order harmonics can be generated if the modula-
tion strength is too high; this introduces crosstalk between
channels. In practice, must be maintained so that the
signal term is much higher than the higher order terms.

Fig. 7. Receiver sensitivity (at BER of 10) comparison between a 10-Gb/s
TDM system and a 4-tone SCM system with 10-Gb/s capacity.

For example, must be smaller than 0.4 to guarantee that the
signal power is 20 dB higher than the power of the second har-
monic. However, at , the power at the continuous wave
(CW) carrier, represented by the term in (1), is approxi-
mately 11 dB higher than the signal. Obviously, a small modula-
tion index means inefficient modulation and poor receiver sen-
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-
sion may be applied using an optical notch filter. Fig. 8 illus-
trates the motivation of optical carrier suppression. Note that
the carrier cannot be completely suppressed because the energy
in the carrier must be equal to or higher than that of the signal.
Otherwise, signal clipping will occur [9], which may introduce
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 ) 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-
trooptic modulator. Although a calibration was not made be-
tween the RF power and the modulation index in our experi-
ment, they should be directly proportional. Fig. 10 indicates that
for high modulation indexes, the system performance improve-
ment induced by carrier suppression is less than that seen with
low modulation indexes. The reason is that, at high modulation
index, the modulator already works in the nonlinear regime and
carrier component is not a dominant term in the composite op-
tical signal.
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Fig. 8. Illustration of optical carrier suppression.

Fig. 9. Optical circuit for carrier suppression.

Fig. 10. Measured receiver sensitivity (atBER = 10 ) versus RF power
used on the electrooptic modulator with and without optical carrier suppression.
Only single RF channel is used at 8 GHz. Triangles: without carrier suppression.
Squares: with approximately 7-dB optical carrier suppression.

IV. RECEIVER SENSITIVITY

In this section, we analyze the sensitivity of a digital SCM
system with an optically preamplified receiver. A simplified
block diagram of this system is shown in Fig. 11. In an SCM

optical system with subcarrier channels, similar to (1), the
output electrical field from the electrooptic modulator is

(2)

where is the normalized digital signal at theth subcar-
rier channel. For PSK modulation, , and for ASK
modulation, to represent digital signal “0” and “1,”
respectively. is the carrier frequency and is the RF sub-
carrier frequency of theth channel.

In order to keep higher order harmonics small and operate
the modulator in the linear regime, the modulation has to
be weak. Under the assumption of small-signal modulation,

and (2) can be linearized as

(3)
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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 the
second term is the signal. If optical carrier suppression is con-
sidered, (3) can be modified as

(4)

where is the power suppression ratio of the carrier.
At the receiver, the optical carrier beats with the subcarriers at
the photodiode, down-converting the optical subcarrier into the
RF domain. The generated photocurrent at the receiver is

(5)

where is the system transmission and coupling loss,
is the photodiode responsivity, is the gain of the op-
tical preamplifier, is the
average photocurrent, is the average power of the op-
tical signal reaching the preamplified optical receiver, and

is the normalized modulation index. Obviously,
the useful photocurrent signal for theth channel is

. In deriving (5), a small-signal
approximation has been used. Receiver photocurrent must be
positive; therefore

(6)

Equation (6) sets a conservative approximation for the
maximum amount of carrier suppression that can be applied
without introducing clipping. In conventional analog SCM
CATV systems with a large number of channels, clipping-in-
duced signal-to-noise ratio (SNR) degradation is proportional
to the power addition of all the channels [9]. In digital systems,
however, the performance is measured by BER. Because of
the nonlinear relationship between SNR and BER determined
by an error function, a small degradation in SNR may induce
a large BER change at low BER levels. Although (6) is a
worst-case approach, it is appropriate for high-capacity digital
systems with a limited number of channels.

In order to calculate the receiver sensitivity, amplified spon-
taneous emission (ASE) noise generated by the erbium-doped
fiber amplifier (EDFA) preamplifier must be considered. The
ASE noise spectral density is

(7)

where is the spontaneous emission factor,is the noise
figure of the EDFA, is the Planck’s constant, is the op-
tical frequency, and is the optical gain of the EDFA. Note
that the factor 2 in front of is there to account for both po-
larizations of the ASE. After photodetection, the optical ASE
noise is converted into the electronic domain. Consider only
signal–ASE beat noise, which is usually the dominant noise
source in an optically preamplified receiver. Under Gaussian ap-
proximation, the double-sideband electrical power spectral den-
sity of signal–ASE beat noise is

- (8)

The factor 1/2 in (8) accounts for the fact that the signal has
only a single polarization, and the factor 2 in (8) takes into ac-
count the double optical sidebands of the ASE noise (symmetric
optical noise around the optical carrier). Because the noise is
random, it can be decomposed into in-phase and quadrature
components and , respectively, and, thus, the total
alternating current (ac) signal of the-th RF channel entering
the RF demodulator is

(9)

where the total noise power is

-

and

where is the spectral width of the signal baseband ( ac-
counts for double RF sidebands).

At the RF demodulator, coherently mixes with a local
oscillator , and the output of the demodulator is

(10)
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where frequency-doubled components have been filtered out.
Assuming a reasonable optical gain of the EDFA preamplifier,

, the SNR is

SNR

(11)

It is worth mentioning that, in conventional intensity-modu-
lation direct-detection optical systems, signal-dependent noise,
such as signal-ASE beat noise, does not exist during signal “0.”
However, in SCM optical systems, receiver noise is identical at
signal “1”s and “0”s as long as the frequency of the subcarrier
is higher than the data rate it carries.

Using PSK modulation, and taking into account the fact that
, in the ideal case without signal waveform dis-

tortion, the receiver value can be approximated as

(12)

where for PSK modulation.
For ASK modulation, and for quadrature PSK

(QPSK), ; therefore, for
ASK and for QPSK. To achieve a BER of 10

, the minimum required optical signal power must be

(13)

This value is commonly referred to as receiver sensitivity. In
an SCM system, as the number of RF channels increases, the
modulation index of each channel must decrease to satisfy (6).
Assuming an identical modulation index for all RF channels,
we have . In addition, the receiver electrical
bandwidth is determined by the data rate per RF channel. In
a binary NRZ system, we can use where is
the total bit rate per subcarrier channel. Fig. 12 shows a prac-
tical example of receiver sensitivity versus the number of RF
channels. In this example, the total data rate per wavelength is
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 BPSK
system with , the minimum achievable receiver sensi-
tivity is approximately 31 dBm.

In the sensitivity analysis presented so far, we have assumed
that the optical bandwidth of the receiver is wide enough such
that the optical noise is symmetric around the carrier, although
optical signals are only at one side of the carrier because of the
SSB modulation. If a narrowband optical filter is used in front
of the receiver, optical noise on the mirror side of the optical sig-
nals may be removed and, therefore, the optical noise becomes
single sided. Fig. 13 illustrates the effect of the narrowband
optical receiver filter. If the bandwidth and center wavelength
of the optical filter are properly arranged, the signal–ASE beat

Fig. 12. Calculated receiver sensitivity versus the number of RF channels for
ASK, BPSK, and QPSK modulation formats. Total data rate is 10 Gb/s and the
optical amplifier noise figure is 5 dB.

noise presented by (8) will be halved and the receiver sensitivity
will be improved by 3 dB.

It should be pointed out that the receiver sensitivity pre-
sented so far did not include signal waveform distortion and
inter-channel crosstalk. Signal waveform distortion may be
introduced by nonideal transfer function of RF circuitry and
optical modulator, chromatic dispersion, self-phase modulation
(SPM), and PMD. In an SCM optical system using OSSB
modulation, because the datarate per subcarrier channel is
low, the system tolerance to chromatic dispersion is increased
by compared to a conventional TDM system at the same
data rate per wavelength. SPM depends on the optical power
per subcarrier, with a fixed optical power per wavelength; the
effect of SPM will decrease with . However, we will show,
in Section VI, that PMD is likely a limiting factor in SCM
optical systems. In addition, with a fixed optical modulator
bandwidth, increasing the number of RF channels will decrease
the frequency spacing between them. Although linear crosstalk
can be minimized using high-quality microwave filters, non-
linear crosstalk created during the transmission in the optical
fiber may become significant. This will be discussed in the
Section V.

V. CROSSTALKCREATED BY FIBER NONLINEARITY

XPM and FWM are two of the most important sources of non-
linear crosstalk in multiwavelength fiber-optic systems. Their
effects are generally proportional to signal optical power and
inversely proportional to the channel spacing [10], [11]. In con-
trast to a conventional WDM system, an SCM optical system
packs low data-rate RF channels tightly within the available
modulation bandwidth of an optical modulator, and the optical
power per RF channel is relatively low. The understanding of
nonlinear crosstalk optical SCM systems is critical in the system
design.

In the following evaluation, we assume that the total data rate
carried by one wavelength is 10 Gb/s, the total RF bandwidth of
the modulator is 20 GHz, the total optical power is 4 mW after
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Fig. 13. Illustration of receiver noise reduction by using a tuned narrowband optical filter.

each optical amplifier, and each RF subcarrier has the same op-
tical power and data rate. We use a Gaussian approximation to
quantify the level of nonlinear crosstalks due to XPM and FWM
and evaluate their standard deviations normalized to the optical
signal. For simplicity, we assume a nondispersion-compensated
optical system with five optically amplified fiber spans; each has
80 km of optical fiber and only the performance at the center
channel is evaluated because it usually has the strongest non-
linear crosstalk.

The evaluation of XPM crosstalk follows the analysis in [11].
Fiber dispersion and, thus, the relative walk-off between adja-
cent RF channels, represented by , is an impor-
tant parameter to determine XPM crosstalk. was
assumed in [11], but is no longer valid here because the modu-
lation data rate is comparable to the frequency spacing between
RF channels. In the aforementioned expressions,is the fiber
dispersion parameter, and are the average wavelength
and the wavelength separation between adjacent RF channels,
respectively, is the dispersion coefficient,
is the baseband frequency, andis the speed of light. In a system
with RF channels and optical amplified fiber spans, the
normalized noise power generated at theth channel by XPM is

(14)

with

(15)

Here, is the receiver electrical power transfer function,
is the attenuation coefficient of the fiber, is the length of

the th fiber span, and is the accumulated fiber length of
the whole system. is the nonlinear coeffi-
cient, is the nonlinear refractive index, and are the RF
channel wavelengths, is the fiber effective core area, and

and are optical powers of the pump and
the probe RF channels, respectively.

In an SCM optical system, we assume 50% of the optical
power is in the carrier. Because the carrier is always CW, it
does not contribute to XPM. Fig. 14(a) shows the normal-
ized standard deviation due to XPM. The plot starts from
two RF channels (with 5-Gb/s data rate per RF channel and
10-GHz channel spacing) and ends with 32 RF channels (with
312.5-MHz data rate per RF channel and 625-MHz channel
spacing). Fig. 14(a) demonstrates that, with the increase in the
number of channels, the XPM crosstalk decreases monotoni-
cally. The effect of decreased channel spacing is approximately
compensated by the decrease of signal optical power per
channel. On the other hand, because the XPM spectral transfer
functions have typically high-pass characteristics, especially
at low frequencies [11], the decrease of channel data rate and,
thus, the decrease of the baseband filter bandwidth, reduced the
effect of XPM crosstalk at the large RF channel counts. Due to
interference between XPM created by various amplified fiber
spans, the XPM contribution versus channel spacing is usually
not monotonic at small number of channels; this can also
be explained by the nonuniformity of XPM spectral transfer
function in the frequency domain [11].

FWM is another source of nonlinear crosstalk created by
Kerr effect in optical fibers. Assume that all beating compo-
nents around the signal frequency are within the receiver
bandwidth. Three channels,, , and , beat to generate a
crosstalk at the th channel. The frequency relation has to
satisfy , . Using small-signal
approximation, assuming equal channel power and equal
channel spacing, the crosstalk power generated by FWM has
a simple expression

(16)
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(a)

(b)

Fig. 14. Calculated (a) XPM and (b) FWM crosstalk in SCM systems. Total
data rate is 10 Gb/s and total RF bandwidth is 20 GHz. Five amplified spans
each have 80 km of fiber, and the EDFA output optical power is 4 mW.

with

(17)

where for two-tone products and for
three-tone products. is the optical power per RF channel and

represents a combined effect of the relative phase between
the contributing waves and the statistics of the data signal [12].
In SCM optical systems with RF phase modulation, such as
PSK, signal has the same optical power for digital “0”s and “1”s.
The random phase relationship between different contributing
waves is if all the powers are the same. However,
in an SCM optical system, the CW optical carrier contains at
least half of the total optical power, , where
is the number of RF channels per wavelength,is the optical
power per RF channel, and is the optical power of the
carrier. Although the CW carrier does not contribute to the XPM
process, it must be considered in FWM analysis because of its

high optical power. We can simply set if any one
of , , and represents the carrier.

Fig. 14(b) shows the normalized standard deviation due to
FWM. Because the effect of FWM is proportional to the signal
optical power and inversely proportional to the square of the
channel spacing, it generally increases with the increase of the
number of channels, as shown in Fig. 14(b). However, when
the RF channel spacing is too small, there is negligible walk-off
within the fiber nonlinear length. If , will no
longer increase with the number of channels.

Comparing Fig. 14(a) and (b), it is evident that FWM is the
major source of nonlinear crosstalk in SCM optical systems with
low data rate per channel and extremely narrow spacing between
RF channels. Although a low optical power level is desired for
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,
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
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
a differential group delay (DGD) of the optical signals and, thus,
introduces signal waveform distortion at the receiver. The gen-
erally accepted limit for DGD is about 15% of the bit time for
the nonreturn-to-zero (NRZ) modulation format [13].

Another, yet equivalent, explanation of PMD is in the fre-
quency domain, where we consider that two lightwave signals
with slightly different wavelengths are launched into an optical
fiber. Although the two lightwave signals have the same state
of polarization (SOP) at the fiber input, their SOPs may walk
off from each other after propagating through the fiber. This
SOP walk-off is caused by PMD, and is proportional to both
wavelength separation between the two lightwave signals and
the DGD of the fiber.

In an SCM optical system, the composite electrical signal at
the receiver is produced by the heterodyne beating between the
carrier and the subcarriers. In order to maintain a stable and
acceptable level of electrical signal at the receiver, the SOPs
must be aligned between the carrier and the subcarrier. Any SOP
walk-off will introduce fading in the beating signal. If the fre-
quency separation between the carrier and the subcarrier is
in radians and the DGD of the fiber system is in seconds,
then the angle separation of SOP between these two frequency
components on the Poincaré coordinate is

This formula has been used in fiber PMD measurements, and
it is commonly referred to as the fixed-analyzer method [14].
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Fig. 15. Calculated receiver sensitivity penalty caused by PMD for subcarrier
channels with several different RF frequencies.

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

(18)

Because the noise at the receiver is not affected by this SOP
walk-off, 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

dB and 15-GHz carrier–subcarrier separation, the
required system DGD must be smaller than 10 ps. It is worth
mentioning that the SOP walk-off induced SNR degradation
is, to the first order, independent of the data rate on each
RF subcarrier; it only depends on the frequency separation
between the carrier and the subcarrier. This is indeed a stringent
limitation for the system.

This signal fading can also be explained in the time domain
[15]. During fiber transmission, both the carrier and the sub-
carrier are decomposed into fast and slow principal states of
polarization (PSPs). This causes a phase difference in the re-
ceived subcarrier signal at the photodiode. If we assume an
equal amount of optical power is distributed into the fast and
slow PSPs, the received subcarrier component in the RF domain
is

where is the data signal carried by the subcarrier. Obvi-
ously, the PMD-induced subcarrier fading is proportional to

, which is identical to the amount of fading
described by the polarization walk-off. Although the subcarrier
fading can be explained in two seemingly quite different ways,
they originate from the same physical mechanism and the effect
should not be counted twice.

VII. CONCLUSION

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
dispersion is not a limiting factor in SCM systems, PMD
has a big impact in the system performance if RF coherent
detection is used in the receiver. In order to optimize the system
performance, 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 which 42.5 Gb/s data
streams are combined into one wavelength, which occupies a
20-GHz optical bandwidth. OSSB modulation is used in the
experiment. The measured results agree well with the analytical
prediction.
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