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Abstract-We provide the theoretical modeling of optically pre-
filtered AM subcarrier multiplexed systems, taking into account
the coherence of the optical source. This model provides an useful
tool to calculate the crosstalk impairment that appears in the
subcarrier systems with optical prefiltering. Simulation carried
on using realistic parameters is also presented that validates the
results from the theoretical analysis.

I. INTRODUCTION

THE Subcarrier Multiplexing (SCM) approach represents
a very attractive alternative to increase the spectral ef-

ficiency of lightwave systems [1]. Novel digital transmission
applications require high modulation rates (> 100 Mbps) that
yield wideband SCM channels. Thus, long-haul optical net-
works must to be used to carry those wideband SCM systems.
In order to perform this, two important limitations must be

pointed out in traditional SCM systems. First, the channel
electronic tuning approach necessitates that the required pho-
todiode, as well as microwave receiver bandwidth, have to be
the same throughout the SCM bandwidth system, since SCM
tunable receivers have to be able to select any of the SCM
channels. Furthermore, another limitation is the low flexibility

of the SCM network, since in order to upgrade the capacity of
the system (i.e., adding more channels) the optical receivers
must be replaced by others with the proper bandwidth of the

new SCM system. Therefore, the bandwidth of the optical
receiver limits the capacity of the SCM system.

On other hand, recent advances in optical processing tech-
nology have resulted in the feasibility of some optical compo-
nents such as tunable optical filters, with expected decreasing
costs in the next years. Therefore, the use of optical compo-
nents in the fiber user loop will become an attractive alternative
in the near future. In order to overcome the limitations imposed

by electronic processing in SCM systems, optical processing
. . ---1. ~~ alrea~v proposed in otheris considered for tuning LLW.,..-..,

multiplexing techniques such as optical frequency division
(OFDM) and code division (CDMA).
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Recently, optical channel prefiltering in amplitude modu-
lation SCM systems (AM-SCM) has been proposed [2], [3].
In this technique, the SCM chamnels are selected by means
a tunable optical filter, prior to being directly detected at
receiving photodiode, as occurs in OFDM systems [4]. The

advantage of this approach is twofold. On the one hand, the
translation of the signal processing to the optical domain helps
to alleviate the so-called electronic bottleneck that occurs
in broadband communication :systems, as the increase in
the number of transmitted channels poses more stringent
requirements on the speed of the electronic circuits at the
receiver. On the other hand, and as it will be shown later,
the required bandwidth of the optical receiver is no krrger
that of the whole transmitted composite band, but rather, it
is dictated by that of a single channel. This latter advantage
results in a much more simple and therefore low cost receiver
configuration and has the added value of providing the extra
flexibility that traditional SCM systems lack when the network
needs to be upgraded.

This paper deals with the theoretical modeling and simu-
lation of optically prefiltered AM-SCM systems, taking into
account the finite linewidth optical sources. The proposed
model is aimed to calculate the crosstalk impairment in
optically prefiltered SCM systems, and the influence that

the source coherence has on the latter. The paper is struc-
tured as follows. In Section II, we describe the theoretical
model. This model yields two different optical prefiltering
techniques studied in Section 111. In Section IV, we compare
both optical prefiltering techniques. In Section V, we study
by means simulation the previously modeled dc and RF
optical prefiltering techniques, considering a realistic 155-
Mbitls subcarrier system, and we focus on some aspects that
have not been taken into account in the theoretical model, such
as the intertnodulation effect and signal distortion arising from
optical filter process. Finally, the conclusions of the study are
presented in Section VI.

II. MOIDEL

Fig. 1 depicts the block diagram of an optically prefiltered

SCM-IM/DD system. In the theoretical model we consider
a SCM baud of N subcarriers tones distributed from WI to
‘WjV.The composite RF signal at the output of the electronic
multiplex modulates the intensity of a laser source. Let
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Fig. 1. Optically prefiltered AN-SCM system setup with different filtering process for the dc and RF techniques.

represent the incident electrical field on the optical filter,

~(t) being the laser source field envelope, m, the optical

modulation index of the i-channel, and W. corresponding

to the angular frequency of the optical carrier. Note that

chirp and frequency modulation effects arising from directly

modulated lasers are not considered in this model. These

effects may be neglected by employing laser devices with

very low linewidth enhancement factor (a < 1) such as

multiple-quantum-well (MQW) laser structures [5] for which

the intensity modulation efficiency is higher than the frequency
modulation efficiency. In addition, the model presented below
for direct modulation may be easily extended for the case of
using optical external modulators. Considering for simplicity

that all the channels have the same optical modulation index

value (m, = m, ‘di), and that this value is small enough to

make the linear approximation of the square root in (1), the

incident electrical field may be expressed as

{

N

}

1 + ~ ~ [e~tw”+w’)t + e~fwo-w’)t] ((t.). (2)
‘2=1

In this theoretical model we assume that the optical filter is

a FabryPerot Cavity (FPC) with two mirrors of equal electric

field reflectivity (r) and a cavity length L with an effective

index of refraction of nc. The transmitted field through the

FPC is

where tn= t– (2n + I) ’T, T = nCL/c being the transit time

for light to traverse the cavity and c the free-space speed of

the light.
The photodetector output current i(t) is proportional to

(%(~) %(~)), wheretheoperator () represents the photode-
tection time-average process. Thus, the detected photocument
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i(t) may be expressed as Beats between subcarrierfrequencies (sum and difference):

mm

(

ib(t) & (1 – ~2)2 ;

i(t)(x(l-?-qz ~ ~ 7-%w[2(m-n)T]

{
“ 5?

IPIn=o m=l)
~~wo(m—n)2T 7,=1 ,2=1 /m - 2?-4cm [2(WZi- w,)~]

+ Cos (wltn – Wjtm)] }) (4) . Cos [(w, – Wj)t]

}

where P is
r(t-) being the normalized coherence function of the optical

source [17(0) = 1] defined as I’(T) = (~(t) . (“(t – T)). P = [1 – r4e-4awTe-43WT]/[1 + r4e-46wT

After some mathematical manipulations [6] the photocurrent . e–4jwT
– 2r2e–26u Te–2~w’T cos (2woZ’)].

expressed in (4) may be decomposed in te’i-ms at baseband

frequencies, subcarrier radiofrequencies RF (from WI to wN)
and different beats (sum and difference) between the subcarrier
frequencies (WZ+ WJ). Assuming a laser source r(~) may

be further developed as I’(T) = e- Ibu”l where 6W = 27r6~
and 26~ is the spectral laser linewidth (FWHM) when no

modulation signal is considered. Therefore, those terms of the

detected photocument i(t) may be expressed as

Baseband terms:

i~c(t) (x y:;’

“{
1 _ r4e–46LUT

1 + r4e-46wT – 2r2e-2fWT cos (2woT)
N

+ ~ ~ R [1 – r4e-46v’Te-47w*T/

3=1

1 + r4e–4hwTe-4Jw’T
.

(8)

(9)

Note that the photocument terms depend on T, which is
the tuning parameter of the optical filter. Also, it is important
to note the difference between baseband and RF photocument
terms concerning to the dependence on the optical modulation
index per channel (m2 for dc and m for RF), since m must

be smaller than the unit because of the intermodulation noise
limitation [1]. Then, the amplitude of dc terms will be smaller
than the amplitude of RF terms.

III. OPTICAL PREFILTERINGTECHNIQUES

The information that is carried by the channels remains
in both the baseband and the RIF subcarrier frequencies, and
depending on which one is chosen to recover the information,
we can speak of two different optical prefiltering techniques.
We will thus distinguish between dc and RF techniques. When
the information is directly obtained from the dc photocurTent
[as corresponds to baseband tenms in (5)], we will speak of
dc optical prefiltering technique. If the RF, photocurrent is

}
–2r2e–2swTe-2JwLT cos (2wOT)] . (5)

used to obtain the information by means an AM electronic
demodulator we will speak of RF optical prefiltering technique.

RF subcarrier terms:

where K is

/
Each technique implies a different optical receiver as well as a
different filtering process as shown in Fig. 1. In the following
we discuss the characteristics and differences between both
techniques.

A. DC Technique

This optical prefiltering technique is based on the recovery
cos (wit) (6) O! the information by means of the dc photocurrent as indicated

by (5). Two terms maybe distinguished from (5). The first one
corresponds to the optical carrier (wo) contribution, which is
rejected by the optical filter as shown in Fig. 1. The second
one represents the contribution of the information channels.
Also, Fig. 1 shows the optical filtering process corresponding
to dc technique. It may be observed that only as one sideband
from of the intensity-modulated laser is selected and this

~q) imposes the condition that the free spectral range (FSR)

r2e–2(6w~jwo)T

K=2+
1 _ ~2e–2(6wtjuo)T

~2e–2[&JJ+j (u,o*wt)]T

+
1 – ~’e–’[6w*.7(w0* w.)]T “ L,]

of the FPC must verify that FSR z 2 ‘WN to avoid the
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overlapping between the SCM band and other resonances

of the FPC. The selected sideband in the filtering process
beats with itself during the photodetection process yielding

the AM demodulated baseband information at the phododiode
output. This is one of the most important advantages of
the dc optical prefiltering technique due to the fact that the
required bandwidth of the optical receiver is that correspond
to one channel, and not that of the composite SCM band as
in traditional SCM systems. This involves other advantages,

since the optical receiver does not depend on the number of
channels of the SCM system, i.e., the SCM system capacity
may be upgraded in the future without changing the optical
receivers of the users. This provides higher flexibility to the
SCM network than traditional SCM systems. From Fig. 1 it
can be observed the simple structure of the optical receiver
using the dc optical prefiltering technique, which only requires
narrow low pass band amplification and filtering prior to the
decision circuit.

B. RF Technique

This optical prefiltering technique is based on the use of

the RF photocurrent as indicated by (6). The RF photocurrent
terms pointed out in (6) arise from the beat between the
SCM channels and the optical carrier in the photodetection
process. This optical prefiltering technique has been previously
considered by Chen [7] for single modulation channel systems.
The RF optical filtering process is shown in Fig. 1. In this
figure, It may be observed that both channel sidebands arising
of the intensity-modulated laser are selected as well as the
optical carrier. Therefore, the FSR of the FPC must be equal to
the radio frequency of the tuned subcarrier, since considering
three adjacent resonances of the filter, the resonance that was
in the middle selects the optical carrier, and its two adjacent
resonances select the channel sidebands.

The RF optical prefiltering technique requires further elec-

tronic AM demodulation since the information is in the
radiofrequency photocurrent signal. Furthermore, the band-
width requirements as well as the structure of the optical
receiver (as depicted in Fig. 1) are the same as in traditional
SCM systems. Therefore, the RF optical prefiltering technique
has no significant advantages over the electrical tuning used
in traditional SCM systems.

IV. COMPARISON BETWEEN DC AND RF TECHNIQUES

In this section, dc and RF optical prefiltering techniques are
compared. The comparison is addressed to the points described
below.

A. Structure of the Optical Receiver

As described previously, as well as shown in the inset of
Fig. 1, the complexity of the optical receiver for dc technique
is less than for the RF technique. The optical receiver for the dc
technique only depends on the bandwidth of the channel, i.e.,
the bit rate, since the information is already AM demodulated
at the photodiode output. Thus, for dc technique one can
speak of 52, 155, 622 Mbit/s receivers, and so on, without
consideration of the frequency distribution of the subcarriers
in the SCM system bandwidth. However, the bandwidth of

1,1 ,-. ––.—T–————..r..-.-.—_— -T—- _ — —T. — 7

~.
–4 –2 0 246 8 10 12 14

Subcarrier Frequencies (GHz)

Fig. 2. Photocurrent responses for the dc technique against the subcarrier
frequencies for different values of laser linewidth: (a) O MHz, (b) 100 MHz,
(c) 250 MHz, (d) 500 MHz, and (e) 1000 MHz. The FSR of the filter is 9
GHz and the finesse is 40. A subcarrier at 2 GHz is selected.

Subcarrier Frequencies (GHz)

Fig. 3. Photocument responses for the RF technique against the subcarrier
frequencies for different values of laser linewidth: (a) O MHz, (b) 100 MHz,
(c) 250 MHz, (d) 500 MHz, and (e) 3000 MHz. The FSR of the filter is 2
GHz and the finesse is 40. A subcarrier at 2 GHz is selected.

the optical receiver for the RF technique must be equal to the
SCM system bandwidth. Besides, it requires an AM electronic
demodulator.

B. Tuning Process of the SCI14 Channels

A fine adjustment of the cavity length of the FPC (~),
using a PZT device is sufficient for tuning the channels
in dc technique, whereas both fine and coarse adjustments
are required in the RF technique (for instance, by means
electrooptic switches), which also involves more complexity
in the tuning process.

C. E#ect of the Laser Linewiclth on the Photocurrent Response

Figs. 2 and 3 show the dc and RF photocurrent spectrum
envelope as a function of the subcarrier frequencies (w~/27r)
distributed from 2 to Ghz and for different values of laser
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linewidth. From Figs. 2 and 3 it may be noticed that the
broadening effect of the dc and RF photocurrent responses due
to the finite laser linewidth is different for both techniques. It
can be seen that a higher laser Iinewidth produces a severe
decrease in the selectivity of the dc response, while for the RF
response it mainly increases the insertion losses, as well as a
loss of frequency selectivity.

In order to study the effect of the laser linewidth on the
photocument responses of both dc and RF optical prefiltering
techniques, we have considered its influence on the contrast
ratio. The contrast ratio of the photoctnrrent response defined
as the maximum-to-minimum ratio is presented in Fig. 4
for dc and RF techniques. It may be clearly observed that
the photocurrent contrast ratio for the dc technique is more

sensitive to the finite laser Iinewidth effect than RF technique.
For example, using an 800-MHz laser linewidth instead of

a high coherence laser source (laser linewidth <100 KHz)
the photocurrent contrast ratio decreases 12.5 dB for the dc

technique and only 1.5 dB for the RF technique. This sharp
decrease in the contrast ratio for the dc technique when the
laser Iinewidth increases indicates that it is more sensitive to
the finite laser linewidth effect than the RF technique. The
later indicates that higher crosstalk levels are expected for the
dc technique than for large values of laser linewidth in the
RF technique.

V. SIMULATION

In the theoretical model presented in Section II we have
done some idealistic assumptions for simplicity as subcar-
riers are not modulated (only tones). Furthermore, we have
neglected the nonlinear terms in the square root conversion
between electrical field and optical power [expressed by (2)1
because the aim of the model is to calculate the crosstalk
impairment [3] in optically prefiltered AM-SCM systems.
In this section, a simulation study of AM-SCM systems
considering 155 Mbits/s pseudorandom binary sequences as

f, (r@

Other —

LOW Pass Eaulv Subcarflels fN I L IWJ
Optical Carrier — —u

Component

Fig. 5. Simplified block diagram of the simulated optically prefiltered
AM-SCM system.

modulation signals is presented. Moreover, this study allows
us to verify the theoretical analysis that has previously been
carried out.

A. Simulation Model

A commercial simulation software has been used in this
study [8]. Fig. 5 shows the simplified block diagram of the
SCM system simulated in this study. One-hundred and fifty-
five MbitJs pseudorandom binaty sequences are used as mod-
ulation signals. A square root component is used to represent
the relation between optical power and electric field, i.e., a
linear current-to-optical power ratio is considered. The optical
filter has been modeled as an infinite impulsional response
(IIR) filter with a field transfer function that matches to that
of the single FabryPerot cavity used in the theoretical model.
Both losses and dispersion effects of the optical fiber have
been neglected in this study, Finally, after a low pass filter
equally as previously used in transmission, the eye diagram of
the received signal is analyzed.

Fig. 6 depicts the electric field spectrum at (a) the input and

output of the filter for (b) the dc and (c) the RF techniques.
A SCM system composed of seven 155 Mbit/s channels

distributed from 2-4 GHz with an optical modulation index
per channel of 0.2 has been analyzed. Both harmonics and
intermodulation products at the optical filter input are shown
in Fig. 6(a). These nonlinear contributions arise from the
square root relation between optical power and electric field.
Only higher than second-order intermodulation products fall
in the subcarrier frequencies, since we have considered an
SCM system of one octave band. Fig. 6(b) shows, as for the
dc optical prefiltering technique, that the upper sideband of
subcamier allocated in 3 GHz (in the middle of the SCM band)
is selected by means a filter with a FSR of 9 GHz.

Comparing Fig. 6(a) and (b), it may be pointed out as the
ratio between the levels of the optical carrier and the tuned
subcarrier has decreased after the filtering process. due to the
fact, that the optical carrier is rejected in the dc filtering process.
However, it does not occur in the RF technique, as shown
Fig. 6(c), where both upper and lower sidebands of the 3-
GHz subcarrier as well as the optical carrier are selected by
the filter.
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Fig. 6. Electric fieIdspectrum (a)atthe input of theopticaI filter, (b) at the
output of the optical filter for the dc technique, and (c) at the output of the
optical filter for the RF technique

Fig. 7showsthe eyediagram of(a) theinput and the output
digitdsignals for(b) thedcand (c) forthe RF techniques. In
Fig. 7(b) may be observed the dramatic closure of the eye
diagram due to the optical carrier has not been selected in the
filtering process. However, for the RF technique only a slightly
closure of the eye diagram is obtained, as shown in Fig. 7(c).

B. Study of the Nonlinear Phenomena in the Filtering P~ocess

The nonsymmetric eye diagrams obtained from the out-
put fiignals (especially for the dc technique) indicate that a
nonlinear phenomena has occurred during the optical filtering
process. The latter arises from the intermodulation products
that fall in the selected subcarrier, To quantify this nonlinear
phenomena, which has not been considered in the theoretical
model, we have compared the eye diagram obtained for
different values of the optical modulation index per channel
(m) when the square root component is and is not used
in the simulation block diagram. Fig. 8 shows the results
of the filtering nonlinear effects factor (FNF) against the
optical modulation index per channel, The FNF is defined
as 20 log (AL/AsR). where AL and As~ are the eye dia-

‘~~
0 0.5 1 1.5 2

Tme / Tblt
(b)

‘~
o 0.5 1 1.5 2

Time / Tblt
(c)

Fig. 7. Eye diagram ~a) of the input signal (output of the low pass filter)
and (b) of the output signal for the dc technique and (c) for the RF signal.
Seven 155-Mbit/s channels with an m of 0.2, distributed from 24 GHz. A
O Hz laser linewidth has been considered.

gram apertures obtained when the linear approximation of
the theoretical model and when the square root relation are
considered, respectively. It may be observed that the linear
relation approximates good enough the square root relation
up to m of 0.3, giving a FNF of 1 dB and 0.3 dB for the RF

and the dc techniques, respectively. If higher values of m were
used in the SCM system, which is not common due to the high
intermodulation noise that arises from the nonlinear relation
between the current and the optical power, the nonlinear effect
of the optical prefiltering should be take into account for the
RF technique only, since for the dc technique the FNF still
is less than 1 dB.

C. Linear Filtering Effects

As occurs in optical prefiltering in WDM systems [9],
the nonflat passband response of the optical filter impairs
the tuned subcarrier signal that passes through it [2]. This
signal distortion due to linear filtering effects will reduce the
aperture of the eye diagram. A simulation-based study has
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been carried out to investigate the linear filtering effects in
optically prefil~ered SCM systems. Fig. 9 depicts the power
penalty against the FWHM (–3 dB bandwidth) of the optical
filter when only one 155-Mbit/s subcarrier is considered in
the 24 GHz simulated SCM system for the dc technique.
The power penalty has been calculated as 20 log (Aid/Am),

where A,d and Am correspond to the eye diagram aperture

when an ideal filter (flat passband frequency response filter)

and when single cavity FabtyPerot filter with a FSR of 9

GHz is used, respectively. It may be observed that a sharply
increases of the power penalty is obtained when the FWHM
decreases from 150 MHz, which yields to an optical filter
finesse of 60. Obviously, this result is slightly affected by
the cutoff frequency of the electric low pass filters (0.7/T6,t)
used this simulation study, as shown in Fig. 5. However, since
the parameters considered in this simulation study are quite
realistic, this results may give a good estimation about the
signal distortion due to the filtering effects.

VI. SUMMARY AND CONCLUSION

We have theoretically modeled optically prefiltered AM-
SCM systems considering the effect of finite laser linewidth
on the photocurrent response. The model enables to calculate

the crosstalk that appears due to undesired channels in the

SCM band. Two different optical prefiltering techniques have
been analyzed, depending on the filtering process of the
selected channel, The information may be recovered from
the baseband (for the dc technique) as well as from the
radiofrequency (for the RF technique) photocurrent. However,
the dc technique is much more attractive than the RF technique
because the required bandwidth of photodiode and receiver’s
front-end is lower than for traditional SCM systems, since
in optical prefiltering the required bandwidth of the optical
receiver is the channel bandwidth only, compared to the SCM

system bandwidth for traditional SCM systems. In addition, the

upgradability and flexibility of the SCM network are improved.

The effect of the laser linewidth on the contrast ratio of the

photocurrent response for both optical prefiltering techniques
is different, being the dc technique being more sensitive than
the RF technique to this parameter of the laser. Thus, higher
coherent laser source should be (employed for the dc technique
than for the RF technique.

We have validated the analysis of the optical prefilter-
ing approach by means simulation using realistic high-speed

pseudorandom binary data. In the simulation study we have
analyzed some intrinsic impairments that arise from the optical

prefiltering, such as the linear and nonlinear effects of the
filtering process. The power penalty due to the linear filtering
effect depending on the FWHM of a single-cavity Fabry–Perot
filter with FSR of 9 GHz has been calculated. The nonlinear
effect due to the optical prefiltering may be neglected for the
common optical modulation index per channel values often
used in SCM systems. So, the later not imposes any limitation
on the system performance since when high values of m are
used the intermodulation noise from the nonlinear current-
optical power relation of laser is more significant than that

effect arising from the nonlinear phenomena of the optical

prefiltering.
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