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ABSTRACT

Results are presented of an investigation into the peafocenof an optical subcarrier multiplexed (OSCM) system
using a novel simulation approach. The OSCM system zedilys based upon two systems which have been
demonstrated experimentally previously. Intersymbol intenfee and crosstalk degradation effects for both the
baseband and subcarrier signals are calculated
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1. INTRODUCTION
Optical subcarrier multiplexing (OSCM) wherein basebanB) (Bignals are combined with microwave subcarrier
(SC) signals, has been shown to be a valuable techfidguiae transmission of control information in optic
networks [1] [2]. They have also been used for opticafopmance monitoring [3], [4] and all-optical label
swapping. [5-7].

In this paper, the crosstalk performance of an OSCM elamimere the SC channel is used for control signaling
while the BB channel is used for data is evaluated. iShdsne using a novel transient analysis approach ineipg

the saddlepoint approximation. Previous approaches havehesstbady-state power transfer functions to analyze the
crosstalk performance.

This analysis concentrates on an architecture using ariogr filter (LMF). This architecture has been demstrated
in [8],[9] and [10] for the multiplexing and demultiplexinf@SCM signals respectively.

2. MOTIVATION
A network composed of OSCM routers is illustrated in Figur&he SC data is used for control signaling. This
includes information for topology discovery, distributed gt dynamic lightpath provisioning and traffic
engineering. In the case of an MPLS network, it camds to disseminate label distribution protocol infornmatio
Other methods such as out-of-band signaling can alsedzbto transmit control information.

In the OSCM router architecture of Figure 2, incoming doerb BB and SC data is demultiplexed using the filter
demonstrated in [8], [9] . The SC data is then processatiyelevant information is then sent to the cortahe of

the router, which could then use this information for negation and signal conditioning of the BB data, as agll
QoS-capable IP forwarding and constraint-based routingpidrstudy it is assumed that the SC channel is continually
active.

Crosstalk degradation arises because the response sifjttads after multiplexing and demultiplexing takes time to
settle to the steady-state response. This degradatidependent on factors such as misalignment betweehitthe
streams, the influence of the transient responseedfilters and pattern-dependent effects in both theaB& SC bit
streams.
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Previous approaches [11] — [13] have used the steady-state fpama&fer functions to analyze the degradation to the
bit error rate due to crosstalk. This however doagully reflect the transient nature of the factorsmtimned above.
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Figure 1: Example Network with OSCM Signaling
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Figure 2: Example OSCM Router Architecture



Another method would be to use a Monte Carlo approa@vatuate the bit error rate. However, there are many
difficulties involved in evaluating the extremely low bit@rrates (for example T0or lower) typically of interest in
optical communications systems.

The analysis used in this paper fully captures the degpaddue to these transient factors. and also theabgifase
mismatch between the BB and SC. The saddlepoint approgimiatused to calculate the bit error rates. This bas b
shown previously [14] — [16] to be a highly accurate methodvafuating bit error rates for systems with crokstal
degradation, and in [9] to evaluate the power penalty duel taft& subcarrier prefiltering by a loop mirror filter
(LMF). To our knowledge, this is the first time that sachapproach has been used to calculate crosstalk degradation
in an OSCM system.

3. NOVEL TRANSIENT APPROACH TO CROSSTALK DEGRADATION EVALUATION
Figure 3 is a reference model for the calculationsazhout in this paper. It shows a digital optical data chiamitn
an interfering digital data optical crosstalk channel, pgsinough a subsystem designed to drop the data channel.
This subsystem could be part of the front-end of orteeofouters as shown in Figure 1.
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Figure 3: Crosstalk Reference Model

The data channel suffers crosstalk due to the interfehiagnel. First, consider only the data channel. The wiaktr
field envelope E(t) is given by the expression:

E(t) = ADZ": a,hlt - KT, s)

k=-c0

(1)

where A is the amplitude of the field.@n be either a ‘0’ or a ‘1’, and h(t) is the normedizoulse shape used in the
data channel. This signal is incident on the receiver giiréi 3. At the receiver the mean number of electidt)s
generated at time t, is proportional to the power intide the photodetector.

The power incident is dependent upon random variahlgs X. X, in the optical domain such as the pattern of past
bits; optical amplifier noise; or electrical phaseenainty in the case of an RF-modulated optical signalofiremnthe
considered bit assathe power can then be conditioned upon values of tlaeskom variables. The mean number of
electrons\(t) is then given by:

(A (®]ay = 04, %, %,...) = :—V‘(E(t)\ao,xl,xz...y

()



wheren is the quantum efficiency, ands the frequency of the optical carrig(t) is conditioned ong= 0 and a= 1,
to obtain pdfs for a ‘0’ or a ‘1’ received. This resulthien amplified by a current amplifier with gain G anegrated
over an integration period T, to yield a total electronntd for the process, given by:

(/\\a0 = 0], xl,xz...): ]'G(/l(t)\a0 = 0], xl,xz...)dt
0

®3)

Denote (\|Jay = 0, %, X> ...) as/\o. Similarly A; can be defined. Then, the number of electrons C geneatateth the
random photodetection process is Poisson distributed:

p(C‘/\ 01) — A 01 eXpI(_ A 0,1)
c!
(4)
Then the conditional moment generating function (MGEJdi& = 0,1) is given by:
Mo(sa, =00 = 3| 3 pGn )6 ot .5
0
(5)
A Gaussian process can model the moment generatingpfuioéthe zero-mean thermal noise MT(s):
2a2
M+ (s) :ex;{czs ]
(6)
The variance of electrors is given by:
f:mﬂmﬁﬁm
(7)
In the case of an ideal integrator with perigd T
0% =N,T,
(8)
The resulting MGF M(s) for the decision device is given by the product efttto mgf's.
M, (s, = 01) = M (a, = 01) x M (s)
9)

The bit error rate can then be calculated using thigllgpoint approximation. For details of the saddlepoint
approximation please see [14], [15]. In order to take ioctmant the effect of the interfering crosstalk chantinad,
power has now to be conditioned to take into account the mandwiables affecting the electrical field in the
interfering channel; and the random variables affgdtie interaction between the channels.



These include variables such as the pattern of pasinhbite interfering channels; optical phase mismatod; she
delay offset between the channels. The delay offdbeisime difference between bit transitions inititerfering and
data channels. The expression for the interfering figlgk&.{t) is given by:

Einterfering(t) = B DZ bj g(t - AT - ij,interfering)

j=—o0

(10)

where B is the amplitude of the field, ib either a ‘0’ or a ‘1’, and g(t) is the normalizedsaushape used in the
interfering channel anfit is the delay offset.

Then, Ay andA\; is modified to include conditioning on these new varigblEhe same calculations as detailed in
equations (11) — (15) and the saddlepoint approximation cararfieed out to determine the bit error rate with
crosstalk degradation. This method has been shown to lemekyraccurate in determining the BER with crosstalk
degradation. 16

4, ARCHITECTURE USED IN SIMULATION
This study considers the crosstalk degradation for glesimop in the OSCM router network of Figure 1, using the
analysis of Section 3. Separate BB and SC signal€@mbined using the MUX demonstrated in [8], [9] and
demultiplexed using the DMUX receiver demonstrated in 10.BBés a 10 Gb/s NRZ signal and the SC is a 2.5
Gb/s NRZ signal. Figure 4 shows a complete diagratieofystem.
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Figure 4: Architecture used in Simulation

4.1 The Transmitter

In the transmitter section of Figure 4, the laser sighaplit between the BB and SC arms, and data is aghar
modulated on both the channels before combinationeotwlo signals using the MUX. The typical linewidth of a
semiconductor laser is approximately 2 MHz, [17], implythgt the coherence time is 80 ns. Since this is long
relative to the period during which the BB and SC sigird#lsience the transient response of the filters, iis th
simulation the laser is modeled as a zero-linewidtérJagperating at 1550 nm. The intensity transfer functidribe
modulators in the BB and SC arms have been obtainednfreasured data for an electro-optic modulator (EOM). It
is given by:



Pult)=P, cos{”(v . )}
vl

(11)

where V;is the half-wave voltage, J¥ is the voltage needed for peak transmission. 4%2i for this simulation, ¥
is6.99 V, and Vs = 1.21 V. RBis given by RBL, where L is the insertion loss, and iB the input power.

In the BB arm, the electro-optic modulator is béhse as to allow maximum extinction ratio betweei® aand a
‘1’.The BB input voltage is assumed to be:

Ves(t) =Viias s + Vigs DZ akh(t - ka,BB)
K

=—00

(12)

where @is a 1 or a 0, with equal probability, ds is the bit period, and h(t) is the pulse shapeaforNRZ signal,
given by:

1,0<t<T
h(t) — -b,BB
0,otherwise

(13)

In the case of the BB signal, in order to obtainlaage an extinction ratio as possible, the optimbias is at

(2n+1)Vi+Vop, such that for a ‘0’ symbol, no power is transedt{18]. After modulation the BB signal is an orfi-of
NRZ signal in the optical domain.

For the SC signal, the input voltage is given by:
Vsc (t) :VbiasSC +V1,SC Dz bq g(t - qu,SC)
g=—so
(14)

where Ris a 1 or a 0, with equal probability, dcis the subcarrier bit period, and g(t) is the pulsape, given by:

cos(sd +), 0<t<T,
g(t) = .
0, otherwise

(15)

Y is the electrical phase uncertainty of the sulbmarandwsc is the electrical subcarrier angular frequencyenshsc

= 2rfsc. Thus, the subcarrier signal is generated usiagéme laser as the baseband signal. As in ¥sdi®e16.66
GHz. It is assumed that both the BB and SC sigaradinearly polarized at 45The polarization state used for the
simulation is not important, as the LMF is polatiza independent 10.

The subcarrier signal is an amplitude modulated YAbgnal. For the subcarrier signal, the optimalshis at Vx +
(2n#1,)V[18]. Then for a ‘1’, the envelopesEt) takes the form:
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(16)
where J(X) is the Bessel function of the first kind, ghis defined as:
v
B= N
17)
Thus components exist at all harmonics of the SC frequfeacThe power contained in a ‘1’ is given by:
P 00
Psc =70 Z‘]nz(rg)
R
S 2
(18)
For a ‘0’, the power contained is given by:
Pysc = P, cos’ (%T]
_R
2
(19)

It is useful to define the optical modulation indexfor the amplitude-modulated subcarrier signal. Applying the
general definition of the modulation index from [19]is defined as:

— ESC,max B ESQmin
/J = S R 9w

Escmax ¥ Escmin
(20)
With the chosen biasing arrangemenys kx and Ec mnare:
S AR
Een =\ 2lood ) -sinlp)



(21)
Then,u is given by:

u = tan(B)
(22)

For smallB, n = B. The modulation indices used in the simulation are @.20, 0.30, 0.40, 0.50, 0.60, 0.80 and 1.00.
The operation of the LMF MUX has been described in HietdP]. The experimental and simulation results for the
power transfer functions were shown to agree clobelret

4.2 The Receiver

In the receiver section of Figure 4, the DMUX separdtesBB from the SC signal. The two separate signalthaere
optically amplified in their respective arms before diéba. After this, in each signal the data is eleelly amplified,
shaped using an ideal integrator filter, and then samplkedigten instant using an ideal sampler.

The LMF DMUX works the same way as the LMF MUX. Tinansfer function for the DMUX input-SC arm is the
same as the transfer function for the SC input-MUXpotjtsimilarly for the BB signal. The optical preamgifiis
assumed noiseless for the purposes of this simulatiors, teorat overly complicate the analysis and helptifiethe
main power penalties. The photodetector is assumed &ahguantum efficiency of 1.

Referring to Figure 4, the thermal noise in the elegitamplifier in the receiver is adjusted so as to joi®a receiver
sensitivity for an optically preamplified receiver of —32ndiBor a bit error rate of 1¥ollowing the approach of [14].
The optimal sampling instant obtained by simulation lier BB signal sampler is 30 ps after the bit transittar.the

SC signal sampler it is 60 ps.

5. APPLICATION OF NOVEL TRANSIENT ANALYSISAPPROACH TO SSMULATION
ARCHITECTURE

5.1 ThelSl Case

This calculation has been detailed in Section 3. The datjoa solely due to the ISl in the BB and SC is calmd,
conditioning over different combinations of past biter the BB case, it is assumed that because the opstammdling
instant is 30 ps after the bit transition, only bits@ and a are considered in the ISI calculation. The mean numiber
electrons\gg(t) according to

(2) is given by:
(A BB (t)‘ao = 0'1‘ ay, a—l) = :T‘(E BB (t)‘ao = 0'1‘ a, a—ly
(23)

The calculation then follows the remaining steps ofiBe@. For the SC case, the optimal sampling insta®® ips
after the transition. Hence similarly only bits, by, and b are considered. The electrical phase uncertgin§ the
modulating signal must also be considered, and is assurhedittform on [f,]. Thus following

(2), the mean number of electrokg(t) can then be conditioned on these variables, anteaxpressed as:

(Asc ()b, = OLb,, by, )= h’iv\(ESC (t)b, = 0Lb,,b,.¢)’

(24)



5.2 The Crosstalk Case

The BER is then calculated to incorporate the crdsddebradation using the approach of SectiorF@:. the
interaction between the two channels, two random biesaare considered: optical phase mismatch and dekst off
arising due to random misalignment between the bit stre@ptical phase mismatch occurs when there is a phase
difference between the optical path lengths in the B8 &C channels. The random bit stream misalignment occurs
before multiplexing, and arises due to either: path rdiffee after modulation between the modulated BB and SC
signals entering the MUX; and/or delay between thegiwfearrival of the bit streams to the BB and to 8@
modulator.

For this study, the optical phase mismatch is assumbd 1B0° between the baseband and subcarrier, which is the
worst case scenario. The delay offAgtis assumed to be between [Q,sd in the case when the BB is the data
channel and the SC is the interfering channel. Theff&ttes limited to by, instead of ih as previously. This allows

for the case where the SC bit transition occurbénntiddle of the baseband bit slot so that the basdhfsidt spans

two bits in the subcarrier.

For the SC case, the delay offset is assumed uniform om,[3]. The calculation is complicated, as for each
subcarrier bit, there is either N or N+1 interferingddzand bits, depending on the timing of the bit transitibis
defined a$ Baseband Bit Rate/ Subcarrier Bit Rat€or a 10 Gb/s baseband and 2.5 Gb/s subcarrier, Misalthe
previous baseband bit must be considered, meanicgntbinations of bits must be considered for each stecait.

6. RESULTS

Figure 5 shows the BER for the BB signal for the backeok; the signal after passing through the LMF; and the BB
signal with crosstalk corruption. Most of the degradei® due to ISI after passing through the LMF. The power
penalty between the back to back BER curve and the BER<obtained after the passage of the BB signal through
the LMF is 1.6 dB. The BB signal is insensitive to B&rference, as a further 0.2 dB penalty is incurredtdue
interference from the SC signal.

BB B2B, BB through LMF without Crosstalk, and BB with SC BER vs Power Received for different modulation indexes
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Figure 5: BER for the BB Signal



Figure 6 shows the variation in BER with modulation infer the SC signal after passing through the LMF. The
receiver sensitivity does not vary much with the matiah index. For all the values of modulation index used in the
simulation, the receiver sensitivity is between -34d @4.6 dBm.

BER vs Received Power for SC signal after passing through LMF w/o BB for different modulation indexes
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Figure 6: BER for the SC Signal without the BB for elifint values of modulation index

Figure 7 shows the variation in BER with modulation infte the SC signal when it is combined with the BB aign
The power penalty due to interference from the BB signakdses with modulation index.

BER vs Received Power for SC with BB crosstalk for different modulation indexes
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Figure 7: BER for the SC signal with BB crosstalk



For the 0.10 and 0.20 modulation indexes, a BER SfcEhnot be achieved. This is because the probabilitsitgen
function (pdf) for the electron counts for a ‘0O’ remdvand a ‘1’ received overlap, implying that under BB

interference, a BER floor is formed. For higher valokg the pdfs are non-overlapping, implying that BER can be
increased with received power.

Figure 8 shows the receiver sensitivity plotted again¥he highest penalty obtained is 7.3 dB for a modulatidax

of 0.30, and 0.9 dB for a modulation index of 1.00. This increasexchtae of the SC signal to BB signal interference
is due to more power in the sidebands. Incregsitegds to reduction of signal suppression and crosstattadksipn.
But it requires a higher RF power. For example, to mowe fap of 0.30 to gu of 0.60 requires an extra 5 dB of RF
power.
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7. CONCLUSION
The calculation of ISI and crosstalk degradation foingls-hop in a network controlled by OSCM routers has been
carried out. The BB signal suffers little degradation duéhe presence of the SC signal. The degradation due to
crosstalk in the SC signal is sensitive to modulationxpded ranges from 0.90 to 7.30 dB.
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