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ABSTRACT 
 
Results are presented of an investigation into the performance of an optical subcarrier multiplexed (OSCM) system 
using a novel simulation approach. The OSCM system analyzed is based upon two systems which have been 
demonstrated experimentally previously. Intersymbol interference and crosstalk degradation effects for both the 
baseband and subcarrier signals are calculated 
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1. INTRODUCTION 
Optical subcarrier multiplexing (OSCM) wherein baseband (BB) signals are combined with microwave subcarrier 
(SC) signals, has been shown to be a valuable technique for the transmission of control information in optical 
networks [1] [2].  They have also been used for optical performance monitoring [3], [4]  and all-optical label 
swapping.  [5 - 7]. 
 
In this paper, the crosstalk performance of an OSCM channel, where the SC channel is used for control signaling 
while the BB channel is used for data is evaluated. This is done using a novel transient analysis approach incorporating 
the saddlepoint approximation. Previous approaches have used the steady-state power transfer functions to analyze the 
crosstalk performance.  
 
This analysis concentrates on an architecture using a loop mirror filter (LMF). This architecture has been demonstrated 
in [8],[9]  and [10] for the multiplexing and demultiplexing of OSCM signals respectively. 
 

2. MOTIVATION 
A network composed of OSCM routers is illustrated in Figure 1. The SC data is used for control signaling. This 
includes information for topology discovery, distributed routing, dynamic lightpath provisioning and traffic 
engineering. In the case of an MPLS network, it can be used to disseminate label distribution protocol information. 
Other methods such as out-of-band signaling can also be used to transmit control information. 
 
In the OSCM router architecture of Figure 2, incoming combined BB and SC data is demultiplexed using the filter 
demonstrated in [8], [9] . The SC data is then processed, and relevant information is then sent to the control plane of 
the router, which could then use this information for regeneration and signal conditioning of the BB data, as well as 
QoS-capable IP forwarding and constraint-based routing. In this study it is assumed that the SC channel is continually 
active. 
 
Crosstalk degradation arises because the response of the signals after multiplexing and demultiplexing takes time to 
settle to the steady-state response. This degradation is dependent on factors such as misalignment between the bit 
streams, the influence of the transient response of the filters and pattern-dependent effects in both the BB and SC bit 
streams.  
 



Previous approaches [11] – [13] have used the steady-state power transfer functions to analyze the degradation to the 
bit error rate due to crosstalk.  This however does not fully reflect the transient nature of the factors mentioned above.  
 

 
 

Figure 1: Example Network with OSCM Signaling 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Example OSCM Router Architecture 
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Another method would be to use a Monte Carlo approach to evaluate the bit error rate. However, there are many 
difficulties involved in evaluating the extremely low bit error rates (for example 10-9 or lower) typically of interest in 
optical communications systems. 

 
The analysis used in this paper fully captures the degradation due to these transient factors. and also the optical phase 
mismatch between the BB and SC. The saddlepoint approximation is used to calculate the bit error rates. This has been 
shown previously [14] – [16] to be a highly accurate method of evaluating bit error rates for systems with crosstalk 
degradation, and in [9] to evaluate the power penalty due to ISI after subcarrier prefiltering by a loop mirror filter 
(LMF). To our knowledge, this is the first time that such an approach 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 calculations carried out in this paper. It shows a digital optical data channel, with 
an interfering digital data optical crosstalk channel, passing through a subsystem designed to drop the data channel. 
This subsystem could be part of the front-end of one of the routers as shown in Figure 1.  
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Figure 3: Crosstalk Reference Model 
 
The data channel suffers crosstalk due to the interfering channel. First, consider only the data channel.  The electrical 
field envelope E(t) is given by the expression: 

(1) 
 

where A is the amplitude of the field. ak can be either a ‘0’ or a ‘1’, and h(t) is the normalized pulse shape used in the 
data channel. This signal is incident on the receiver of Figure 3. At the receiver the mean number of electrons λ(t) 
generated at time t, is proportional to the power incident on the photodetector.  

 
The power incident is dependent upon random variables x1,x2 … xn in the optical domain such as the pattern of past 
bits; optical amplifier noise; or electrical phase uncertainty in the case of an RF-modulated optical signal. Denoting the 
considered bit as a0, the power can then be conditioned upon values of these random variables. The mean number of 
electrons λ(t)  is then given by: 
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where η is the quantum efficiency, and ν is the frequency of the optical carrier. λ(t) is conditioned on a0 = 0 and a0 = 1, 
to obtain pdfs for a ‘0’ or a ‘1’ received. This result is then amplified by a current amplifier with gain G and integrated 
over an integration period T, to yield a total electron count Λ  for the process, given by: 
 

 
 
 

(3) 
 
Denote (Λ|a0 = 0, x1, x2 …) as Λ0. Similarly Λ1 can be defined. Then, the number of electrons C generated due to the 
random photodetection process is Poisson distributed: 

 
 
 
 

(4) 
 
Then the conditional moment generating function (MGF) MC(s|a0 = 0,1) is given by: 
 
 

 
 

 
(5) 

 
A Gaussian process can model the moment generating function of the zero-mean thermal noise MT(s): 
 
 

 
 

(6) 
The variance of electrons σ2 is given by: 
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In the case of an ideal integrator with period Tb,  
 

bthTN=2σ  

(8) 
The resulting MGF MZ(s) for the decision device is given by the product of the two mgf’s. 
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(9) 
 

The bit error rate can then be calculated using the saddlepoint approximation. For details of the saddlepoint 
approximation please see [14], [15]. In order to take into account the effect of the interfering crosstalk channel, the 
power has now to be conditioned to take into account the random variables affecting the electrical field in the 
interfering channel; and the random variables affecting the interaction between the channels.  
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These include variables such as the pattern of past bits in the interfering channels; optical phase mismatch; and  the 
delay offset between the channels. The delay offset is the time difference between bit transitions in the interfering and 
data channels. The expression for the interfering field Einterfering(t) is given by: 

(10) 
 
where B is the amplitude of the field, bj is either a ‘0’ or a ‘1’, and g(t) is the normalized pulse shape used in the 
interfering channel and ∆τ is the delay offset. 
 
Then, Λ0 and Λ1 is modified to include conditioning on these new variables. The same calculations as detailed in 
equations (11) – (15) and the saddlepoint approximation can be carried out to determine the bit error rate with 
crosstalk degradation. This method has been shown to be extremely accurate in determining the BER with crosstalk 
degradation. 16 
 

4. ARCHITECTURE USED IN SIMULATION 
This study considers the crosstalk degradation for a single-hop in the OSCM router network of Figure 1, using the 
analysis of Section 3.  Separate BB and SC signals are combined using the MUX demonstrated in [8], [9] and 
demultiplexed using the DMUX receiver demonstrated in 10. The BB is a 10 Gb/s NRZ signal and the SC is a 2.5 
Gb/s NRZ signal.  Figure 4 shows a complete diagram of the system. 
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Figure 4: Architecture used in Simulation 

4.1 The Transmitter 
 
In the transmitter section of Figure 4, the laser signal is split between the BB and SC arms, and data is separately 
modulated on both the channels before combination of the two signals using the MUX. The typical linewidth of a 
semiconductor laser is approximately 2 MHz, [17], implying that the coherence time is 80 ns. Since this is long 
relative to the period during which the BB and SC signals influence the transient response of the filters, in this 
simulation the laser is modeled as a zero-linewidth laser, operating at 1550 nm. The intensity transfer functions of the 
modulators in the BB and SC arms have been obtained from measured data for an electro-optic modulator (EOM).  It 
is given by: 
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(11) 

 
where Vπ is the half-wave voltage, Voff is the voltage needed for peak transmission. As in [12], for this simulation, Vπ 
is 6.99 V, and Voff = 1.21 V. Po is given by PinL, where L is the insertion loss, and Pin is the input power.  
 
In the BB arm, the electro-optic modulator is biased so as to allow maximum extinction ratio between a ‘0’ and a 
‘1’.The BB input voltage is assumed to be: 
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(12) 

 
where ak is a 1 or a 0, with equal probability. Tb,BB is the bit period, and h(t) is the pulse shape for an NRZ signal, 
given by: 
 
 
 
 

(13) 
 
In the case of the BB signal, in order to obtain as large an extinction ratio as possible, the optimum bias is at 
(2n+1)Vπ+Voff, such that for a ‘0’ symbol, no power is transmitted [18]. After modulation the BB signal is an on-off 
NRZ signal in the optical domain.  
 
For the SC signal, the input voltage is given by: 
 
 
 
 

(14) 
 
where bk is a 1 or a 0, with equal probability. Tb,SC is the subcarrier bit period, and g(t) is the pulse shape, given by: 
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ψ is the electrical phase uncertainty of the subcarrier, and ωSC is the electrical subcarrier angular frequency, where ωSC 
= 2πfSC. Thus, the subcarrier signal is generated using the same laser as the baseband signal. As in 9 , the fSC is 16.66 
GHz. It is assumed that both the BB and SC signals are linearly polarized at 45°. The polarization state used for the 
simulation is not important, as the LMF is polarization independent 10. 
 
The subcarrier signal is an amplitude modulated (AM) signal. For the subcarrier signal, the optimal bias is at Voff + 
(2n-1/2)Vπ [18]. Then for a ‘1’, the envelope ESC(t) takes the form:  
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(16) 

 
where Jn(x) is the Bessel function of the first kind, and �  is defined as: 
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Thus components exist at all harmonics of the SC frequency fSC. The power contained in a ‘1’ is given by: 
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For a ‘0’, the  power contained is given by: 
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(19) 

 
It is useful to define the optical modulation index µ for the amplitude-modulated subcarrier signal. Applying the 
general definition of the modulation index from [19] , µ is defined as: 
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With the chosen biasing arrangement, ESC,max  and ESC,min are: 
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(21) 

Then, �  is given by: 
 

( )β=µ tan  
 

(22) 
 
For small β, �  = � . The  modulation indices used in the simulation are 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.80 and 1.00. 
The operation of the LMF MUX has been described in detail in [9]. The experimental and simulation results for the 
power transfer functions were shown to agree closely there.   

4.2 The Receiver 
 
In the receiver section of Figure 4, the DMUX separates the BB from the SC signal. The two separate signals are then 
optically amplified in their respective arms before detection. After this, in each signal the data is electrically amplified, 
shaped using an ideal integrator filter, and then sampled at a given instant using an ideal sampler. 
 
The LMF DMUX works the same way as the LMF MUX. The transfer function for the DMUX input-SC arm is the 
same as the transfer function for the SC input-MUX output; similarly for the BB signal. The optical preamplifier is 
assumed noiseless for the purposes of this simulation, so as to not overly complicate the analysis and help identify the 
main power penalties. The photodetector is assumed to have a quantum efficiency of 1. 
 
Referring to Figure 4, the thermal noise in the electrical amplifier in the receiver is adjusted so as to provide a receiver 
sensitivity for an optically preamplified receiver of –32 dBm for a bit error rate of 10-9 following the approach of [14]. 
The optimal sampling instant obtained by simulation for the BB signal sampler is 30 ps after the bit transition. For the 
SC signal sampler it is 60 ps. 
 

5. APPLICATION OF NOVEL TRANSIENT ANALYSIS APPROACH TO SIMULATION 
ARCHITECTURE 

5.1 The ISI Case  
 
This calculation has been detailed in Section 3. The degradation solely due to the ISI in the BB and SC is calculated, 
conditioning over different combinations of past bits. For the BB case, it is assumed that because the optimal sampling 
instant is 30 ps after the bit transition, only bits a-1, a0 and a1 are considered in the ISI calculation. The mean number of 
electrons λBB(t) according to  
 
(2) is given by: 
 
 
 

(23) 
 
The calculation then follows the remaining steps of Section 3. For the SC case, the optimal sampling instant is 60 ps 
after the transition. Hence similarly only bits b-1, b0, and b1 are considered. The electrical phase uncertainty ψ of the 
modulating signal must also be considered, and is assumed to be uniform on [-π,π]. Thus following 
 
(2), the mean number of electrons λSC(t) can then be conditioned on these variables, and can be expressed as: 
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5.2 The Crosstalk Case 
 
The BER is then calculated to incorporate the crosstalk degradation using the approach of Section 3. For the 
interaction between the two channels, two random variables are considered: optical phase mismatch and delay offset 
arising due to random misalignment between the bit streams. Optical phase mismatch occurs when there is a phase 
difference between the optical path lengths in the BB and SC channels. The random bit stream misalignment occurs 
before multiplexing, and arises due to either: path difference after modulation between the modulated BB and SC 
signals entering the MUX; and/or delay between the times of arrival of the bit streams to the BB and to the SC 
modulator. 
 
For this study, the optical phase mismatch is assumed to be 180° between the baseband and subcarrier, which is the 
worst case scenario. The delay offset ∆τ is assumed to be between [0, Tb,SC] in the case when the BB is the data 
channel and the SC is the interfering channel. The ISI effect is limited to b-2 instead of b-1 as previously. This allows 
for the case where the SC bit transition occurs in the middle of the baseband bit slot so that the baseband bit slot spans 
two bits in the subcarrier. 
 
For the SC case, the delay offset is assumed uniform on [0, Tb,BB]. The calculation is complicated, as for each 
subcarrier bit, there is either N or N+1 interfering baseband bits, depending on the timing of the bit transition. N is 
defined as 

�
Baseband Bit Rate/ Subcarrier Bit Rate� . For a 10 Gb/s baseband and 2.5 Gb/s subcarrier, N = 4. Also the 

previous baseband bit must be considered, meaning 25 combinations of bits must be considered for each subcarrier bit. 
 

6. RESULTS 
 
Figure 5 shows the BER for the BB signal for the back-to-back; the signal after passing through the LMF; and the BB 
signal with crosstalk corruption. Most of the degradation is due to ISI after passing through the LMF. The power 
penalty between the back to back BER curve and the BER curves obtained after the passage of the BB signal through 
the LMF is 1.6 dB. The BB signal is insensitive to SC interference, as a further 0.2 dB penalty is incurred due to 
interference from the SC signal.  

Figure 5: BER for the BB Signal 
 



Figure 6 shows the variation in BER with modulation index for the SC signal after passing through the LMF. The 
receiver sensitivity does not vary much with the modulation index. For all the values of modulation index used in the 
simulation, the receiver sensitivity is between -34.4 and -34.6 dBm.  
 

 
Figure 6: BER for the SC Signal without the BB for different values of modulation index 

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

Figure 7: BER for the SC signal with BB crosstalk 
 



For the 0.10 and 0.20 modulation indexes, a BER of 10-9 cannot be achieved. This is because the probability density 
function (pdf) for the electron counts for a ‘0’ received and a ‘1’ received overlap, implying that under BB 
interference, a BER floor is formed. For higher values of µ the pdfs are non-overlapping, implying that BER can be 
increased with received power. 
 
Figure 8 shows the receiver sensitivity plotted against µ. The highest penalty obtained is 7.3 dB for a modulation index 
of 0.30, and 0.9 dB for a modulation index of 1.00. This increased tolerance of the SC signal to BB signal interference 
is due to more power in the sidebands. Increasing µ leads to reduction of signal suppression and crosstalk degradation. 
But it requires a higher RF power. For example, to move from a µ of 0.30 to a µ of 0.60 requires an extra 5 dB of RF 
power. 
 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

0 0.2 0.4 0.6 0.8 1 1.2

Modulation Index

P
o

w
er

 P
en

al
ty

 (d
B

)

 
 

Figure 8: Power penalty for SC Crosstalk vs modulation index 
 

7. CONCLUSION 
The calculation of ISI and crosstalk degradation for a single-hop in a network controlled by OSCM routers has been 
carried out. The BB signal suffers little degradation due to the presence of the SC signal. The degradation due to 
crosstalk in the SC signal is sensitive to modulation index, and ranges from 0.90 to 7.30 dB. 
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