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ABSTRACT 

In this paper, the performance analysis in terms of receiver sensitivity is presented by comparing three recent 
electrical based multiplexing techniques; Multi Slot Amplitude Coding (MSAC), Duty Cycle Division Multiplexing 
(DCDM) and 4-Pulse Amplitude Modulation (4-PAM). A 30 Gbit/s back-to-back configuration of the optical receiver 
model with optical pre-amplifier for these techniques have been investigated by considering an optical amplifier and 
receiver noise. The results show that MSAC technique achieves significantly better receiver sensitivity compared to 
DCDM and 4-PAM. As an alternative electrical multiplexing technique, we believe that MSAC has good potential to be 
adopted in future cost sensitive applications of optical communication system. 
 
Keywords: electrical multiplexing, modulation, optical communication system. 
 
INTRODUCTION 

Fiber optic communication system is one of the 
key elements in providing high speed data transportation 
infrastructure for worldwide application. In order to 
transfer multiple tributaries data between two locations, 
multiplexing technique is adopted so that the concept of 
sharing the resources can be applied to minimize the 
components count, simplify the communication layout and 
cost.  

The well developed and popular multiplexing 
technique is electrical time-division multiplexing (ETDM) 
[1]. This technique is very effective to combine multiple 
low speed serial binary signals to single high speed serial 
binary signal. Currently, ETDM can operate more than 
100 Gbit/s using state of the art electronic integrated chip 
technology [2, 3]. The main issue is what happens to the 
robustness of binary signal against chromatic dispersion in 
a standard single mode fiber (SSMF) if typical low loss 
wavelength window of 1550 nm need to be deployed. 
Note that this wavelength is the dominant choice for 
commercial optical system implementation. Even though 
dispersion compensator can be used to eliminate the 
impairment, the amount of compensator must be selected 
within small allowable range.        

Besides ETDM, Duty Cycle Division 
Multiplexing (DCDM) [4, 5] and Multi Slot Amplitude 
Coding (MSAC) [6] have been reported as alternative to 
multiplex multiple tributaries in high speed fiber optic 
communication link. DCDM has compact spectral width 
compared to ETDM with RZ format. DCDM also has high 
transition density and clock frequency at tributary bit rate 
whereas RZ-ETDM has clock frequency at aggregate bit 
rate. However, number of signal levels and number of 
slots are increased when additional tributaries are added. 
For example, four signal levels and four slots are required 
to multiplex three tributaries. In MSAC, three tributaries 
can be achieved using three signal levels and three slots. In 
this paper, the performance of MSAC, DCDM and 4-PAM 
is evaluated at aggregate bit rate of 30 Gbit/s by 

considering the effect of noises in optically amplified 
receiver model. 

This paper is organized as follows. In section 2, 
basic concept of MSAC, DCM and 4-PAM are given. In 
section 3, receiver model is presented. BER formulas are 
also presented in section 4. In addition, the performance of 
receiver sensitivity is compared and discussed. Finally, the 
summary of the work is drawn. 
 
ELECTRICAL BASED MULTIPLEXING 
TECHNIQUES  

The following description is about the recent 
electrical based multiplexing techniques. 
 
Multi Slot Amplitude Coding (MSAC) 

In MSAC technique [6], unique transmitted 
symbol is based on multiple slots and signal levels. In 
MSAC symbol, fist slot is guard slot in which signal level 
is zero. The number of tributaries of MSAC,   is   
  

  21 logMSACn S M           (1) 
 

where S is the number of slots and M is the number of 
levels. For example, = 3 tributaries if S = 3 and M = 3. 
Figure-1 shows the 8 symbols for MSAC to support 3 
tributaries. 

 
Figure-1. MSAC symbols for 3 tributaries. 

Duty Cycle Division Multiplexing (DCDM) 
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In DCDM technique [4], each tributary transmits 
a bit of 0 with zero volts within Ts second where Ts is 
symbol duration, and bit 1 is transmitted with +A volts 
with a duration less than Ts seconds. The technique 
defines the duration for ith tributary as  

 

1
S

i

n T
T

n





     (2) 

 

where n represents number of tributaries. For example, for 
multiplexing 3 tributaries, the 1st, 2nd and 3rd tributary uses 
the duration of 

4
ST , 2

4
ST , and 3

4
ST respectively to 

transmit bit 1s. The symbol waveform format for DCDM 
with 3 tributaries is depicted in Figure-2. 
 

 
 

Figure-2. DCDM symbols for 3 tributaries. 
 
4-Pulse Amplitude Modulation (4-PAM) 

Typically, 4-PAM is well known modulation 
technique. In this technique, 2 bits binary data is 
represented by 4 symbols based on signal level. In this 
study, we purposely define 4-PAM as multiplexing 
technique by assuming the number of bits as the number 
of tributaries. Then, 4-PAM can be seen as multiplexer 
with 2 tributaries. This work will focus on baseband and 
unipolar 4-PAM which is mostly used in the study of 
optical system for simple intensity modulation [7].   
Figure-3 shows the symbol waveform for 2 tributaries of 
PAM. 

 

 
 

Figure-3. PAM symbol for 2 tributaries. 
 

 

RECEIVER MODEL 
In general, utilizing an optical amplifier as pre-

amplifier is an effective method in optical fiber 
transmission to improve receiver sensitivity. However, this 
component also creates additional noise known as the 
spontaneous emission noise. Therefore, the effect of this 
noise is very crucial in such system because it will 
increase the receiver noise power, thus degrades the 
system performance. 

In general, total noise in optically amplifier 
system using PIN photodiode receiver is given by [8] 

 

2 2 2 2 2
T shot sp sp sig sp              (3) 

 

where 2
T is the thermal noise variance, 2

shot is the shot 

noise variance, 2
sp sp  is the spontaneous-spontaneous beat 

noise variance and 2
sig sp  is the signal-spontaneous 

beating noise variance. 
Thermal noise variance is determined by: 
 

2 4 B n
T

L

k TBF

R
         (4) 

 

Other noise terms above can be written as 
follows: 

 

  2 2shot in sp o eq GP S B B         (5) 
 

2 2 24sp sp sp o eS B B           (6) 
 

2 24sig sp in sp eGP S B          (7) 

 

where G is the amplifier gain, spS is the spectral 

density of spontaneous-emission-induced noise, oB is the 

optical filter bandwidth and eB is the electrical receiver 

bandwidth. 
The power spectral density of spontaneous-

emission-induced noise, spS  is: 
 

    1 / 2sp oS G F hc         (8) 
 

where oF is the optical amplifier noise figure, h  

is Planck’s constant, c is the speed of light, and is the 
operating wavelength. 

 
BIT ERROR RATE (BER) FORMULA 

The performance of the system is evaluated based 
on BER. BER formula for each of multiplexing technique 
is given as follows: 
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Multi Slot Amplitude Coding (MSAC) 
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where x Sy   and x Sy   is the mean and standard 

deviation of signal level x ={0,1,2} at slot y ={1,2}. 

1xthr  is the decision threshold between the xth and the 

(x+1)th signal level.  
  
Duty Cycle Division Multiplexing (DCDM) 
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(10) 

 

where x Sy   and x Sy   is the mean and standard 

deviation of signal level x ={1,2,3,4} at slot y ={1,2}. 

xthr is the decision threshold between the xth and the 

(x+1)th signal level.  
 

4-Pulse Amplitude Modulation (4-PAM) 
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where l and l is the mean and standard deviation of lth 

symbol. 
 
RESULTS 

In order to determine the BER performance for 
each technique, the received optical power is required. 
Note the received optical power will depend on the 
technique since each technique has different symbol 
format. By assuming equal probability of the transmitted 
symbol of multiplexer, the average optical power can be 
determined for each technique. In this model, the electrical 

bandwidth of receiver, eB for each technique is based on 

0.75BW. BW is the first null bandwidth of each 
technique. This bandwidth is chosen to ensure that the 
signal distortion is not a major contribution to the system 
performance degradation. For MSAC and DCDM, BW is 
equivalent to 1/d, where d is the slot duration. BW of 4-
PAM is calculated based on 1/T, where T is symbol 
duration. The main parameters for the optical receiver 
model are shown in Table-1.  

 
Table-1. Parameters for optical receiver model. 

 

 
 

Figure-4 shows the performance comparison 
between 3×10 Gbit/s MSAC, 3×10 Gbit/s DCDM and 30 
Gbit/s 4-PAM. The result is obtained with proper level 
spacing of signal in order to minimize the effect of signal 
dependent noise. This is important consideration because 
each level has unequal noise variance. The noise becomes 
more significant for upper signal level compared to lower 
signal level. In order to take into account of unequal noise 
variance, the BER formula must be able to estimate this 
effect by evaluating each level noise variance individually 
as described in BER formula Section. Note that, in this 
comparison, transmission capacity for all technique is 



                             VOL. 11, NO. 5, MARCH 2016                                                                                                                   ISSN 1819-6608            

ARPN Journal of Engineering and Applied Sciences 
 

©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved.

 
www.arpnjournals.com 

 

 
3294

similar (30 Gbit/s). MSAC and DCDM have 3 multiplexed 
tributaries. From the figure, the required received optical 
power for 3×10 Gbit/s MSAC, 3×10 Gbit/s DCDM and 30 
Gbit/s 4-PAM at BER of 10-9 are -31.2 dBm, -28.09 dBm 
and -25.96 dBm, respectively. MSAC has the lowest 
receiver sensitivity compared to DCDM and 4-PAM. This 
result shows that MSAC gives better receiver sensitivity at 
similar transmission capacity compared to DCDM and 4-
PAM.  
 

 
 

Figure-4. Performance comparison between 3×10Gbit/s 
MSAC, 3×10 Gbit/s DCDM and 30 Gbit/s 4-PAM. 

 
CONCLUSIONS 

In this work, three recent electrical based 
multiplexing techniques, optical receiver model and BER 
formulas have been discussed. The three latest electrical 
based multiplexing incorporates MSAC, DCDM and 4-
PAM. The performance of these techniques was examined 
by employing similar optical receiver model with optical 
pre-amplifier under back-to-back configuration. The result 
shows that the performance of MSAC in terms of receiver 
sensitivity is better than DCDM and 4-PAM. Moreover, it 
can be observed that MSAC achieve longer transmission 
distant. The result confirms that MSAC is capable to be an 
alternative multiplexing technique in optical 
communication system. The combination of multiple slots 
and signal levels in MSAC paves the way in the 
development of new approach for future optical 
communication system particularly in cost susceptible 
applications. 
 
ACKNOWLEDGEMENTS 

This work was supported by Universiti Tun 
Hussein Onn Malaysia (UTHM). 
 
REFERENCES 
 
[1] Y. Miyamoto, T. Kataoka, M. Tomizawa, and Y. 

Yamane, 2001. 40-Gbit/s ETDM Channel 
Technologies for Optical Transport Network. Optical 
Fiber Technology. 7: 289-311. 
 

[2] P. J. Winzer, G. Raybon, C. R. Doerr, M. Duelk, and 
C. Dorrer. 2006. 107-Gb/s optical signal generation 
using electronic time-division multiplexing. Journal of 
Lightwave Technology. 24: 3107-3113. 
 

[3] M. Chacinski, U. Westergren, L. Thylen, B. Stoltz, J. 
Rosenzweig, R. Driad, R. -E. Makon, L. Jie and A. 
Steffan. 2010. ETDM transmitter module for 100-
Gb/s Ethernet. IEEE Photonics Technology Letters. 
22(2): 70-72. 
 

[4] G. A. Mahdiraji, M. K. Abdullah, A. M. Mohammadi, 
A. F. Abas, M. Mokhtar, and E. Zahedi. 2010. Duty-
cycle division multiplexing (DCDM). Optics & Laser 
Technology. 42: 289-295. 
 

A. Malekmohammadi, G. A. Mahdiraji, A. F. Abas, M. 
K. Abdullah, M. Mokhtar and M. F. A. Rasid. 2009. 
Effect of self-phase-modulation on dispersion 
compensated absolute polar duty cycle division 
multiplexing transmission. IET Optoelectronics. 3(5): 
207-214. 
 

[5] R. Talib, M. F. L. Abdullah, A. Malekmohammadi, 
and M. K. Abdullah, 2011. Multi-slot and multi-level 
coding technique over amplitude-shift keying 
modulation for optical communication links. In: 16th 
European Conference on Networks and Optical 
Communications (NOC). pp. 161-164. 
 

[6] K. Szczerba, P. Westbergh, J. Karout, J. Gustavsson, 
Å. Haglund, M. Karlsson, P. Andrekson, E. Agrell, 
and A. Larsson. 2011. 30 Gbps 4-PAM transmission 
over 200 m of MMF using an 850 nm VCSEL. Opt. 
Express. 19: 203-208. 
 

[7] G. P. Agrawal, 2002. Fiber-Optic Communication 
Systems, 3rd ed. New York: John Wiley & Sons. 

 
 

 


