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Abstract  The proposed comb reported in the accompanying paper (Part I) is used in wavelength-division multiplexing 
(WDM) superchannels operating with 160 and 320 Gbps polarization multiplexing (PM)-16QAM signal per comb line. The 
transmission performance of these superchannel communication systems is investigated using Optisystem ver. 15.0 software. 
The investigation is extended further to design a pilot-assisted receiver local comb operates synchronously with the 
transmitter comb. The results reveal that the best figure-of-merit (FoM) for superchannal designed with 25 GHz channel 
spacing and 160 Gbps PM-16QAM signaling is 5120 Tbps.km when 64 comb lines are used. 
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1. Introduction 
Recently, there is increasing interest in high-capacity 

WDM communication systems using optical comb-based 
superchannel transmission [1-5]. This paper investigates   
the transmission performance of Tbps superchannel 
communication systems incorporating the optical frequency 
comb generator (OFCG) proposed in the accompanying 
paper [1] and used here as a C-band WDM source [6-16]. 
The investigations are based on a series of transmission 
simulations using two different comb frequency spacings, 
∆𝑓𝑓  = 25 and 50 GHz, and polarization multiplexing-16 
quadrature amplitude modulation (PM-16QAM). The 
maximum achieved transmission distances are recorded 
when the received BER approaches the BER threshold level 
BER= BERth = 4.5×10−3. This threshold corresponds to 7% 
overhead hard decision (HD) FEC code frequently and it is 
usually assumed in the simulation of optical networks and 
optical communication systems. This code uses 7%-bit 
redundancy and yields a 10−15  BER when the precoded 
BERth  = 4.5×10−3. The PM-16QAM signaling is used for of 
each single comb line (channel). Two bit rates Br  per 
channel, 160 and 320 Gbps, are used in this simulations 
when ∆𝑓𝑓 = 25 and 50 GHz, respectively. Simulation results 
are obtained using Optisystem ver.15.0 software. Unless 
otherwise stated, the parameter values of the superchannel 
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system are given in Table 1. The rest of the paper is 
organized as follows. Section 2 introduces the configuration 
of the comb-based superchannel transmission system. 
Design issues and performance evaluation of WDM 
superchannels operating with 160 and 320 Gbps line data 
rates are given in Sections 3 and 4, respectively. Section 5 
gives feasibility study for regeneration of Com Lines at the 
Receiver Side Using a Single-Pilot Tone. The concluding 
remarks are given in Section 6. 

Table 1.  Simulation parameter values, respectively 
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2. Transmission System Configuration 
The configuration of the PM-16QAM superchannel 

transmission system using the proposed OFCG is depicted 
in Fig. 1. The configuration consists of three subsystems 
which are superchannel optical transmitter, transmission link, 
and superchannel optical receiver. 

2.1. Transmitter Side 

The transmitter side comprises of the proposed OFCG, 
optical demultiplexer, PM-16QAM modulators, and optical 
demultiplexer as illustrated in Fig. 1. The OFCG generates 
frequency comb lines with various flatness ranges. Number 
of these comb lines (N) are split by the demultiplexer and 
then applied to the external optical modulators. These comb 
lines act as unmodulated optical carriers are individually 
modulated by PM-16QAM modulators. The first stage of 
PM-16QAM modulator is polarization splitter, where each 
unmodulated comb line is split into two polarization 
waveforms (X-polarization and Y-polarization). Each 
waveform is divide into two orthogonal components, in 
phase (I-component) and quadrature phase (Q-component).  

The I-component modulates the optical carrier within the 
upper Mach-Zhender modulator (MZM), while the 
Q-component modulates the 90° phase shifted optical carrier 
in the lower MZM. The two QAM coders are provided by 
two independent branches of pseudo-random binary 
sequence (PRBS) signals, see Fig. 2a. All the modulated 
optical lines (i.e., channels) are then combined using N: 1 
multiplexer. This device combines the N modulated channels 
to yield a single-composite channel called superchannel. 
Before launching the superchannel to the link, its power is 
increased by using a booster amplifier. 

 

Figure 1.  Block diagram of the simulated OFCG-based superchannel of 
PM-MQAM transmission system 

2.2. Transmission Link 
The transmission link consists of M spans and each span 

contains a single-mode fiber (SMF) followed by an optical 
amplifier (OA) to compensate its power losses. In this work, 
the single span uses 80 km SMF and the OA gain is calculate 
from the following formula 𝐺𝐺𝑂𝑂𝑂𝑂 =  𝛼𝛼𝑆𝑆𝑆𝑆𝑆𝑆  𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆  where 𝐺𝐺𝑂𝑂𝑂𝑂  
is the gain of the optical amplifier, 𝛼𝛼𝑆𝑆𝑆𝑆𝑆𝑆  is the attenuation 

factor of the SMF at 1550 nm which equal to 0.2 dB/km, and 
𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆  is the length of SMF. Therefore, for this span length, 
the corresponding OA gain 𝐺𝐺𝑂𝑂𝑂𝑂  = 0.2 dB/km × 80 km = 16 
dB, and this span can be repeated M times. 

2.3. Receiver Side 

At the receiver side, the received superchannel is 
separated into N modulated channels by using 1: N 
demultiplexer, and each received channel is treated 
independently. The data is extracted from each 
demultiplexed channel using digital signal processing 
(DSP)-based coherent PM-QAM demodulator. The used 
digital signal processing performs DSP steps required in 
coherent single-carrier communication systems utilizing 
dual-polarization modulation formats as illustrated in Fig. 2b. 
A local comb generator is used at the receiver side to 
generate all the required local oscillators (LOs) instead of 
using an independent laser for each received channel. The 
receiver local comb is identical to that used in the transmitter 
side and operates synchronously with it. 

 

(a) 

 

(b) 

Figure 2.  Modulation and demodulation stages (a) PM-16QAM 
modulation stage (b) PM-16QAM coherent receiver stage 
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3. Design Issues and Performance 
Evaluation of N×160 Gbps 
Superchannels 

This section presents design concepts and performance 
investigation of Tbps superchannel transmission using 25 
GHz channel frequency spacing. Each single channel of the 
WDM system is modulated with 160 Gbps PM-16QAM 
signaling. Simulation results are reported for number of 
superchannels generated by the proposed OFCG using 
different number of WDM channels (16, 32, 48, 64, 72, and 
80) with frequency spacing of 25 GHz. The maximum 
reached distance (LMax ) is recorded for different operating 
parametrs. Before implementing these investigations there 
are some design issues should be stated for the superchannel 
under investigation. 

3.1. Design Issues  

i. Selecting the Booster Amplifier Gain 
In order to find the optimum value of the booster amplifier 

gain which yields the minimum BER, the first step is      
to investigate the performance of back-to-back (B2B) 
transmission of a superchannel (for example, carrying 64 
WDM channels). When the booster amplifier gain increases 
to 8 dB, the BERs of all the WDM channels become less than 
the threshold value. The second step is to investigate the 
performance of this superchannel for the case of 6-span 
transmission. The booster amplifier gain is varied from 0 to 
25 dB and the received BER is recorded. Three channels 
(channel 1, channel 33, and channel 64) are monitored by 
BER tester to examine the BER behaviour for these channels. 
Figure 3 displays the behaviour of the three channels and the 
optimum value of booster amplifier gain which is selected. 
This figure shows that the best value of the booster amplifier 
gain is 10 dB. The same result is obtained when simulation 
tests are performed for superchannels designed with other 
numbers of multiplexed channels. Therefore, all the 
following investigations will use this amplifier gain value. 

 

Figure 3.  Variation of BER with booster amplifier gain for 6-span 
64-channel system 

ii. Calculating the Suitable Optical Channel Bandwidth 
The MQAM symbol rate 𝑅𝑅𝑆𝑆  for each PM-16QAM 

channel carrying 160 Gbps -bit rate 𝐵𝐵𝑟𝑟  can be calculated as 
follows. The single polarization channel bit rate is 80 Gbps. 
For a QAM modulation format dealing with M symbol, 
𝑅𝑅𝑆𝑆 =  𝐵𝐵𝑟𝑟/ log2 𝑀𝑀, where M is the number of symbols. This 
number can be expressed as M =  2𝑚𝑚 , where m is the 
number of bits pre symbol. In a single polarized 16QAM 
signaling, M = 16 symbols and m = 4 bits. Therefore, 𝑅𝑅𝑆𝑆 = 
10 Gsymbol/s, and 𝑅𝑅𝑆𝑆  for polarized multiplexing is 20 
Gsymbol/s.  The electrical modulated signal (𝐵𝐵𝑒𝑒𝑒𝑒 ) and 
optical modulated channel bandwidth (𝐵𝐵𝑜𝑜𝑜𝑜 ) are calculated 
using eqns. (1) and (2), respectively. 

𝐵𝐵𝑒𝑒𝑒𝑒 =  𝑅𝑅𝑆𝑆
2

 (1 + 𝑟𝑟)             (1) 

𝐵𝐵𝑜𝑜𝑜𝑜 =  𝑅𝑅𝑆𝑆 (1 + 𝑟𝑟)             (2) 
where r represents the roll-off factor of the raised cosine 
filter (RCF) with r = 0 relates to the rectangular (ideal) filter 
and r = 1 for the full-RCF. Note that  𝐵𝐵𝑜𝑜𝑜𝑜  should be     
less than the channel spacing ∆𝑓𝑓 to prevent the crosstalk 
between the receiver adjacent demultiplexed channels at   
the receiver side. From eqn. (2), can be calculated as 
 𝐵𝐵𝑜𝑜𝑜𝑜 =  𝑅𝑅𝑆𝑆 (1 + 𝑟𝑟) ≤ 25 GHz, and 𝑅𝑅𝑆𝑆 = 20 Gbps given that 
r ≤ 0.25 should be used in the design. In this work r = 0.2 is 
used. Therefore, the optical bandpass spectrum equivalent to 
𝐵𝐵𝑜𝑜𝑜𝑜  be 24 GHz as shown in Fig. 4. When r is varied from 
0.05 to 0.25 with step of 0.05 the corresponding suitable 
𝐵𝐵𝑜𝑜𝑜𝑜  values are 21, 22, 23, 24, and 25, respectively, for    
𝐵𝐵𝑟𝑟= 160 Gbps and 𝑅𝑅𝑆𝑆 = 20 Symbol/s.  

 

Figure 4.  Optical channel bandwidth corresponding to r = 0.2 

3.2. Superchannel Simulation Results 
This subsection presents the spectra and the receiver 

constellation diagrams of the superchannel (80 channels). 
Simulation results are presented in Fig. 5 for the case 
corresponding to a transmission length L= LMax  = 140 km 
(1 span + 60 km). Channel 1 is kept under the observation 
since it shows the worst case performance among the 
channels. Figure 5a depicts the spectrum of the unmodulated 
comb line number one (192.1 THz). This signal is separated 
into two polarized signals X and Y, and only X-components 
is displayed. The QAM pulse generator used to modulate this 
signal has the spectrum of RF signal shows in Fig. 5b. This 
spectrum has a baseband component covers the range of 
frequencies from 0-20 GHz, where the 20 GHz relates to the 
symbol rate (𝑅𝑅𝑆𝑆 =20 Gsymbol/s). The spectrum moreover 
contains high frequency components covering the range 
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beyond 20 GHz. The I-phase optical component represents 
the output of the QAM modulator, see Fig. 5c, and the 
PM-16QAM modulated signal spectrum is displayed in Fig. 
5d. After transmission the modulated signal over the fiber 
link, it is received at the demultiplexer output and its 
spectrum appears as in Fig. 5e. Figure 5f illustrates the 
spectrum of the amplified photogenerated current waveform 
which has a single-sideband spectrum of 12 GHz bandwidth. 
The constellation diagram (X-side) at the QAM demodulator 
output is demonstrated in Fig. 5g and shows clearly the 
existence of random phase effect, which arises from the fiber 
dispersion. The influence of dispersion is compensated by 
using DSP, which results a clear 16-QAM constellation 
diagram (X-side) as illustrated in Fig. 5h. When this 
superchannel is transmitted over the SMF, the fiber 
nonlinearity due to Kerr effect influences its spectrum as 
depicted in Fig. 5i. This point becomes clear when the fiber 
nonlinearity parameter is tuned OFF in the simulation 
software see (Fig. 5j). Zoomed spectra are inserted here to 
display the effect of nonlinearity as displayed in Figs. 5k and 
5l.  

  

(a)                           (b) 

  

(c)                             (d) 

  

(e)                             (f) 

 

(g)                          (h) 

  

(i)                            (j) 

  

(k)                                    (l) 
Figure 5.  Spectra and constellation diagrams for channel one in a 
superchannel communication system operating with 160 Gbps, 80-WDM 
channels, PM-16QAM and L= LMax  = 140 km. (a) Unmodulated comb line 
(192.1 THz). (b) Output spectrum of the QAM pulse generator (I-phase 
component). (c) Optical spectrum of the optical modulator for the 
I-component. (d) PM-16QAM modulated channel spectrum. (e) Received 
channel spectrum beyond the demultiplexer. (f) Amplified photocurrent 
electrical spectrum. (g) X-component Constellation diagram at the DSP 
input. (h) X-component constellation diagram at the DSP output. (i) 80 
channels spectrum at the end of the transmission link when the nonlinearity 
is affected. (j) 80 Channels spectrum at the end of the transmission link 
when the nonlinearity is not affected. (k) Zoomed spectrum when the 
nonlinearity is affected. (l) Zoomed spectrum when the nonlinearity is not 
affected 

Increasing the number of channels N carried by the 
superchannel decreases the maximum reach LMax . Figure 6 
illustrates this influence when using 160 Gbps PM-16QAM 
signaling. The results are LMax  = 1040 km (13 spans) and 
LMax  =140 km (1 span + 60 km) when N=1 and 80, 
respectively. 
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Figure 6.  Variation of maximum reach measured by number of 80 km 
–span with number of multiplexed channels 

3.3. Comparison Between Superchannel and 
Conventional WDM System  

Table 2.  Maximum reach corresponding to 6 superchannels contains   
(16, 32, 48, 64, 72, and 80) channels with 25 GHs frequency spacing 
modulated with 160 Gbps PM-16QAM for each channel, and compared 
with conventional WDM counterparts 

 

 

Different superchannels designed with (16, 32, 48, 64, 72, 
and 80) aggregated channels and 25 GHz frequency spacing 
are considered here. The performance of these superchannel, 

measured by the maximum reach  LMax , is investigated and 
compared with that of the conventional WDM counter parts 
and the results are summarized in Table 2. Three channels 
are kept under observation, namely the first, central, and the 
last ones. The performance of these superchannels depends 
on the position on the spectrum flatness ranges. When the 
superchannels locate around 1-dB flatness range, LMax  is 
nearly the same for both systems. This is true when      
the superchannel contains 16, 32, and 48 channels. 
Superchannels based on 64, 72, and 80 channels have less 
transmission performance than WDM system. The reduction 
in superchannel LMax  compared with WDM system occurs 
because the powers of the comb lines gradually decrease at 
the both ends of the comb line spectrum, while the WDM 
system is simulated under constant channel laser power. 

3.4. Figure of Merit (FoM) 
In order to make performance comparison among these 

superchannels, a figure of merit (FoM) should be introduced 
to take into account depending on the number of multiplexed 
channels N, bit rate Br , and the maximum distance LMax . 
The following equation is proposed in this work to estimate 
the FoM 

FoM = 𝑁𝑁 𝐵𝐵𝑟𝑟 (𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀 )𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜           (3) 
where  (𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀 )𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜  is the shortest maximum reach among 
the multiplexed channels. Table 3 lists the FoM for each 
superchannel evaluated by applying eqn. (3) with 𝐵𝐵𝑟𝑟  = 160 
Gbps. Investigating the results in this table reveals      
that 64-line superchannel gives the best transmission 
performance and it can be used to transmit 10.24 Tbps data 
over 500km transmission link. 

Table 3.  Figure of merits of superchannels designed with 160 Gbps 
PM-16QAM channel signaling 

 

4. Transmission Performance of N×320 
Gbps Superchannels  

This section presents simulation results for two 
superchannels based on the proposed OFCG and designed 
with N=16 and 32 channels having 50 GHz channel spacing. 
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Each channel carries 320 Gbps PM-16QAM signal. 
Accordingly, the symbol rate RS  = 40 Symbol/s. Using r= 
0.2 yields an optical channel bandwidth = 48 GHz <  ∆𝑓𝑓 = 
50 GHz. The maximum reach 𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀  is recorded from the 
simulation tests and compared with that of the conventional 
WDM system. The booster amplifier gain is set to 10 dB 
which is the optimum gain obtained by simulating the 32- 
line superchannel when L = 𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀  =720 km (9 spans). 

Table 4 compares the maximum reach for 16-and 32-line 
superchannels with those obtained from conventional WDM 
counterparts. Three channel are kept under observation, first 
channel, central channel, and last channel. The results 
reveals that designing the superchannel with 16 channels 
gives almost the same maximum reach achieved by the 
corresponding WDM system. This result is expected   
since the sixteen comb lines have around 1-dB flatness. In 
contrast, superchannel system implemented with 32 channels 
gives shorter maximum reach 𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀  compared with the 
conventional WDM system. Recall that the line power 
generally decreases as the frequency position of the line 
moves away from comb spectrum. Figure 7 shows the BER 
performance of channels 1, 9, and 16 as a function of number 
of spans for a superchannel designed with N= 16 channels. 
The receiver constellation diagrams related to these three 
channels are also depicted in this figure for L = 𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀  = 815, 
840, and 800 km for channels 1, 9, and 16, respectively. 
Table 5 lists the FoM for the two superchannels as estimated 
by applying eqn. (3). Note that the 32-line superchannel 
gives better F-o-M, it is capable of transmission 10.24 Tbps 
over transmission link length of 720 km. 

Table 4.  Maximum reach corresponding to 2 superchannels containing 16 
and 32 channels with 50 GHs frequency spacing and assuming 320 Gbps 
PM-16QAM signaling for each channel. The results are compared with 
conventional WDM counterpart 

 

 
Figure 7.  BER Performance of the 16-line superchannel as a function of 
number of transmission spans. The insert shows the receiver constellation 
diagrams corresponding to L = 𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀  of each channel. 

Table 5.  Figure of merit of superchannels designed with 320 Gbps 
PM-QAM signal channel and ∆𝑓𝑓 = 50 GHz 

 

5. Regeneration of Com Lines at the 
Receiver Side Using a Single-Pilot 
Tone 

To overcome performance penalties due to laser frequency 
offset between the transmitter OFCG and the local OFCG 
and to decrease the complexity of the DSP at the receiver, 
one of the comb lines is filtered at the transmitter side and 
sent without modulation. This unmodulated line is called a 
pilot tone. The phase locking and the stable frequency 
spacing properties of the comb source offer the ability to 
regenerate the comb lines at the receiver side by using this 
pilot tone. In this work, the 193.1 THz optical line is 
considered as the pilot tone as shown in Fig. 8. In the 
following investigations, 25 GHz frequency spacing and 160 
Gbps PM-16QAM channel signaling are used.  

 

Figure 8.  Designed scheme of a synchronous local OFCG using a 
single-pilot tone 
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5.1. Superchannel Transmission Performance 
Investigation 

Table 6 lists the transmission performance of 
superchannels designed with different channels (16, 32, 48, 
64, 72, and 80) and implemented using local OFC comb  
lines generated using 193.1 THz single-pilot tone scheme. 
The maximum reach 𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀  of these superchannels are 
compared with that of corresponding WDM systems.   
Table  6 reveals the superchannels have acceptance values 
of 𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀  compared with the WDM counterparts and    
these superchannels gives nearly 1 span of 𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀  penalty 
compared with conventional superchannels (see Table 1). 

5.2. Superchannel Simulation Results 

Table 6.  Maximum reach corresponding to 6 superchannels containing  
(16, 32, 48, 64, 72, and 80) channels, when the receiver uses a single-pilot 
tone assisted OFCG with 25 GHs frequency spacing. The results are 
reported for 160 Gbps PM-16QAM channel signaling and compared with 
those of conventional WDM counterparts 

 

 

 

This subsection present simulation results for 64-line 
superchannel designed with ∆𝑓𝑓  = 25 GHz, Br  = 160   
Gbps, and PM-16QAM signaling. Figure 9a illustrates the 

transmission spectrum which contains 63 modulated 
channels and one unmodulated channel used as the 
single-pilot tone. The pilot tone is demultiplexed at the 
receiver side and then amplified by 10 dB optical amplifier. 
The spectrum of the amplified pilot tone filtered at the 
receiver side is shown in Fig. 9b. The regenerated OFCG 
spectrum is displayed in Fig. 9c where this spectrum is 
similar to the OFCG spectrum at the transmitter side.  

  

(a)                              (b) 

 

(c) 

Figure 9.  Superchannel spectra of 64-channel transmission system using 
single-tone pilot assisted local OFCG. (a) Transmitter output which consists 
of 63 modulated channels and one unmodulated pilot tone. (b) Amplified 
193.1 THz tone filtered at the receiver side. (c) Pilot-local assisted OFCG 

6. Conclusions 
Two sets of superchannels have been designed using   

the proposed OFCG. The first set uses 25 GHz spacing  
comb and 160 Gbps PM-16QAM line signaling. These 
superchannels contains 16, 32, 48, 64, 72, and 80 modulated 
comb lines. The second set of the superchannels are 
generated based on 50 GHz frequency spacing comb and  
320 Gbps PM-16QAM line signaling, where 16 and 32 
modulated lines have been used in this scheme. The 
proposed figure-of-merit equation (F-o-M = N𝐵𝐵𝑟𝑟 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 ) has 
been used to reveal the best transmission performance 
among the superchannels. For the first set of superchannels, 
the best performance has been achieved when the 
superchannel carries 64 channels, it has a F-o-M = 5120 
Tbps.km (i.e., can be used to transmit 10.24 Tbps data over 
500km transmission link). The best performance of the 
second set of superchannels has been achieved when 32 
channels are used. This superchannel has F-o-M = 7372.8 
Tbps (i.e., it is capable of transmission 10.24 Tbps over 
transmission link length of 720 km). Nearly the same 
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transmission performance of the superchannels are obtained 
when one of the unmodulated comb line at the transmitter 
side has been used as pilot signal to regenerate a local comb 
at the receiver side. In this way, simplified and perfect 
synchronization scheme has been obtained between the 
transmitter and receiver combs. 

The work in this paper can be extended in the future to 
address the performance of the hybrid WDM/TDM 
comb-based superchannel transmission. The proposed 
OFCG can be redesigned and reconfigured to yield 100 GHz 
line spacing with of lines suitable for WDM superchannel. 

Appendix 
Table 7.  List of Abbreviations 

Acronym Definition 

BER Bit error rate 

B2B Back-to-back 

FoM Figure-of-merit 

LO Local oscillator 

MZM Mach-Zehnder modulator 

OA Optical amplifier 

OFCG Optical frequency comb generator 

PM Polarization multiplexing 

QAM Quadrature amplitude modulation 

RCF Raised cosine filter 

SMF Single-mode fiber 

WDM Wavelength-division multiplexing 
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