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A multi-channel wavelength conversion system operating at frequencies of 192.8 THz and 192.34 THz with a data rate of 
120 Gbps is proposed using an electro-absorption modulator (EAM). The system achieves high-quality wavelength 
conversion with quality factors of 20.25 dB and 21.30 dB, respectively. A mathematical framework is developed to 
determine the sinusoidal signal generator frequency and maximum data signal bandwidth, ensuring minimal interference 
between wavelength-converted signals. The study demonstrates the potential of EAM for efficient, low-power, polarization-
independent wavelength conversion in optical communication systems.  
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1. Introduction 
 

High-speed all-optical signal processing operations 

are crucial for synchronous processing in high-speed 

optical networks [1-3]. Wavelength conversion is an 

essential technique to avoid contention in high-speed 

MIMO networks [1-3]. Various wavelength conversion 

techniques have been widely investigated, utilizing Kerr 

nonlinearities in semiconductor optical amplifiers (SOAs) 

and highly nonlinear fibers (HNLFs) for single-channel 

operations [4-14]. 
To date, researchers have proposed numerous 

wavelength conversion techniques exploiting cross-phase 
modulation (XPM) [9-13], cross-gain modulation (XGM) 
[14-16], and other Kerr nonlinearities [17, 18] in SOAs 
and HNLFs. All-optical wavelength converters based on 
four-wave mixing (FWM) have been explored in [4-8], 
emphasizing the need for phase-matching conditions to 
enhance FWM interactions between multiple signals 
within SOAs or HNLFs. However, achieving satisfactory 
wavelength conversion using FWM requires high pump 
and probe signal power, which adds to design complexity. 
In contrast, XPM-based wavelength converters, as 
proposed by various researchers [9-13], do not require 
phase-matching conditions, making them less complex 
compared to FWM. These converters typically employ 
Mach-Zehnder interferometric (MZI) configurations to 
achieve wavelength conversion. However, XPM 
interactions are highly sensitive to temperature and 
polarization states, resulting in output uncertainties and 
reduced reliability. To address challenges such as 
polarization dependency, complexity, and multichannel 
wavelength conversion, researchers have shifted towards 
electro-absorption modulator (EAM)-based wavelength 
converters. Seo et al. [18] investigated the efficiency of 
SOA-EAM-based wavelength conversion. Dahdah et al. 

[19] demonstrated all-optical wavelength conversion from 
1310 nm to the C-band using XAM in an EAM. EAM-
based converters offer numerous advantages over SOAs or 
optical fibers, including polarization independence, low 
power penalty, and high conversion efficiency. Lacey et 
al. [20] demonstrated polarization-independent 
multichannel wavelength conversion by exploiting FWM 
in SOAs. However, crosstalk and high power penalties 
remain significant challenges during multichannel 
wavelength conversion in SOAs and HNLFs [20]. Chow et 
al. [21] proposed wavelength conversion from a single 
wavelength to multiple wavelengths at a data rate of 10 
Gbps. From the literature, it is evident that most prior 
work has focused on single-channel wavelength 
conversion using Kerr nonlinearities in SOAs or HNLFs. 
These polarization-dependent devices face significant 
challenges in performing multichannel wavelength 
conversion. In contrast, EAM-based wavelength 
conversion presents a promising alternative due to its 
polarization independence, high conversion efficiency, and 
low power penalty. 

In the proposed design, we present an all-optical 

multichannel wavelength converter operating at a data rate 

of 120 Gbps by exploiting XAM within an EAM. While 

this work investigates wavelength conversion for AM 

modulation, future designs should support additional 

modulation formats. 

 

 

2. EAM based multi-channel wavelength  
    converter design 
 

The basic block diagram for the multi-channel 

wavelength converter based on EAM is shown in Fig. 1. It 

consists of three sections: transmitter section, wavelength 

conversion section, and receiver section. 
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Fig. 1. Multi-channel wavelength converter block diagram 
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Fig. 2. Timing diagrams of signals at (a) Transmitter 1 (192.8 THz), (b) Transmitter 2 (192.34 THz), (c) Wavelength-

converted signal at receiver 1 and (d) Wavelength-converted signal at receiver 2 

 

 

The transmitter section consists of two transmitter 

blocks and a 2×1 multiplexer. Transmitter blocks define 

the signal sequence, transmission bit rate, signal 

modulation format, and system’s operating frequency. In 

the proposed design, the transmitter section generates 120 

Gbps NRZ formatted optical signals at centre frequencies 

of 192.8 THz and 193.34 THz. The input signal timing 

diagram is shown in Fig. 2 (a) and (b). The output signals 

from the transmission section are then passed to the 

wavelength conversion section. In this section, the 

multiplexed output signal propagates through the EAM 

modulator, which is controlled by a high-frequency 

sinusoidal electrical signal generator operating at 375 

GHz. The frequency of the electrical signal generator must 

be chosen carefully to minimize or eliminate signal 

interference between the input and wavelength-converted 

signals. The appropriate frequency can be determined 
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using equations (1) to (6), which are derived based on 

interference conditions. 

Let us consider f1 and f2 be the centre frequencis of 

two input message signals, where. There are two cases to 

analyze 

 

Case I : Widely spaced channels 
 

In this case system performance has been investigated 
for variable reverse bias voltage of EAM at fixed input 
power signal. The preset input power signal is 15 dBm and 
the reverse bias voltage is fixed commencing from 0.0 to 
3.0 V is considered first for wavelength converted signal 
and the corresponding converted signal quality is shown in 
Fig. 3. Here the performance of converted wavelength at 
1547 nm, 1548 nm, 1549 nm and 1550 nm is considered 
and reject the rest of converted wavelength due to 
degraded quality.  

Channels are considered widely spaced if they follow 
the condition given in Equation (1). 

2 1 1 2
3

( )
2

f f B B                          (1) 

 

3
2 14

( )cf f f                   (2) 

 

2 1
max

( )

3

f f
B


                              (3) 

 

Case II:  Closely spaced channels 

 

Channels are considered to be closely spaced when 

follow the condition given in equation (4). 
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Here in equation (1-6), fc is the frequency of the 

electrical signal, B1 and B2 are the input signal optical 

bandwidth and Bmax is the maximum bandwidth of the 

message signals. 

The sinusoidal electrical signal controls the signal 

propagating through the EAM modulator. The EAM 

modulator employs a PIN structure, where the intrinsic 

region consists of an InGaAsP material-based quantum 

well structure designed for a wavelength range around 

1550 nm [28]. Optical signal absorption occurs inside this 

intrinsic region. The PIN structure allows the application 

of a constant and high electric field (in the range of several 

kV/cm) across the intrinsic region [28, 29]. When a 

reverse-biased voltage is applied to the EAM modulator, a 

symmetrical tilt occurs in the conduction and valence 

bands of the quantum well, tilting toward the positive 

terminal of the modulator. This tilt increases the 

probability of carrier transitions due to the photon-assisted 

tunneling effect, even at low-frequency signals. This effect 

results in blue shifts in the excitonic absorption peaks of 

the EAM modulator's absorption spectrum, as shown in 

Fig. 3 [28, 29]. 

 
 

 
Fig. 3. Absorption spectrums of an EAM modulator at the 

quantum well structure of (a) 65 Ǻ  and (b) 90 Ǻ [28]. 

  

 

From the Fig. 3, it can be observed that, with the 

increase in reverse biased voltage the blue shift also 

increases. The wavelength of an optical signal should lie 

somewhere in between the excitonic peak for 0 V and Vmax 

(maximum reverse biased voltage). The Vmax requirement 

increases with the increase in signal bit rate. The Vmax 

should set in such a way that, the optical signal lies in 

between the excitonic peaks for 0 V and Vmax.  

The absorption of the optical signal strictly depends 

on the carrier rate equation of EAM. The number of photo 

generated carrier rate equation in the quantum well of 

EAM modulator depends on the absorption of the input 

signal which is given by equation (7) [30]. 
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Here in equation (7), N is the carrier concentration, 

hc



 

is the energy of photon, 
c

 is the coupling loss,   is 

the  voltage and carrier dependent fiber-to-fiber loss, and 

 is the carrier escape time. Further, the electric field 

intensity ( )E V  at the output port of EAM modulator can 

be calculated by equation (8) [30, 31]. 
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Here, ( )I V is the voltage dependent intensity of 

optical signal which can be calculated by equation (9) and 

m
 is the alpha-parameter of EAM modulator which can 

be calculated by equation (10) [31].  
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Here, ( )V is the attenuation experienced by signal in 

EAM active medium, L is the product of the length of 

EAM modulator and its confinement factor, rn is the 

change in the real part of refractive index and in is the 

change in the imaginary part of the refractive index of 

absorption layer due to the applied electric voltage. The 

output signal electric field intensity in terms of 
m  and 

applied electric bias voltage can be calculated by equation 

(11) [31]. 
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The equation (11) is the exact equation to calculate 

the output electric filed intensity but not suitable for 

simulation purpose. This equation requires the function 

evaluation and integration. The equation (11) can be 

modified as equation (12) [31, 32]. 
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Here in equation (12), 
r

 is  a function of m  and 

voltage dependant attenuation constant ( )V . The 
r

  can 

be calculated by equation (13) [31, 32]. 
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The equation (12) and (13) are the basic equations in 

the model of EAM modulator and extensive simulations 

can be performed by evaluating the performance of EAM 

modulator with respect to the variation in applied bias or 

modulation voltage for specific set of absorption and 

alpha-parameters of the absorption layer of EAM 

modulator. 

Further, the chirp in the externally modulated signals 

is significantly low but still this needs to be controlled. 

The frequency chirp is defined by the variation in the 

phase of the signal with respect to the time which is given 

by equation (14) [30, 31]. 
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Here in equation (14),   is the phase of modulated 

optical signal,   is the  -parameter and 
outP  is the 

output signal power. These  -parameter depend on the 

applied signal voltage. So, in order to reduce the chirp 

factor in the output of EAM modulator, the reverse bias 

voltage play an important role and -2.5 is the desirable 

reverse bias voltage in terms of high conversion efficiency 

and negative chirp factor [32]. 

Variation in alpha parameter and absorption of EAM 

modulator with respect to the applied signal voltage at 

wavelength 1557.16 [30, 31] is shown in Fig. 4. From 

equation (10) and (11), it can be clearly seen that, for a 

particular frequency signal, the transparency of the EAM 

modulator strictly dependent on the reverse-biased voltage 

applied to the EAM modulator [20, 30-31]. When the 

reverse-biased voltage level is high, a large number of 

photon assisted carrier absorption generated charged 

carriers induces drift and diffusion of these carriers 

distorted and screen the external electric field and saturate 

the absorption coefficient [22, 23].   
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Fig. 4. Converted signal quality signal under fixed reverse  

bias voltage (colour online) 

 

Here the reverse biased voltage and modulation 

voltage (peak to peak) applied to the EAM modulator are -

2.5 V and 2 V respectively. EAM modulator behaves like 

a transparent device to the optical signal in the absence of 

an electrical signal and an opaque device to the optical 

signal in the presence of an electrical signal. Further, the 

sinusoidal electrical signal is applied to the EAM simply 

behave as double-sideband modulation scheme (DSB-SC 

modulation) which shifts the spectrum of the input optical 
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signals to the upper sideband (USB) and lower sideband 

(LSB) with multiple harmonics having frequency 

difference equal to the frequency of the sinusoidal 

electrical signal, which is clearly shown in Fig. 5 and the 

input and output frequencies of USB and LSB are 

described in Table 1. 

 

Table 1. Wavelength-converted signals with applied input 

 

Input Signal  192.8 THz 193.34 THz 

Wavelength-

converted 

signal (THz) 

  

USB 193.175 THz 193.715 THz 

193.550 THz 194.09 THz 

LSB 192.425 THz 192.965 THz 

192.05 THz 192.590 THz 

 
 

In Fig. 5(b), it is observed that higher the harmonics 
of wavelength-converted signal, lower will be the 
amplitude of wavelength-converted signal. So, to 
minimize the effect of adjacent wavelength-converted 
signals, USB of wavelength shifted signal f2 and LSB of 
wavelength shifted signal f1 is considered. As a result, the 
signal at frequency 193.715 THz and 192.425 THz are the 
best values of wavelength shifted signals in terms of low 
power penalty. Furthermore, the optical signals having 
different wavelength propagate through EAM based 
wavelength converter, the crosstalk between wavelength-
converted signal can be avoided by the proper adjustment 
of the frequency of the electrical signal which is provided 
to EAM. The frequency of the electrical signal and 
maximum bandwidth of message signal for particular 
electrical signal frequency and fixed channel spacing can 
be calculated by equation (2), (3), (5) and (6). 
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Fig. 5. Spectrum diagrams of signals (a) before and  

(b) after co-propagating through EAM 

Further, the signal from the EAM modulator is 

followed by de-multiplexer. These wavelengths converted 

signals are separate out by the use of de-multiplexer. Other 

signals specified in Table 1 can be used as wavelength-

converted signals and can be separated by the use of de-

multiplexer. These wavelengths shifted signals are further 

analysed by the receiver section. The timing diagram of 

output signals received at frequency 193.715 THz and 

192.425 THz are shown in Fig. 2 (c) and (d) respectively. 

From the timing diagram, it has been observed that the 

amplitude of the wavelength-converted signal gets 

distorted due to various nonlinearities and carrier lifetime 

inside the active medium of EAM. This amplitude 

irregularity can be determined for the digital 

communication system [24]. Furthermore, these 

irregularities in the amplitude can be reduced by 

propagating the signal through a SOA with optically 

modified gain dynamics in conjunction with a Micro-ring 

Resonator (MRR) based notch filter [25]. 

 
 
3. Results and discussion 
 

To evaluate the performance of the designed multi-

channel wavelength converter, all the simulations are 

carried out at the data rate of 120 Gbps in Optisystem-

16.0. Fig. 6 shows the power level of uplink and downlink 

multi-channel wavelength-converted signals given in 

Table 1 and it is analysed that power level decreases with 

the increase in the order of harmonics of wavelength 
converted signal. 
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Fig. 6. Plot between signal power level versus converted 

 signal frequency 

 

 

So to decrease the effect of cross talk and increase the 

quality (Q-factor) of multi-channel wavelength-converted 

signals the signal at 193.715 (replica of the signal at 

frequency 193.34 THz) and 192.425 THz (replica of 192.8 

THz) are considered. 

After the selection of the frequency for the best 

replica of wavelength-converted signals, the effect of the 

input signal power on the wavelength-converted signal 

power is analysed and it is observed that with the increase 
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in the input signal power, the output signal power 

increases linearly. The plot between input signal power 

(P1, P2) versus output signal power P11 (192.425 THz) and 

P21 (193.715 THz) is shown in Fig. 5. 

Further, the system is analysed in terms of quality 

factor (Q-factor). The Q-factor is given by equation (15) 

[26]. 

1 0

1 0

P P
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Here in equation (1) 1 0,P P  and 1 0, 
 
are the mean 

and standard deviation of peak power of the level high and 

level low. The Q-factor value should be above 15 dB for a 

successful reception at the receiver end [26]. Fig. 8 shows 

the variation in the quality factor of wavelength-converted 

signals for the input signal power. In Fig. 8, P1 and P2 are 

the input signal powers at the wavelength of 192.8 THz 

and 193.34 THz respectively. Simultaneously, results at 

different power levels show that with the increase in input 

signal power P1 at constant input signal power P2, the 

quality (Q1) of wavelength-converted signal at frequency 

192.425 THz increases and the quality (Q2) of the 

frequency-converted signal at wavelength 193.715 

decreases and vice versa. 
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Fig. 8. Plot between input signal powers versus output  

signal quality factor (colour online) 

This is due to an increase in P1, the EAM becomes 

more and more transparent which decreases the effect of 

the electrical signal on the signal at P2, which ultimately 

decreases the quality Q2 at constant power P2. Similarly, 

with the increase in input signal power P2 at constant P1, 

the Q2 increases, and Q1 decreases. 
The channel spacing between two copropagating 

signals also plays an important role in the design of a 
multi-channel wavelength converter. The effect of channel 
spacing on the quality of the output signal at the data rate 
of 120 Gbps is analysed and the plot between the quality 
factor of converter signals versus channel spacing is drawn 
in Fig. 9. The value for electrical signal frequency is 
calculated from equation (2). From the plot, it can be seen 
that initially when the channel spacing is very low, due to 
cross-talk between input data signals no wavelength 
conversion will be there. With the increase in channel 
spacing, input data signal cross talk decreases, but LSB 
and USB of wavelength-converted signal interfere with 
adjacent data signals which result in the poor quality of 
wavelength-converted signal. With a further increase in 
channel spacing, the cross-talk decreases linearly. As the 
channel spacing reaches the limit specified in equation (1), 
significant wavelength conversion operation comes into 
the picture. The good quality factor is observed with 
increase in channel spacing. With further increase in the 
channel spacing, the quality of wavelength-converted 
signal reaches the saturation.  
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The optimum channel spacing observes from the 

channel spacing analysis for the design of a multi-channel 

wavelength converter operating at the data rate of 120 

Gbps is 540 GHz.  

Now, the effect of data rate on the quality of 

wavelength-converted signal is observed at a constant 

channel spacing of 540 GHz and electrical signal 

frequency as of 375 GHz. The plot between output signal 

Q-factor versus input data rate is shown in Fig. 10. From 

the plot, it is observed that with the increase in input signal 

data rate, wavelength-converted signal quality decreases. 

Initially, when the data rate is very low, the wavelength 

converter reveals excellent quality factor. With the 

significant increase in input signal data rate, the output 

wavelength signal quality factor also decreases 

significantly. Once the data rate becomes more than 120 

GHz, the wavelength-converted signal quality goes down 

to 15 dB. 

Further, the optimization in the input signal power, 

channel spacing, and maximum signal data rate, the eye 

diagram of the wavelength-converted signal at the 

frequency of 192.425 THz, and 193.715 THz are shown in 

Fig. 11. Eye-opening distinguishes the envelopes for level 

high and level low [27]. This should be as high as much as 

possible. Somewhere this gives the idea of signal Q-factor. 

From Fig. 11, it has been concluded that the level high and 

level low are easily distinguishable which results in the 

error-free output. The higher the value of eye-opening 

better will be the signal quality. The Q-factor of the 

wavelength-converted signal at frequency 192.425 THz 

and 193.715 THz is 20.25 dB and 21.14 dB respectively 

for the applied signal at 192.8 THz and 193.34 THz. 

 

 

4. 4-channel wavelength converter 
 

The proposed design for the 4-channel wavelength 

conversion simultaneously is shown in Fig. 12. The design 

consists of four transmitters in the input blocks at the data 

rate of 10 Gbps having a centre frequency of 192.8 THz, 

192.9 THz, 193 THz, and 193.1 THz. Signals from four 

transmitters followed by multiplexer, which is further 

followed by an EAM modulator derived by 75 GHz 

electrical signal generator. The 75 GHz value is chosen by 

applying the same interference-avoidance framework 

derived earlier (Equations (2), (3), (5), and (6) of the 

manuscript) to the 10 Gbps, closely spaced 4‑channel case.  

The driving frequency satisfies the conditions on 

maximum message bandwidth and channel spacing such 

that (i) the generated upper and lower sidebands of each 

channel do not overlap with neighbouring data channels 

and (ii) adequate spectral separation is maintained between 

desired converted tones and adjacent harmonics to 

minimize inter-channel crosstalk. Multiple wavelength-

converted signals have been received at the demultiplexer 

end and analysed at the receiver section. The optical 

spectrum at the multiplexer end and EAM output port is 

shown in Fig. 12 (a) and (b). The quality factor of 30 dB, 

29.5 dB, 22 dB, and 30.2 dB of the signal received at 

192.725 THz, 192.825 THz, 193.075 THz, and 193.175 

THz respectively corresponding to the input signal of 

192.8 THz,192.9 THz, 193 THz, and 193.1 THz. 
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Fig. 11. Eye diagrams of wavelength-converted signal at  

(a) 192.42 THz and (b) 192.715 THz 
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Fig. 12. Four-channel wavelength converter 
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Fig. 13. Optical spectrums of (a) 4-channel input signal and (b) wavelength converted output signal 

 

 

Table 2. Comparison of the proposed work with current state of the art 

 

Parameter Proposed Work Kaur et al. [33] Singh et al. [34] Zhou et al. [35] Zhao et al. [36] 

Wavelength 

conversion technique 

XAM in EAM XAM in EAM FWM in HNLF FWM in SOA FWM in dual-

polarization 

SOA 

Operating speed 120 Gbps 40 Gbps 100 Gbps 30 Gbps 112 Gbps 

Polarization sensitivity Insensitive Insensitive Sensitive Sensitive Sensitive 

Integration possibility Possible Possible Not Possible Possible Possible 

Modulation Format NRZ NRZ DP-DQPSK 16QAM-OFDM PDM-16QAM 

 

 

In order to position the proposed EAM‑based 

multi‑channel wavelength converter with respect to 

existing solutions, a concise state‑of‑the‑art comparison of 

the present work with recently reported wavelength 

conversion schemes is presented in Table 2. 

 

 

5. Conclusions 
 

The investigation demonstrates a multi-channel 

wavelength conversion approach for widely spaced 

channels using cross-absorption modulation (XAM) in an 

EAM modulator. System performance strongly depends on 

input signal power, channel spacing, and input data rate. 

Output signal quality improves with increased channel 

spacing and decreases with higher input data rates. 

Additionally, output signal power increases linearly with 

input power. The proposed system is further extended to a 

4-channel wavelength conversion design, showcasing high 

conversion efficiency and quality factors exceeding 20 dB 

for each channel. This system represents a scalable, 

efficient solution for high-speed optical networks, 

emphasizing its potential for future multi-channel 

applications. 
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