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Abstract 

The integration of optical data storage using fiber loops and ultra-fast optical switching via nonlinear optical 
loop mirrors (NOLMs) has long been recognized as an optimal approach for all-optical processing. This 
article presents a novel integration of these technologies to create an efficient buffering-switching device 
aimed at mitigating signal contention. Through thorough analysis, we explore the limitations of this 
integrated device in achieving error-free processing across multiple buffering cycles. Various factors, such 
as different types of noise leading to intensity fluctuations in buffered and demultiplexed signals, are 
assessed. Additionally, we delve into the switching characteristics of the NOLM demultiplexer to provide a 
comprehensive understanding of the device's performance. 

 
1. INTRODUCTION  

The increasing demand for high transmission rates in telecommunications networks has 
sparked significant interest in optical communications. Direct transmission of optical 
signals within the optical layer, without the need for electro-optical-electrical (OEO) 
conversion, has surfaced as a implying technology for advancing optical networks. 
Accordingly, all-optical processing plays a pivotal role in shaping the outlook of optical 
communication networks. However, signal contention poses a major challenge due to the 
absence of optical RAM. Various techniques, including the use of fiber delay lines (FDLs) 
for storage, have been proposed to address this issue. Yet, longer FDLs are required for 
significant buffering times, leading to the development of techniques based on fiber loop 
recirculation [1, 3, 4, 5]. By allowing optical signals to recirculate within a fiber loop until 
needed for transmission, these techniques offer a more compact buffer solution 
compared to FDLs. The nonlinear optical loop mirror (NOLM) has demonstrated efficiency 
as an optical demultiplexer, enabling high-speed switching. This article [ 6,7] proposes 
the integration of an optical loop buffer (OLB) with NOLM to create an efficient buffering-
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switching device for managing signal contention. The analysis considers various types of 
noise within the proposed device to optimize loop circulations for buffering. Additionally, 
adverse impacts within the NOLM switch, such as group velocity dispersion (GVD) and 
pulse walk-off, which affect signal transmission and reflection, are investigated.  

2. SYSTEM MODEL 

The concept of the nonlinear optical loop mirror (NOLM) demultiplexer has grown from 
the Sagnac interferometer, offering superior switching speeds, albeit with subdued 
operating power requirements and minimal framework compared to alternatives. In a 
NOLM demultiplexer, the elevated-intensity control signal from the Wavelength Division 
Multiplexing (WDM) coupler induces a Cross-Phase Modulation (XPM) upshot on the 
clockwise input signal [8-11], leading to a refractive index variation due to the Kerr effect 
and subsequent signal phase shift. Constructing the NOLM demultiplexer requires a 
longer fiber loop due to the small nonlinear parameter (γ) of the fiber, necessitating a loop 
length of 3 km to induce a phase shift of π. 

Traditional optical communication lacks an all-optical buffer device and implementing 
Fiber Delay Lines (FDLs) for extended buffering periods is impractical. Consequently, the 
optical loop buffer (OLB), which shares a similar architecture with the NOLM switch, is 
ideal for buffering services. Unlike the NOLM switch, the OLB does not require signal 
splitting for co-propagation, thereby avoiding issues like unsought XPM and pulse walk-
off. The OLB allows for multiple signal recirculations until needed for transmission, with a 

maximum buffer time per loop calculated as 𝑇𝑚𝑎𝑥 =
𝑛𝑙

𝑐
, [11-16] providing three 

microseconds of buffer time in this experiment. However, excessive recirculation may 
have adverse effects. 

Combining the NOLM demultiplexer with the OLB offers robust optical buffering-switching 
assistance for optical networks [17-18]. Placing the OLB beforehand the NOLM switch 
reduces contention and minimizes the quantity of reflected signals. When an input signal 
appears at the switch, it is routed based on its buffering needs. Signals requiring 
immediate transmission bypass the OLB and enter the NOLM switch directly, while those 
needing buffering are directed into the OLB. The OLB utilizes a 100:0 coupler to ensure 
unidirectional signal recirculation within the loop, with an optical amplifier compensating 
for loop losses and an optical isolator enforcing one-way traffic. 

Buffered signals are recirculated within the OLB until required by NOLM for transmission. 
Unlike the NOLM switch in previous research, the NOLM demultiplexer in this setup 
utilizes a Semiconductor Optical Amplifier (SOA) to induce optical nonlinearity, eliminating 
dependence on SOA gain saturation. The high-intensity control signal couples with the 
clockwise signal, inducing a phase shift and facilitating signal switching toward the optical 
receiver when a phase difference of π is achieved connecting the counter-propagating 
signals [19-20]. 
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Fig 1: Schematic diagram of an OLB combined with the NOLM switch 
 
3. THEORETICAL INVESTIGATION 

While the suggested optical buffering and switching device promises to enhance signal 
throughput in optical networks, the demultiplexed signal remains susceptible to 
degradation from various noise sources. These include thermal noise, shot noise, and 
different classes of beat noise associated with spontaneous emission (ASE noise may 
also contribute). 

Within the Optical Loop Buffer (OLB), the signal recirculates within the fiber loop for a 
defined number of sequences, resulting in noise accumulation with each circulation. The 
decrease in obtained power at the receiver after recirculation, denoted as Ps, is 
determined by the equation: 

𝑃𝑆 = 𝑃𝑁10−𝑧 10⁄                        [1] 

Amount where 𝑃𝑁 and z represents the output power after N loops of circulation, and z 
indicates the quantity of data signal attenuation in decibels (dB). Ps serves as the input 
signal power for the buffered signal entering the NOLM switch. 
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Upon entering the NOLM switch, the input signal is equally split by a 50:50 coupler and 
co-propagates bidirectionally. The behaviour of the input signal and control pulse is 
headed by the nonlinear Schrödinger (NLS) equation. This equation is particularly 
applicable when a extended length of fiber is used, as dispersive and nonlinear effects 
become substantial over longer distances. Thus, the signals propagating clockwise, 
counter clockwise, and the control pulse satisfying the NLS equation can be expressed 
as: 

𝜕𝐴3

𝜕𝑧
+

𝑖𝛽2𝑠

2

𝜕2𝐴3

𝜕𝑇2
= 𝑖𝛾𝑠(|𝐴3|2 + 2|𝐴𝑐|2)𝐴3                                           [2] 

𝜕𝐴𝑐

𝜕𝑧
+ 𝛽1

𝜕𝐴𝐶

𝜕𝑇
+

𝑖𝛽2𝑐

2

𝜕2𝐴𝑐

𝜕𝑇2
= 𝑖𝛾𝑐(|𝐴𝑐|2 + 2|𝐴3|2)𝐴𝑐                         [3] 

𝜕𝐴4

𝜕𝑧
+

𝑖𝛽2𝑠

2

𝜕2𝐴4

𝜕𝑇2
= 𝑖𝛾𝑠𝑐|𝐴4|2𝐴4                                                                 [4] 

Where z represents the distance from port three beside the clockwise direction, 𝛽2𝑠 and 
𝛽2𝑐 denote the Group Velocity Dispersion (GVD) parameters for the signal and control 
pulses, correspondingly. T is the time variable in the retarded frame T, 𝛾𝑠  and 𝛾𝑐  while 
signify the nonlinear coefficient parameters of the signal and control pulses, respectively. 

Additionally, the signal pulses in the clockwise direction (𝐴3), counterclockwise direction 

(𝐴4) and the control pulse (𝐴𝑐) are listed as follows:  

𝐴3 = (1 − 𝐾)1 2⁄ (𝑃1)1 2⁄ (𝑃0)1 2⁄ 𝑒−𝑡2 2 (𝑇01)4⁄                         [5] 

𝐴4 = 𝑗(𝐾)1 2⁄ (𝑃1)1 2⁄ (𝑃0)1 2⁄ 𝑒−𝑡2 2 (𝑇01)4⁄                              [6] 

𝐴𝑐 = (𝑃2)1 2⁄ (𝑃0)1 2⁄ 𝑒−𝑡2 2 (𝑇02)4⁄                                          [7] 

In this equation, K denotes the coupling ratio, 𝑃1 and 𝑃2  represent the peak power for the 

signal pulse and control pulse, respectively, 𝑃0  stands for the input power, t denotes the 

time variable, is the time variable, 𝑇01and t corresponds to the full width at half maximum 
(FWHM) for the signal pulse. 

The control pulse originating from the Wavelength Division Multiplexing (WDM) coupler 
couples and co-propagates with the anticipated section of the clockwise-propagating 
signal intended for transmission. The signal pulse transmitted out of the fiber loop is 
expressed as:  

 𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑢𝑡 = (1 − 𝐾)1 2⁄ 𝐸4 + 𝑗(𝐾)1 2⁄ 𝐸1                                         [8] 

Where 𝐸1 and 𝐸4 correspond to the clockwise and counterclockwise propagating signals 
correspondingly. Here, denote the clockwise and counterclockwise propagating signals, 
respectively. These values are determined numerically by employing the split-step Fourier 
method (SSFM). 
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Devoid of any control pulse coupled into the fiber loop, mutually the clockwise and 
counterclockwise propagating signals remain unaffected in terms of phase difference. As 
a result, the input signal reflects back after traversing the loop. The reflected signal pulse 
is formulated as: 

𝑠𝑖𝑔𝑛𝑎𝑙 𝑟𝑒𝑓𝑙𝑒𝑐𝑡 = 𝑗(𝐾)1 2⁄ 𝐸4 + 𝑗(1 − 𝐾)1 2⁄ 𝐸1                                             [9] 

Therefore, the transmittance (υ) of the NOLM demultiplexer can be derived from: 

𝜐 =
|𝑠𝑖𝑔𝑛𝑎𝑙_𝑜𝑢𝑡|2

|𝑠𝑖𝑔𝑛𝑎𝑙_𝑖𝑛𝑝𝑢𝑡|2
                                                             [10] 

The analysis of Bit Error Rate (BER) is employed to assess signal deprivation associated 
with NOLM demultiplexing. The variance of thermal noise and shot noise can be 
determined from: 

𝜎𝑡ℎ
2 = 4𝑘𝑇𝐵 𝑅𝐿⁄                                                   [11] 

𝜎𝑠ℎ_𝑎
2 = 2𝑞𝐼𝑟𝐵                                                       [12] 

Where k and q have fixed values, representing Boltzmann’s constant and electron charge 

respectively, T indicates the temperature, B is electrical bandwidth, 𝑅𝐿 is load resistance 

of the photodiode, 𝐼𝑟 is the photocurrent generated at the receiver. For signal 0 and 1, 𝐼𝑟 
becomes 𝐼0 and 𝐼1 respectively.  

Moreover, various types of spontaneous beat noise stemming from the preamplifier have 
led to certain shortcomings in the output signals. These include beat noise between the 
signal and spontaneous emission, spontaneous emission against itself, and shot noise 
against spontaneous emission. The interaction between the signal and spontaneous 
emission arises from their disparate optical frequencies.  

Where k and q are constants representing Boltzmann’s constant and electron charge 

respectively, T denotes the temperature, B stands for electrical bandwidth, 𝑅𝐿  represents 
the load resistance of the photodiode, and 𝐼𝑟 denotes the photocurrent generated at the 

receiver. When considering signals 0 and 1, 𝐼𝑟 takes on the values of 𝐼0 and 𝐼1 
respectively.  

Additionally, the output signals are affected by various types of spontaneous beat noise 
originating from the preamplifier. These noise types include beat noise between the signal 
and spontaneous emission, spontaneous emission interfering with itself, and shot noise 
conflicting with spontaneous emission. The interaction between the signal and 
spontaneous emission arises from their differing optical frequencies. 

However, inter-beating among the spontaneous emissions occurs due to their wide 
frequency range governed by their effective bandwidth. Consequently, current 
fluctuations resulting from these inter-beatings produce beat noise, which in turn 
degrades the signal.  
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For NOLM operations, the variances of the aforementioned beat noise are outlined below: 

𝜎𝑠𝑔_𝑠𝑝𝑛_𝑟
2 = 4𝑅2𝐺𝑝𝑆𝑠𝑝𝐵𝑁𝑟                                             [13] 

𝜎𝑠𝑔_𝑠𝑝𝑛
2 = 4𝑅2𝑆𝑠𝑝𝑓𝐵                                                       [14] 

𝜎𝑠ℎ_𝑠𝑝𝑛
2 = 4𝑞𝑅𝑆𝑠𝑝𝑓𝐵                                                       [15] 

Where f is the receiver optical bandwidth and the spontaneous emission noise spectral 
density (Ssp) is given by: 

𝑆𝑠𝑝 = (𝐺 − 1)𝑛𝑠𝑝ℎ𝑓                                                    [16] 

G and h signify the optical amplifier gain and Planck’s constant respectively, and 𝑛𝑠𝑝 is 

the spontaneous emission factor. The mean photon number (𝑁𝑟 ) for signals 0 and 1 will 

become 𝑁0 and 𝑁1   respectively. Both the value of 𝐼𝑟 and 𝑁𝑟 have been assessed, taking 
into account the impacts of Group Velocity Dispersion (GVD), pulse walk-off between the 
signal and control pulse, as well as channel and intrinsic crosstalk on the demultiplexed 
signals. Channel crosstalk occurs when an undesired channel is switched to the output 
port during demultiplexing, typically due to the switching window overlapping into adjacent 
signal pulses. Conversely, intrinsic crosstalk manifests as a small amount of leakage 
signal at the output, even in the absence of any control signal within the NOLM. 

Thus, 𝑁0 and 𝑁1 of the demultiplexed signals are given by: 

𝑁1 =  𝑁𝑠 [1 + 𝐶𝑋(𝐹𝑇𝐷𝑀 − 1)(𝑅1 + 𝐸𝑟 + 𝐸𝑟𝑅1)]                              [17] 

𝑁0 =  𝑁𝑠 [𝐸𝑟 + 𝐶𝑋(𝐹𝑇𝐷𝑀 − 1)(𝑅1 + 𝐸𝑟 − 𝐸𝑟𝑅1)]                                    [18] 

Where 𝐹𝑇𝐷𝑀 is the TDM factor, 𝑅1is the signal’s mark ratio, 𝐸𝑟 is the intensity modulator’s 

extinction ratio in the optical transmitter, 𝑁𝑠 represents the mean photon number when 

only the “1” bits present, CX is the channel crosstalk. CX  is related to intrinsic crosstalk 
(IX) and can be written as: 

𝐶𝑋 = 1 − (1 − 𝐼𝑋) cos [
𝜋

2(𝐸 − 1)
]

2

                                                         [19] 

Where  

𝐸 =
1

𝑓𝑐𝛽1
𝑒𝑟𝑓 (

𝛽1√ln 2

𝑇02
)                                                      [20] 

T02 represents the full width at half maximum (FWHM) for the control pulse, 1  stands for 

the walk-off parameter, fc denotes the control pulse repetition rate.  
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Additionally, owing to intensity fluctuations induced by the timing jitter between the control 
and input signals, the relative intensity noise variance for signal 0 and 1 will be 
incorporated into the analysis of the NOLM demultiplexer and is expressed as: 

       
2 22 22

_0 0[ ]RIN p NOLM sq G RIN N B RIN Er N       (21) 

     
2 22

2

_1 1[ ]RIN p NOLM sq G RIN N B RIN N        (22) 

where  represents the photodetector quantum efficiency, RIN and RINNOLM signify the 

optical signal source relative intensity noise and intensity fluctuations resulting from 
NOLM demultiplexing contribute to the current fluctuation variance in the NOLM switch, 
expressed as: 

2 2 2 2 2 2 2 2

_ _ _0 _1q th sh a sg spn r spn spn sh spn RIN RIN                   (23) 

For signal 0 and 1 in the NOLM analysis, 2

q  in Eq. (23) will be swapped with 
2

0  and 
2

1  

correspondingly. To assess signals that have undergone the optical buffering and 
switching devices, the utilized Bit Error Rate (BER) will be provided as: 

𝐵𝐸𝑅 =
1

2
𝑒𝑟𝑓𝑐 [

𝐼1

√2(𝜎1+𝜎0)
]                                                            [24] 

Where I1=RP1a and P1a represent the output power from the switch.  
 
4. RESULT AND DISCUSSION 

We perform a numerical evaluation to ensure error-free optical buffering-switching service 
utilizing the system model depicted in Figure 1.  

The elementary objective of the two ensuing outcomes is to ascertain the highest 
recirculation capacity for data packets comprising 512 bits each.  

Figure 2 displays the BER investigation of the buffered signal across several loop 
recirculation within the OLB. Subsequently, Figure 3 depicts the BER investigation for the 
buffered signal post-demultiplexing by the NOLM switch. Both experiments maintain the 
following parameters: a data rate of 10 Gbps. 

𝐸𝑟 = −25, 𝜂 = 0.7, 𝑇 = 293 𝐾, 𝑓 = 374 𝐺𝐻𝑧, 𝐵 =
1

2
 (𝑑𝑎𝑡𝑎 𝑟𝑎𝑡𝑒), 𝑅 = 0.9, 𝑅𝐼𝑁 =

10−15, 𝑅𝐼𝑁𝑁𝑂𝐿𝑀 = 1−3, 𝑇0 = 5−12 . 



Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/ 
Journal of Xi'an Shiyou University, Natural Sciences Edition 

ISSN: 1673-064X 
E-Publication: Online Open Access 

Vol: 67 Issue 03 | 2024 
DOI: 10.5281/zenodo.10867807 

 

Mar 2024 | 249 

 

Fig 2: BER plotted against gathered optical power for different loop recirculations 
within the buffering device 

Figure 2 illustrates that the input signal undergoing 20 circulations within the buffer 
outperformed other investigations with elevated loop circulations. With an increase in the 
number of circulations, the BER deteriorates further. This outcome is primarily attributed 
to signal intensity fluctuations produced by numerous noise sources, as previously 

discussed. Based on the maximum buffering time𝑇𝑚𝑎𝑥, a hundred loop circulations within 
the OLB provide roughly three hundred microseconds of optical buffering time, 
maintaining error-free processing capability. 

As the signal prepares for transmission, it progresses towards the NOLM demultiplexer, 
where the buffered signal experiences swift nonlinear switching. Figure 3 presents a BER 
analysis for different quantities of loop-buffered signals undergoing NOLM demultiplexing 
at a 10 Gbps data rate, while Figure 4 expands this analysis to a 20 Gbps data rate. 
Notably, as the data rate increases, there's a deterioration in BER performance. 
Simulated results indicate a marked decline in BER performance for demultiplexed 
signals compared to the analysis in Figure 2. This decline can be attributed to various 
noise sources encountered within the OLB, alongside several nonlinear effects, including 
GVD, pulse walk-off, channel, and intrinsic crosstalk. Nevertheless, despite these 
challenges, the findings suggest that signals passing through the proposed model can 
withstand up to one hundred loop circulations while staying within a reasonably received 
optical power range. 
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Fig 3: Bit Error Rate (BER) compared to received optical power across different 
loop recirculations for both the buffering device and NOLM demultiplexing at a 

data rate of 10 Gbps 

 

Fig 4: Bit Error Rate (BER) versus optical power with varying loop recirculation 
for both the buffering device and demultiplexing by NOLM at a data rate of 20 

Gbps 
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Fig 5: Comparison of channel crosstalk versus intrinsic crosstalk across different 
levels of pulse walk-off 

Figure 5 presents simulated results demonstrating the relationship between the channel 
and intrinsic crosstalk at different levels of pulse walk-off between the control and signals. 
It is evident that higher levels of walk-off lead to an increase in the minimum value of 
channel crosstalk relative to intrinsic crosstalk.  

This observation confirms that pulse walk-off contributes to heightened channel crosstalk, 
thereby impacting the quality of demultiplexed signals. Several unchanged parameters 
utilized in Fig. 6 and Fig. 7 are as follows: K=0.5, 𝑇01 = 3𝑝𝑠, 𝑇02 = 4𝑝𝑠.  

Figure 6 depicts the signal waveform propagating in the NOLM switch under conditions 
where Group Velocity Dispersion (GVD) and pulse walk-off are negligible. The signals 
are tightly concentrated within the switching profile.  

However, in practical scenarios, NOLM switches experience higher values of GVD and 
pulse walk-off, leading to signal broadening and deviation from the central position, as 
illustrated in Figure 7. This phenomenon compromises switching efficiency, consequently 
affecting the Bit Error Rate (BER) performance, as demonstrated in Figure 3. 
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Fig 6: Signal waveform for NOLM with minimal Group Velocity Dispersion (GVD) 
and pulse walk-off 

 

Fig 7: Signal waveform for NOLM with increased Group Velocity Dispersion (GVD) 
and pulse walk-off 
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5. CONCLUSIONS 

This paper presents a new optical buffering-switching device, utilizing an optical fiber loop 
architecture to provide a compact and efficient optical buffer with rapid switching 
capabilities. Simulation results indicate that signals traveling through the fiber loops 
experience intensity fluctuations due to various noise sources. Furthermore, phenomena 
like Group Velocity Dispersion (GVD), pulse walk-off, channel crosstalk, and intrinsic 
crosstalk during NOLM demultiplexing contribute to the degradation of signal quality. GVD 
and pulse walk-off cause pulse broadening and signal deviation within the NOLM, 
exacerbating channel crosstalk and signal degradation. As noise accumulates with each 
loop circulation, the Bit Error Rate (BER) increases with the number of recirculations. 
However, simulations suggest that signals can circulate within the buffer loop for up to 
one hundred rounds before being demultiplexed by the NOLM switch. 
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