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Abstract

:

This paper investigates for the first time how the implementation of semiconductor optical amplifier (SOA)-based devices in photonic networks can negatively impact the integrity of two-dimensional wavelength-hopping time-spreading (2D-WH/TS) optical code-division multiple access (OCDMA) codes based on multi-wavelength picosecond code carriers. It is demonstrated and confirmed by simulations that the influence of an SOA under driving currents of 50 mA to 250 mA causes a 0.08 to 0.8 nm multi-wavelength picosecond code carriers’ wavelength redshift. The results obtained are then used to calculate the degradation of OCDMA system performance in terms of the probability of error Pe and the decrease in the number of simultaneous users. It is shown that, when the SOA-induced 0.8 nm code carriers redshift becomes equal to the code carries wavelength channel spacing, the (8,53)-OCDMA system performs only as a (7,53)-OCDMA system, and the number of simultaneous users drops from 14 to 10 or 84 to 74 with the forward error correction (FEC) Pe of 10−9, respectively. The impact of the 0.8 nm redshift is then shown on a (4,53)-OCDMA system, where it causes a drop in the number of simultaneous users from 4 to 3 or 37 to 24 with the FEC Pe of 10−9, respectively.
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1. Introduction


Incoherent optical code-division multiple access (OCDMA) is a promising multiplexing technique known for its soft blocking capabilities that allows a trade-off between the system bit-error-rate (BER) and number of users [1]. To ensure the optimal operation of an OCDMA system, it is necessary to maintain the integrity and fidelity of optical codes during system operation. For instance, the use of two-dimensional (2D) wavelength-hopping time-spreading (WH/TS) incoherent OCDMA with implemented carrier-hopping prime code (CHPC) [2] (a class of 2D asynchronous codes that support wavelength hopping within time spreading over the Galois field of prime numbers with zero autocorrelation side-lobes and periodic cross correlation functions of at most one) will ensure minimal multiple-access interference. The code offers good cardinality and supports a large number of simultaneous users. To further improve the code scalability, 2D-WH/TS coding uses a set of wavelengths as the code carries with a temporal duration of a few picoseconds [3].



In past decades, semiconductor optical amplifiers (SOAs) were developed and demonstrated to support different tasks and functionalities in optical systems, networks, and applications including data centres [4,5,6,7]. A great deal of switching architectures utilizing SOAs in different configurations such as 2 × 2 multi-cascaded switch fabrics, cross-point matrices, for broadcast and select, wavelength selection [8], and DeMux operation [9] have already been successfully demonstrated.



The severity of gain recovery time on 2D-WH/TS OCDMA systems using SOAs is evident even at low data rates [10]. This is because of the nature of the code carriers’ time-spreading. The code carriers are spread with different time delays when forming a unique code signature for each user. The SOA’s response time to incoming code is related to carrier lifetime, which in turn determines the SOA gain recovery [11]. A slow SOA gain recovery time poses a stringent limitation on the choices of the 2D-WH/TS code spreading, thus limiting the overall system scalability, including the number of simultaneous users. For the sake of illustration, even a 2.5 Gbit/s OCDMA system, if using a temporal code carriers’ separation of 25 ps (i.e., 40 OCDMA GHz/s chip rate), will experience the equivalent SOA limitations of a 40 Gbit/s on-off keying (OOK) system.



Many techniques have been developed and demonstrated to address and improve the gain recovery time of SOAs [11,12] and these techniques fall into three categories. In the first category, a continuous wave beam is utilized to saturate the SOA at the operating wavelength, which lies in the SOA’s spectral gain region or near the transparency point. The second method comprises the use of quantum wells or quantum dots semiconductors [11]. The third technique utilizes the SOA’s amplified spontaneous emission (ASE) when driving the SOA with a high bias current into saturation. In [12], this method was used to reduce the gain recovery time from 200 ps down to 10 ps with the caveat that signal quality margins were somewhat sacrificed in situations where the SOA was followed by spectral slicing [13]. As the 2D-WH/TS systems can deploy both SOAs and spectral slicing, more investigations are required.



The paper is organized as follows. In Section 2, the impact of SOA-induced redshift on multi wavelength picosecond code carriers under different bias conditions is investigated, experimentally demonstrated, and then confirmed by simulations. In Section 3, the impact of the SOA operating under high bias current/gain conditions is demonstrated on the 2D-WH/TS OCDMA code integrity. The overall performance (the probability of error and the maximum number of simultaneous users) of two different 2D-WH/TS OCDMA systems deploying the SOA is calculated. The results obtained are discussed in Section 4 and then summarized in the Conclusion.




2. Impact of SOA-Based Devices Deployed in Fiber Link on Multi-Wavelength Picosecond Code Carriers


In a 2D-WH/TS OCDMA system, each user’s data are carried by a unique code. Each code requires a unique time-spreading of wavelengths (i.e., code carriers) over a bit period. The temporal separation of code carriers can be anywhere from a few to several hundreds of picoseconds and depends on the design parameters and the targeted number of simultaneous users [1]. SOA-based optical devices can be implemented in OCDMA systems to play an important role [3,13,14]. However incorrect implementation may have undesirable effects on the system performance. The subsequent investigation will demonstrate how the use of an SOA under different driving conditions influences OCDMA code carriers and affects the code integrity.



2.1. Description of Experimental Setup


The experimental setup for the above investigation is shown in Figure 1. Here, an optical clock of wavelength of 1547 nm, generated by an erbium doped fiber mode locked laser (FMLL) manufactured by PriTel, Inc. (Naperville, IL, USA), has a linewidth of 1.4 nm. The optical clock is driven by an RF synthesizer (Agilent E8257D) at 2.5 GHz. The optical clock pulses then enter an optical supercontinuum (OS) generator, which consists of a 25 dBm erbium doped fiber amplifier (EDFA) and an approximately 1 km long dispersion decreasing fiber, thus producing a 3.2 nm wide optical supercontinuum in the spectral region from 1550 to 1553.2 nm. The 2D-WH/TS code is then generated by an encoder comprising of a 1 × 4 DWDM de-multiplexer (DMUX), four adjustable fiber optical delay lines, and a 4 × 1 DWDM multiplexer (MUX). Both MUX and DMUX have a channel spacing of 100 GHz (i.e., 0.8 nm). The resulting pulse-width at the MUX output is 7 ps at Full Width at Half Maximum (FWHM). The DMUX spectrally slices the optical supercontinuum into four wavelengths (to be used as code carriers),     λ 1     = 1550.12 nm,     λ 2     = 1550.92 nm,     λ 3     = 1551.72 nm, and     λ 4     = 1552.52 nm. The wavelength separation corresponds to a 100 GHz channel spacing (ITU channels CH34 to CH31). After being appropriately delayed by optical delay lines, the individual code carriers are then recombined by a MUX to form the desired 2D-WH/TS code. The generated code then passes through a 16 km long SMF-28 optical fiber followed by a 2.5 km long matched chromatic dispersion compensating fiber (DCF) module, thus forming an 18.5 km chromatic-dispersion compensated (CDC) fiber link. The SMF-28 fiber has its group velocity dispersion parameter (GVD)     β 2  = − 20         ps  2    /km. The 2D-WH/TS OCDMA encoder’s delay lines, D1, D2, D3, and D4 (see Figure 1), were set to generate 1, 6, 11, and 16 chip delays, respectively. An optical spectrum analyzer (OSA) (Agilent 86146B) with 0.06 nm resolution was used in all measurements.



It should be noted that a 1 chip delay is defined as Tbit /N, where Tbit is a bit period and N is the number of chips. Here, Tbit/N = 400/53, i.e., ~7.5 ps/chip (~133 GHz chip rate). The encoder thus generates a 2D-WH/TS code (1-    λ 1    , 6-    λ 2    , 11-    λ 3    , 16-    λ 4    ) having a code carriers’ temporal separation of 30 ps < t (where t is the gain recovery time of the SOA). This means that the SOA-based device does not have enough time for full gain recovery. Similarly, a matched decoder was set to (16-    λ 1    , 11-    λ 2    , 6-    λ 3    , 1-    λ 4    ). These settings will guarantee the arrival of all four wavelengths code carriers to arrive at the OCDMA decoder’s output at the same time. This enables the formation of an OCDMA autocorrelation peak of the code weight w = 4.



The impact of the SOA under different driving conditions on code carriers will be investigated next.




2.2. Investigation of 2D-WH/TS OCDMA Code Carriers’ Distortion under Different SOA Driving Conditions


The 2D-WH/TS OCDMA code carriers’ distortion was explored for SOA bias currents of 7 mA, 80 mA, and 250 mA, which provide a gain of 6 dB, 12 dB, and 24 dB, respectively. For this investigation, we used a Kamelian small gain SOA (OPA-20-N-C-FA) with a max gain of 24 dB, saturation output of 9 dBm, and polarisation dependency of 0.6 dBm [15]. The ASE power level was −26 dBm, a slightly higher value when compared with its counterparts made by Thorlabs and InPhenix Inc. (Livermore, CA, USA) when biased at 500 mA [16,17].



At the start, the SOA gain recovery time was measured using the technique described in [18]. The results are shown in Figure 2. The shortest measured value 28 ps corresponds to a 250 mA driving current.



The code integrity was first observed using an optical spectrum analyzer by comparing the code spectrum before and after traveling through a chromatic dispersion compensating fibre link with an SOA device driven at 175 mA (see Figure 3). This current level was chosen arbitrarily to illustrate a code carriers’ redshift by comparing Figure 3a,b. For ease of comparison, the measurements obtained were plotted relative to the signal strength at the SOA input, i.e., a variable optical attenuator (VOA) was used to compensate for the SOA gain. This way, both graphs in Figure 3 can use an identical Y-scale. Figure 3a depicts four wavelength code carriers with 30 ps temporal separation before entering the SOA. The optical average power and carriers’ peak power was 4 mW and 57 mW, respectively. Figure 3b shows the impact of the SOA on the code integrity—the code carriers are clearly affected by a 0.73 nm wavelength redshift. A carriers’ height variation is also observed. In WDM systems, the effect of non-uniformity of the gain during a stream of pulses passing the SOA is resolved using a Lyot filter [19]. Contrary to the WDM and its regular bit rate, in 2D-WH/TS OCDMA systems, the 2D-WH/TS OCDMA code formation leads to an uneven temporal multi-wavelength code carrier’s separation. Using this solution is thus not feasible. Further analyses of Figure 3b reveal that the induced wavelength redshift has led to a code carrier ‘loss’. This is explained by inspection of Figure 3. Here, a 2D-WH/TS code composed of four wavelength code carriers is shown before entering the SOA (biased at 175 mA), after the SOA, and then again after passing a λ1–λ4 decoder. After passing the λ1–λ4 decoder with an unmatched channel spacing of 0.8 nm, the code exits distorted and with three code carries only because of the code carriers’ redshift of ~0.73 nm. The observed height differences among code carriers results in part from a non-ideal SOA gain flatness in the 1550 nm region.



The impact of the SOA on individual wavelength code carriers will now be investigated under three different SOA driving conditions: 7 mA, 80 mA, and 250 mA, representing an SOA gain of +6 dB, +12 dB, and +24 dB, respectively. The results obtained are shown in Figure 4. For reference, Figure 4a shows all four wavelength code carriers at the input of the SOA. To graph the results obtained using an identical Y-axis scale for different SOA gain levels, a VOA was placed after the SOA, but before the OSA. The measurements obtained are shown in red, green, and yellow and represent SOA driving currents of 7 mA, 80 mA, and 250 mA, respectively. The SOA-induced redshift on individual code carriers     λ 1    ,     λ 2    ,     λ 3  ,    and     λ  4      is shown in Figure 4b–d, respectively. Figure 4f shows how the entire code spectrum is affected by the SOA biased at 250 mA/24 dB gain (i.e., under the shortest gain recovery time ~30 ps (see Figure 2)).



In the case of 7 mA/6 dB gain, all four code carriers exhibit slight linewidth and spectral shape variations after passing the SOA and the 18.5 km long chromatic-dispersion compensated fiber link.



In the case of 80 mA/12 dB gain, the carriers’ spectra are affected by self-phase modulation (SPM). Spectral peaks shift towards the longer wavelengths (redshift), leaving a noticeable ‘trace’ in the original spectral pulse position. The amount of shifting is mainly dominated by the SOA gain and carrier density changes, causing noticeable variations in the refractive index [12]. Consequently, an SPM-induced frequency chirp is imposed on all spectral pulses as they pass the SOA [20].



In the third case of 250 mA/24 dB gain, the SOA is in its highly nonlinear regime and the pulse spectrum shifts further to the red side in addition to one or more new peaks on the blue side. These observations agree with [20]. The achieved redshift was ~100 GHz/0.8 nm.



As explained above, a matched OCDMA decoder and encoder pair are required to accurately recover the user’s data and produce an OCDMA autocorrelation peak. Based on the results in Figure 4f, this would not be possible. It can be seen that the 100 GHz spectral redshift affected all four wavelength code carriers:     λ 1     became     λ 2    ,     λ 2  →  λ 3    ,     λ 3  →  λ 4    , and     λ 4  →  λ 5    . However, the matching 100 GHz lambda DMUX in the OCDMA decoder (see Figure 1) was designed to handle only (    λ 1    ,     λ 2    ,     λ 3    ,     λ 4    ), thus it cannot recognize the newly ‘created’ wavelength     λ 5     resulting from the     λ 4  →  λ 5     wavelength redshift. As a consequence, the number of wavelengths forming the OCDMA autocorrelation peak at the decoder output will be reduced from four to three. Furthermore, a slightly unequal amount of redshift imposed on individual wavelength code carriers is also observed. This is a result of the fact that the SOA gain is not flat and peaks at around 1550 nm [15]. Thus, multi wavelength code carriers passing the SOA experience slightly different saturation rates. This leads to a slightly different SPM, and thus amount of redshift. This was confirmed by the measurements shown in Figure 5.



The measured amount of the code carriers’ redshift inflicted by the SOA on individual code carriers can be also found theoretically. The nonlinear effect induced by the SOA can be simulated by adopting the model described in [21]. A great deal of consistency (see Figure 5) was found between the simulated and measured results. More precise measurements would require a higher resolution OSA than the one available for the experiment, which has a resolution of 0.06 nm. The calculated slope from the measured and simulation values was found to be −0.0083 and −0.0054, respectively. This is shown in Figure 6, where the dashed line represents the simulation, while the dots are measured values.



The multi wavelength code carriers at the input of the SOA were assumed to have a temporal Gaussian shape and measured FWHM of 7 ps (    τ  0      = 4.2 ps at 1/e). The model used is applicable if the temporal pulse width of code carriers passing the SOA is ≥1 ps. The parameters used in the simulations are given in Table 1.





3. Impact of SOA High Bias Current/Gain on 2D-WH/TS OCDMA Prime Code Fidelity


Here, the investigation was repeated by replacing the DWDM-based OCDMA encoder and decoder with a commercial fiber Bragg grating-based encoder and decoder manufactured by OKI, Japan. The implemented 2D-WH/TS OCDMA carrier-hopping prime code (CHPC) [2] is optimised to ensure that the periodic cross correlation function is at most one [2]. This minimises the multiple-access interference. The encoder/decoder pair uses four wavelength code carriers from a code space (w, N) = (4, 53), where w indicates a number of wavelength code carriers with a channel spacing of 100 GHz and N is the number of chips [3] per the bit period. The code signature (1-    λ 2    , 21-    λ 4    , 27-    λ 1    , 39-    λ 3    ) guarantees a minimal separation between adjacent code carriers of more than 30 ps. The SOA bias current/gain and code average/code carriers’ peak power at the SOA input were 250 mA/24 dB and 4 mW/57 mW, respectively, resulting in a 100 GHz/0.8 nm code carriers’ redshift. The results obtained are shown in Figure 7. Figure 7a is the OCDMA code optical spectrum recorded by the OSA without, and Figure 7b with an SOA being part of the chromatic dispersion compensated transmission link. By comparing both results, it can be observed that wavelength code carriers were red-shifted by 100 GHz/ 0.8 nm. As explained in Section 2, because of this redshift,     λ 1     became     λ 2    ,     λ 2  →  λ 3    ,     λ 3  →  λ 4    , and     λ 4  →  λ 5    . However, the OCDMA fiber Bragg grating (FBG) decoder was designed to handle only (    λ 1    ,     λ 2    ,     λ 3    ,     λ 4    ). Therefore, the wavelength     λ 5        that    resulted from the     λ 4  →  λ 5     redshift is ‘missing’ in Figure 7b. As a consequence, the resulting OCDMA autocorrelation height will be reduced by one to its new value w − 1. This code weight reduction will decrease the signal-to-noise ratio (SNR) and cause deterioration in the OCDMA system bit-error-rate (BER), which in turn reduces the number of simultaneous users. The performance degradation resulting from the code carriers’ red-shifting can be theoretically evaluated using Equation (1) to calculate the probability of error Pe. Equation (1) is valid for an OCDMA receiver with hard limiting capabilities [3]. Pe can be used to evaluate the number of simultaneous users (K).


    P e  =  1 2    ∑   i = 0  w     (  − 1  )    w − i     w !    [  i !    (  w − i  )  !  ]       (   q 0  + i  q 1   1 w   )    k − 1     



(1)







Here,     q 0  = 1 −  q 1    ,     q 1  =    w 2    2 N L     ,    w is the code weight, L is a number of wavelength code carriers (in this case w = L), and N is the number of chips.



The results obtained are shown in Figure 8. Solid lines show the probability of error of two different 2D-WH/TS OCDMA systems: one that has four wavelength code carriers (w = 4) and N = 53 chips, denoted by (w, N) = (4, 53), and the second, having w = 8 and N = 53, denoted by (8, 53). Dashed lines represent calculations of the respective degraded Pe due to the code carrier redshift, which causes autocorrelation peak reduction from w to w − 1 (i.e., from 4 to 3 and from 8 to 7, respectively).




4. Discussion


As shown in Figure 5, the SOA driving current variations between 50 mA and 250 mA will result in a 2D-WH/TS code carriers’ redshift from 0.08 to 0.8 nm. By analysing the results in Figure 8, the impact of the SOA-induced redshift on the OCDMA system performance and number of simultaneous OCDMA users was found. First, the OCDMA system performance was determined for the (8, 53) OCDMA without the presence of SOA. The system supports 14 simultaneous users, each operating at Pe of 10−9. Thanks to OCDMA soft-blocking capabilities, one can readily trade the system’s Pe for a number of simultaneous users and then take advantage of the implemented hard-decision forward error correction (HD-FEC) with 7% overhead. By doing so, the number of simultaneous users will be increased (up to 84) by allowing a drop in the Pe to 3.8 × 10−3 and then in turn using FEC to return the Pe back to 10−9 (see Figure 8). However, the SOA present in the transmission link driven at 250 mA leads to the code carriers’ redshift of 0.8 nm equal to their channel spacing. As a consequence, the system’s OCDMA autocorrelation is reduced by 1 (from 8 to 7) and the (8, 53)-OCDMA system now performs only as (7, 53)-OCDMA. This will result a drop in the number of simultaneous users from 14 to 10 or 84 to 74 with the FEC Pe of 10−9, respectively. Similar performance degradation is demonstrated for a (4, 53)-OCDMA when the system operates under the same experimental conditions. The SOA’s 250 mA driving current-induced redshift of 0.8 nm equal to code carriers channel spacing causes a drop in the number of simultaneous users from 4 to 3 or 37 to 24 with the FEC Pe of 10−9, respectively. Thus, the (4, 53)-OCDMA system only performs as (3, 53)-OCDMA to maintain the Pe of 10−9.




5. Conclusions


The impact of SOA-induced wavelength redshift on 2D-WH/TS multi wavelength picosecond code carriers was investigated for the first time. For the SOA bias current of 50 to 250 mA, the amount of induced redshift was found to be 0.08 to 0.8 nm. Next, the detrimental effect of 0.8 nm redshift on (8, 53)- and (4, 53)-WH/TS OCDMA systems was investigated. It can be stated that, when the amount of SOA-induced redshift is equal to the code carriers’ wavelength channel spacing, then a (w, N)-WH/TS OCDMA system will only perform as a (w − 1, N)-WH/TS OCDMA system to maintain the Pe of 10−9.
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Figure 1. Schematic diagram of the experimental setup with illustration of two-dimensional wavelength-hopping time-spreading (2D-WH/TS) code carriers in frequency (FD, top) and time (TD, bottom) domain, respectively. TD—time domain, FD—frequency domain, ps FMLL—picosecond fiber mode locked laser, OS—optical supercontinuum, DMUX—de-multiplexer, MUX—multiplexer, SOA—semiconductor optical amplifier, DCF—chromatic dispersion compensating fiber. 
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Figure 2. SOA’s gain recovery time against the bias current. 
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Figure 3. (a) Optical spectrum of the 2D-WH/TS OCDMA code based on four λ1 to λ4 multi-wavelength picosecond code carries before entering the SOA biased at ~175 mA; (b) after passing the SOA followed by dispersion compensated fiber link (DCF) and λ1–λ4 decoder. VOA—variable optical attenuator, OFL—optical fiber lin. 
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Figure 4. Experimental demonstration of code carriers’ wavelength redshift observed on the optical spectrum analyser: (a) code carriers at the input of the SOA; (b) effect of SOA on code carrier     λ 1     at an SOA current of 7 mA/6dB gain, 80 mA/12 dB gain, and 250 mA/24 dB gain, respectively; (c) similarly for     λ 2    ; (d) for     λ 3    ; (e) for     λ 4    ; (f) illustration of redshift on all four wavelength code carriers for an SOA current of 250 mA/24 dB gain. 
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Figure 5. The measured amount of code carriers’ wavelength redshift as a function of the SOA bias current. 
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Figure 6. Wavelength red shift for the SOA biased at 250 mA. The dashed line is simulations and the dots are measured values for     λ 1  = 1550.12   nm ,    λ 2  = 1550.92   nm ,    λ 3  = 1551.72   nm ,    and     λ 4  = 1552.52    nm    . 
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Figure 7. Impact of SOA on 2D-WH/TS code based on four-wavelength code carriers as recorded by an optical spectrum analyser: (a) without and (b) with the SOA present in the chromatic-dispersion (CD) compensated transmission link. 
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Figure 8. Probability of error as a function of K simultaneous users for a (4, 53)/(3, 53) and (8, 53)/(7, 53) 2D-WH/TS OCDMA system without/with the deployment of an SOA, respectively, the latter causing a one channel code carriers’ redshift. 
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Table 1. Geometrical and material parameters used in the simulation.
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	Parameter
	Description 2
	Value





	  I  
	Bias current (mA)
	250



	  L  
	Length (mm)
	1 [14]



	  W  
	Width (µm)
	0.4 [22]



	  H  
	Height (µm)
	0.4 [22]



	    α i    
	Loss (m−1)
	3000 [23]



	  g  
	Differential gain (m2)
	3 × 10−20 [24]



	  N  i
	Initial carrier density (m−3)
	3.65 × 1024 [23]



	Γ
	Optical confinement factor
	0.4 [24]



	   N 0   
	Carrier density at transparency (m3)
	1024 [24]



	  α  
	Linewidth enhancement factor
	4 [24]



	  A  
	Recombination coefficient (s−1)
	108 [23]



	  B  
	Recombination coefficient (m3 s−1)
	1.5 × 10−16 [23]



	  C  
	Recombination coefficient (m6 s−1)
	10−40 [23]
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