

  photonics-11-01182




photonics-11-01182







Photonics 2024, 11(12), 1182; doi:10.3390/photonics11121182




Article



High-Speed and Cost-Efficient NAND Logic Gate Using a Single SOA-DI Configuration



Amer Kotb 1,2,*, Antonios Hatziefremidis 3, Gamal Said 2 and Kyriakos E. Zoiros 4





1



School of Chips, XJTLU Entrepreneur College (Taicang), Xi’an Jiaotong-Liverpool University, Taicang 215400, China






2



Department of Physics, Faculty of Science, University of Fayoum, Fayoum 63514, Egypt






3



Department of Aerospace Science and Technology, National Kapodistrian University of Athens, 34400 Psahna Evias, Greece






4



Lightwave Communications Research Group, Department of Electrical and Computer Engineering, School of Engineering, Democritus University of Thrace, 67100 Xanthi, Greece









*



Correspondence: amer.kotb@xjtlu.edu.cn







Citation: Kotb, A.; Hatziefremidis, A.; Said, G.; Zoiros, K.E. High-Speed and Cost-Efficient NAND Logic Gate Using a Single SOA-DI Configuration. Photonics 2024, 11, 1182. https://doi.org/10.3390/photonics11121182



Received: 18 November 2024 / Revised: 10 December 2024 / Accepted: 16 December 2024 / Published: 17 December 2024



Abstract

:

In this study, we propose a novel design for a NAND gate using a single semiconductor optical amplifier (SOA) followed by a delay interferometer (DI). This streamlined configuration significantly reduces complexity and cost compared to conventional methods, which typically require cascading multiple SOA-Mach–Zehnder interferometers (SOA-MZIs) for NAND gate implementation. Our approach directly generates the NAND logic output with a single SOA and DI, simplifying the overall design. The gate’s performance is evaluated at 80 Gb/s, achieving a high-quality factor (QF) of 10.75. We also analyze the impact of key parameters to optimize the gate’s functionality. Furthermore, we assess the effect of amplified spontaneous emission on the QF, providing a more comprehensive evaluation of the system’s performance. This research paves the way for more efficient and cost-effective complex optical logic circuit solutions.
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1. Introduction


The NAND gate is a cornerstone of digital logic design, celebrated for its universality in performing any logical operation. Its ability to construct other fundamental gates such as AND, OR, and NOT makes it essential for various applications, from simple logic functions to complex computational systems and memory storage [1,2]. The NAND gate is considered a universal gate because, using combinations of its inputs and outputs, it can produce any other basic logical operation, which has made it a fundamental building block in both digital circuits and optical systems. In optical computing, semiconductor optical amplifiers (SOAs) have been pivotal in advancing high-speed optical signal processing due to their rapid response times and efficient integration with photonic devices [3,4]. SOA-based logic gates exploit the nonlinearities of these amplifiers to perform logic operations at the speed of light, making them ideal for applications requiring ultrafast data processing. Traditionally, NAND gates with SOAs are implemented by first creating an AND gate using the SOA-based Mach–Zehnder interferometer (MZI) and then inverting it with another SOA-MZI [5,6,7,8,9,10,11,12,13,14,15,16,17]. This process increases complexity and cost, particularly when scaling the system for high-speed applications. Recent advancements, however, have introduced delay interferometers (DIs) as a more streamlined solution. DIs leverage interference effects to achieve the desired logic gate functionality, significantly reducing the complexity of the optical circuit. Furthermore, DIs support high-speed optical processing, making them suitable for rapid data manipulation and compact, scalable optical circuit designs [3,18]. The quality factor (QF) is a critical parameter in evaluating the performance of optical logic gates. A high QF indicates superior signal quality, with better contrast between logic levels and reduced error rates. This is crucial for ensuring reliable operation in high-speed optical circuits. The QF is defined as the ratio of the signal amplitude to the noise level, and it is used to assess the integrity of the logic output, especially at high speeds where signal degradation is more likely. In our research, we achieved a QF of 10.75 for the NAND gate operating at 80 Gb/s, demonstrating the effectiveness of our approach. By examining the effects of critical parameters, including the impact of amplified spontaneous emission (ASE) on the gate’s performance, we ensured its optimal functionality, paving the way for more efficient and cost-effective designs in optical circuit technology. While current SOA-based implementations are generally limited to speeds of up to 80 Gb/s, alternative SOA technologies such as quantum dot SOAs (QD-SOAs) [8,9], carrier reservoir SOAs (CR-SOAs) [10], reflective SOAs (R-SOAs) [11,12,13], photonic crystal SOAs (PhC-SOAs) [14,15], as well as the consideration of two-photon absorption (TPA) effects [16], offer promising avenues for achieving higher-speed applications. These alternative SOA technologies provide enhanced performance by addressing the limitations of traditional SOAs, offering faster switching speeds and higher efficiency. The findings of our study contribute to the advancement of optical logic gate design by presenting a simplified approach that effectively balances performance and cost efficiency. Our method reduces the need for complex optical components, improves signal quality, and supports scalable integration for future optical computing applications.



The remainder of this paper is organized as follows. Section 2 focuses on the proposed NAND gate, with Section 2.1 detailing its operation principle, specifically how the SOA and DI are utilized to perform the logic function. Section 2.2 presents the numerical analysis, providing insights into the mathematical models and simulations used to evaluate the scheme’s performance. Section 3 discusses the findings, including an in-depth analysis of the simulation results, such as the eye diagram and QF, which demonstrate the system’s reliability at high data rates. Section 4 compares the proposed SOA-DI NAND scheme to other SOA-based approaches, showing its superior 80 Gb/s performance with a high QF, and shows how QD-SOAs, CR-SOAs, R-SOAs, PhC-SOAs, and TPA could further enhance data rates. Finally, Section 5 contains the conclusion, summarizing the key outcomes and emphasizing the potential of the proposed NAND gate for high-speed optical logic applications.




2. NAND Gate


2.1. Operation Principle


To implement a NAND gate using principles similar to those used for an OR gate with two inverted inputs, we use an optical system comprising an SOA followed by a DI, as illustrated in Figure 1. In this setup, the data inputs A and B are inverted to produce NOT A (   A ¯   ) and NOT B (   B ¯   ). These inverted signals are fed into the SOA, which modulates a continuous wave (CW) probe signal based on the inverted inputs. To generate    A ¯    and    B ¯    in a cost-effective manner before inserting them into the SOA-DI configuration, cross-gain modulation in an SOA is a highly efficient approach. In this method, input signals A and B are used to modulate the gain of the SOA, which amplifies a CW probe signal. When the input is ‘1’, the SOA gain decreases, producing a ‘0’ output for the CW probe, effectively inverting the signal [17]. The modulated CW signal is then directed into the DI. The DI consists of two arms: one with a delay (ΔτDI) and one with a phase bias (ΔΦDI). Optical couplers are used at both the input and output of the DI to manage the distribution of the modulated signal and the combination of the output signals. In this configuration, when both inputs A and B are ‘1’, the inverted inputs    A ¯    and    B ¯    are ‘0’. Since these ‘0’ inputs do not induce a phase shift on the CW signal, the DI output will be ‘0’ due to the destructive interference of the signals. Conversely, when either A or B or both are ‘0’, the inverted inputs    A ¯    and    B ¯    are ‘1’, inducing phase changes on the CW signal. This phase modulation results in constructive interference, leading to a ‘1’ at the DI output. Further, 3 dB optical couplers (OCs) play a crucial role in this configuration. They manage the distribution of the modulated signal into the DI’s arms and combine the outputs. By controlling signal losses and ensuring precise interference patterns, OCs enhance the performance and efficiency of the optical NAND gate. This is demonstrated by the accurate logic operations as shown in the attached NAND truth table.



For experimental validation of the optical NAND gate, the setup involves several critical components, beginning with the generation of data inputs A and B using a rational harmonic mode-locked (ML) laser and a gain-switched distributed feedback (DFB) laser, which generates 3.5 ps wide pulses at a repetition rate of 20 and 40 GHz, respectively [18]. Both laser signal sources are synchronized and driven by a 10 GHz RF synthesizer. The pulse trains are amplified using erbium-doped fiber amplifiers (EDFAs) to achieve an average power of 10 dBm for both data streams. The inverted signals    A ¯    and    B ¯    are created by modulating a CW probe signal in an SOA using cross-gain modulation. The modulated CW signal is then directed into a DI, consisting of two arms—one with a delay (ΔτDI) and the other with a phase bias (ΔΦDI). Optical couplers are used to split and combine the signals to ensure correct interference conditions for the NAND logic operation. A CW light source at 1550 nm is introduced into the DI to interact with the modulated data streams. After cross-phase modulation in the SOA-DI configuration, the output is filtered using a 1 nm optical bandpass filter (OBPF) to select the desired wavelength and remove unwanted signal components. The output signal is analyzed using a 50 GHz optical sampling oscilloscope (CSA), capturing the 80 Gb/spatterned data. Diagnostic instruments, such as an optical spectrum analyzer (OSA), assess the optical signal’s characteristics, including power levels, spectral width, and signal quality. A digital communications analyzer (DCA) captures the waveform of the output signal, providing insights into logic levels, timing, and signal integrity, as quantified by the calculation of performance metrics such as the QF, while verifying the speed and accuracy of the NAND operation at 80 Gb/s.




2.2. Numerical Analysis


The coupled equations of the SOA describe the interactions between carriers and the optical field, focusing on phenomena like carrier heating (CH) and spectral hole burning (SHB). Carrier heating results from the thermalization of carriers across the energy band after an optical pulse, occurring on a timescale of about 1 to 0.7 ps. Spectral hole burning involves the reduction in gain at the photon energy of the injected pulse, creating a ‘hole’ in the gain spectrum. This happens within a timescale of about 0.6 to 0.3 ps, followed by the redistribution of carriers, restoring the gain spectrum. Understanding these effects is key for optimizing SOA performance in optical communications and signal processing [3,5].
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The unsaturated power gain, G0, is given by the following expression:
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where




	
α is the differential gain, which characterizes the gain variation in response to carrier density changes.



	
Γ is the optical confinement factor, describing how well the optical field is confined within the active region.



	
I is the injection current, controlling the carrier population in the active region.



	
τc is the carrier lifetime, determining how quickly carriers recombine after being injected.



	
e is the electron charge, a fundamental constant.



	
V = wdL is the active layer volume, where w is the width, d is the thickness, and L is the length of the active region.



	
Ntr is the transparency carrier density at which no net gain occurs.








The saturation energy, Esat, is described by the following equation:


   E  s a t   =  P  s a t      τ c  =    w d h υ   α Γ     



(5)




where




	
Psat is the saturation power, representing the maximum achievable output power before gain saturation.



	
h is Planck’s constant.



	
ν is the photon frequency.








The temperature relaxation rates for carrier heating and spectral hole burning are given by τCH and τSHB. These rates quantify how quickly the carriers return to thermal equilibrium after optical excitation. The nonlinear gain suppression factors, ϵCH and ϵSHB, account for how carrier heating and spectral hole burning reduce the overall gain. Finally, to achieve optimal performance, numerical simulations are essential. These simulations involve adjusting and selecting the input signals and SOA parameters, such as InGaAsP/InP materials [3], known for their efficient carrier dynamics, to optimize the device’s performance for high-speed optical communication.



The total input power for each SOA Pin(t) plays a critical role in the SOA’s performance. The input data signals    A ¯    and    B ¯    are assumed to be Gaussian-shaped return-to-zero pulses with an energy E0, a full-width at half-maximum (FWHM) pulse width τFWHM, a period T, which is the inverse of the operating data rate, and with the length of the pseudorandom binary sequence (PRBS), denoted as n [5].
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where    a  ( n  A ¯  ,      B ¯  )     denotes the n-th pulse, which can take the value ‘1’ or ‘0’, corresponding to the logical states of    A ¯    and    B ¯   .



To perform the NAND operation using the proposed scheme, we represent the input powers within the SOA-DI as follows:
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The output power of the NAND function, produced at the DI output, is determined by the following equation [3,18]:
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where Pout(t) represents the output power from the SOA, and the cosine term captures the differential phase introduced by the DI.



The performance of the proposed optical logic functions is evaluated using the QF, which measures the signal quality and error performance. The QF is defined by the following formula [5]:


  Q F     =         P 1  −  P 0     σ 1  +  σ 0      
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where P1 and P0 are the mean peak powers of the logic ‘1’s and ‘0’s, respectively. σ1 and σ0 are the corresponding standard deviations of the peak powers for the logic ‘1’s and ‘0’s. The QF provides a measure of how well the optical logic functions differentiate between logic ‘1’s and ‘0’s. A higher QF indicates better separation between the two states, resulting in the more accurate and reliable performance of the optical logic functions. For acceptable performance, the QF value should be at least 6, which ensures that the bit error rate (BER) is less than 10−9. The BER is related to the QF by the following expression [19]:
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This relationship underscores that a higher QF directly correlates with a lower BER, ensuring high data integrity and system reliability.



Equations (1)–(9) have been combined and solved using the Adams numerical method implemented in Wolfram Mathematica®. This approach employs a predictor-corrector algorithm to efficiently handle the integration of the system of differential equations. The Adams method’s adaptive step size and high accuracy make it well suited for solving complex time-dependent systems. The parameters used in this analysis are detailed in Table 1 [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19]. These parameters, consistent with practical values for SOA, are critical for evaluating the performance of the proposed optical logic function, providing the necessary data to accurately model and assess system behavior.





3. Findings and Discussion


Figure 2 depicts the simulation results for the NAND function, utilizing a single SOA followed by a DI at a data rate of 80 Gb/s. The figure includes three key elements: the input signals, the NAND output, and the corresponding eye diagram. The eye diagram illustrates a well-defined pattern with a significant eye-opening, indicating high signal clarity and minimal distortion. This clear-eye diagram confirms the effective execution of the NAND operation at 80 Gb/s. The observed QF of 10.75 further underscores the system’s excellent performance, demonstrating robust signal integrity and the precise handling of high-speed operations.



In Figure 3, the relationship between QF and the injection current (I) is crucial for optimizing the performance of a NAND logic gate using a single SOA followed by a DI. As the injection current increases, more carriers populate the active region of the SOA, which enhances the carrier recovery process after each input pulse. This replenishment of carriers leads to better signal quality, reflected in a higher QF, which is essential for reliable high-speed optical operations. In our design, we observe a significant improvement in QF, achieving a value of 10.40 at 500 mA. The increase in QF with the injection current is consistent with the equations governing the unsaturated power gain and saturation energy of the SOA. As shown in Equation (4), the injection current directly affects the carrier density in the active region, improving the recovery of carriers and enhancing the overall gain. The saturation power, Psat, as expressed in Equation (5), also increases with the injection current. This is because a higher injection current increases the carrier density, allowing the SOA to handle larger input power before reaching saturation. The increase in Psat enables the SOA to amplify the signal more effectively, contributing to better performance in high-speed operations [3]. The higher current also leads to more efficient carrier recovery, which in turn improves the overall gain and signal quality, essential for maintaining a high QF. However, an excessive injection current beyond 500 mA may lead to nonlinear effects, such as carrier recombination and thermal effects, which could degrade performance [20,21]. These effects can result in signal distortion, reduced gain, and even damage to the SOA. Thus, while increasing the injection current improves carrier recovery and gain, it must be carefully managed to avoid these negative consequences. The discrepancy between the 300 mA current in the table and the 50–500 mA range in Figure 3 arises because the table refers to a typical current for traditional NAND gate implementations using multiple SOAs, which require higher currents per SOA to achieve similar logic functionality. In contrast, the single SOA with DI configuration in Figure 3 is optimized to operate with a lower current range, providing a more efficient design with a competitive QF. This design reduces complexity, power consumption, and thermal load, making it a more streamlined and cost-effective solution compared to traditional approaches. The measurements presented in Figure 3 were obtained by progressively changing the SOA driving current while using a DCA equipped with a QF module. The QF values were monitored and recorded through histograms, which were then plotted against the SOA current to generate the curve shown in Figure 3. This approach provided a detailed evaluation of the relationship between the injection current and the QF, offering valuable insights into the performance and reliability of the NAND gate design at different SOA operating conditions.



The relationship between QF and delay time (ΔτDI) in a NAND gate configuration utilizing an SOA followed by a DI is crucial for optimizing ultrafast optical computing performance. The SOA amplifies optical signals for rapid switching in logic operations, but without precise control over timing, achieving a high QF becomes challenging due to potential distortion. By tuning ΔτDI, we control the alignment and coherence of the signals, minimizing distortion and improving QF, as shown in Equation (8). ΔτDI of 0.2 ps ensures signal alignment, optimal energy storage, and reduced losses, broadening the SOA’s parameter flexibility (Figure 4). This careful tuning enhances performance, allowing for more efficient high-speed logic operations, and ultimately positioning the NAND gate as a reliable and efficient component for advanced optical computing systems. Fine-tuning the delay time in this configuration enhances the ultrafast capabilities of the NAND gate and enables the efficient integration of these logic gates into larger optical circuits and subsystems, pushing the boundaries of high-speed optical computing.



The relationship between QF and amplified spontaneous emission (ASE) in a NAND gate configuration utilizing SOA-DI is critical for optimizing performance at high data rates like 80 Gb/s. As illustrated in Figure 5, ASE arises from spontaneous photon emission during amplification, which is added to the desired signal and amplified along with it. This noise reduces the signal-to-noise ratio (SNR) and, consequently, the QF. The ASE power is given by the following equation [5]:


   P  A S E   =  N  S P     G − 1     h ν  B 0   
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is adjusted by varying the spontaneous emission factor Nsp in the model, which modifies the ASE noise numerically in the output power (Equation (8)). A higher Nsp leads to greater ASE noise, reducing the QF and overall system performance. The careful management of ASE, including optimized SOA bias currents, delay time, and optical filtering, is crucial to maintain the high performance and reliability of the NAND gate at ultrafast speeds like 80 Gb/s [22,23].




4. Comparison


The proposed SOA-DI-based optical NAND gate exhibits a clear advantage over other SOA-based schemes for high-speed logic operations. This study focuses on the quality factor (QF) as the primary performance metric, achieving a QF of 10.75, which ensures superior signal integrity and reliability. Unlike other designs that rely on the extinction ratio (ER) and amplitude modulation (AM) for evaluation, this approach demonstrates enhanced robustness at 80 Gb/s. Table 2 summarizes the QF obtained in this work, alongside ER and AM values from other studies, highlighting the improvements achieved with the proposed design. This configuration stands out due to its operational simplicity and competitive cost, providing a cost-effective solution compared to alternative designs that require more complex or specialized components. The use of SOA, combined with the DI structure, significantly enhances signal integrity by effectively managing phase shifts and interference patterns. Additionally, integrating advanced SOA types like quantum dot SOAs (QD-SOAs) [8,9], carrier reservoir SOAs (CR-SOAs) [10], reflective SOAs (R-SOAs) [11,12,13], and photonic crystal SOAs (PhC-SOAs) [14,15], or incorporating effects like two-photon absorption (TPA) [16], can further increase data rates, with configurations reaching up to 640 Gb/s in QD-SOAs while maintaining high ER and QF values. Although these advanced alternatives offer potential for specialized high-speed applications, they often come with greater complexity and higher costs. The SOA-DI structure’s balance of performance and simplicity makes it particularly well suited for high-speed logic applications, providing robust performance without the additional expenses of more specialized SOA configurations.




5. Conclusions


We proposed a novel NAND gate design using a single SOA followed by a DI, achieving a QF of 10.75 at 80 Gb/s. This streamlined approach reduces complexity and power consumption compared to traditional multi-SOA designs, demonstrating strong potential for high-speed optical logic applications. Key parameters such as injection current and delay time were optimized to enhance carrier recovery and signal alignment, improving overall performance. Additionally, managing ASE was crucial for maintaining a high QF and ensuring reliable operation at elevated data rates. Our method offers significant efficiency gains and scalability for future high-speed optical circuits, paving the way for more compact and cost-effective designs. Future research will focus on extending this design to even higher data rates and exploring advanced SOA technologies to further improve performance.
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Figure 1. Diagram of NAND gate using SOA-DI setup. 
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Figure 2. Simulated output pulse profile for NAND operation utilizing a single SOA followed by a DI at 80 Gb/s with a QF of 10.75. (a) Data A, (b) data B, (c)    A ¯    (NOT A), (d)    B ¯    (NOT B), (e) NAND, and (f) NAND eye diagram. 
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Figure 3. QF as a function of injection bias current (I) for a NAND gate utilizing a single SOA followed by a DI at 80 Gb/s. 
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Figure 4. QF as a function of delay time (ΔτDI) for a NAND gate utilizing a single SOA followed by a DI at 80 Gb/s. 
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Figure 5. QF as a function of amplified spontaneous emission (ASE) power for a NAND gate utilizing a single SOA followed by a DI at 80 Gb/s. 
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Table 1. Default simulation parameters [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19].
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	Symbol
	Definition
	Value
	Unit





	E0
	Pulse energy
	0.07
	pJ



	τFWHM
	Pulse width
	1
	ps



	T
	Bit period
	12.5
	ps



	n
	PRBS length
	127
	-



	     λ     A  ¯      
	   A ¯    wavelength
	1547
	nm



	     λ     B  -      
	   B ¯    wavelength
	1540
	nm



	λCW
	CW wavelength
	1550
	nm



	     P     A  ¯      
	   A ¯    power
	0.6
	mW



	     P     B  -      
	   B ¯    power
	0.6
	mW



	PCW
	CW power
	0.3
	mW



	I
	Injection current
	300
	mA



	Psat
	Saturation power
	30
	mW



	τc
	Carrier lifetime
	300
	ps



	α
	α-factor
	5
	-



	αCH
	CH linewidth enhancement factor
	1
	-



	αSHB
	SHB linewidth enhancement factor
	0
	-



	εCH
	CH nonlinear gain suppression factor
	0.1
	W−1



	εSHB
	SHB nonlinear gain suppression factor
	0.1
	W−1



	τCH
	Temperature relaxation rate
	0.3
	ps



	τSHB
	Carrier–carrier scattering rate
	0.1
	ps



	Γ
	Confinement factor
	0.3
	-



	ɑ
	Differential gain
	10−20
	m2



	Ntr
	Transparency carrier density
	1024
	m−3



	L
	Active region length
	500
	μm



	d
	Active region thickness
	0.3
	μm



	w
	Active region width
	3
	μm



	G0
	Unsaturated power gain
	30
	dB



	ΔτDI
	DI delay time
	0.2
	ps



	ΔΦDI
	DI phase change
	π
	rad



	Nsp
	Spontaneous emission factor
	2
	-



	B0
	Optical bandwidth
	3
	nm










 





Table 2. Comparison of NAND gate implementations using different SOA-based schemes and operating data rates.
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	Scheme
	Data Rate (Gb/s)
	Metric
	Ref.





	SOA-MZI
	10
	ER = 30 dB
	[6]



	SOA-MZI
	10
	ER = 6.1
	[7]



	SOA-MZI
	80
	QF = 7.4
	[5]



	SOA-MZI
	120
	QF = 4.0
	[10]



	SOA-MZI
	120
	QF = 3.7
	[12]



	QD-SOAs
	160
	AM = 0.5 dB
	[9]



	QD-SOAs
	640
	ER = 163 dB
	[8]



	CR-SOAs
	120
	QF = 13.5
	[10]



	R-SOAs
	80
	QF = 3.0
	[11]



	R-SOAs
	120
	QF = 18.4
	[12]



	R-SOAs
	120
	QF = 20.27 dB
	[13]



	PhC-SOAs
	160
	QF = 18
	[14]



	SOAs-TPA
	250
	QF = 6.7
	[16]



	SOA-DI
	80
	QF = 10.75
	This work
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