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Abstract:



We demonstrate the feasibility of using a single microring resonator (MRR) as optical notch filter for enabling the direct modulation of a reflective semiconductor optical amplifier (RSOA) at more than tripled data rate than possible with the RSOA alone. We conduct a thorough simulation analysis to investigate and assess the impact of critical operating parameters on defined performance metrics, and we specify how the former must be selected so that the latter can become acceptable. By using an MRR of appropriate radius and detuning, the RSOA modulation bandwidth, which we explicitly quantify, can be extended to overcome the RSOA pattern-dependent performance limitations. Thus, the MRR makes the RSOA-encoded signal exhibit improved characteristics that can be exploited in practical RSOA direct modulation applications.
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1. Introduction


Reflective semiconductor amplifiers (RSOAs) are key modules for the realization of next-generation broadband access applications, such as colorless passive optical access networks [1], radio over fiber [2], slow and fast light [3], data erasing and remodulation [4], information packet power equalization [5] and fiber-optical cable television [6], which rely on the manipulation of data flowing in opposite directions. In effect, a single RSOA can simultaneously receive and amplify signals in the downstream while remodulating them with end-user information in the upstream communication link. This multifunctional capability is inherent to RSOAs, which owing to their internal structure use the same device facet both for signal input injection and output extraction. Thus, RSOAs avoid the need of having extra fiber paths, fiber components and optoelectronic elements to support bidirectional transmission, which helps reduce the overall system cost and complexity. However, as a physical byproduct of semiconductor optical amplifiers’ finite carrier lifetime [7], the modulation bandwidth, which scales inversely against this parameter [8], of these devices, including RSOAs, is limited to a few GHz. For this reason, an RSOA can be directly modulated by electrical data, which are encoded on a seeding continuous wave (CW) light, only up to speeds which are not sufficient for satisfying the increasing bandwidth needs of the target applications. In the effort to overcome this fundamental limitation towards enabling full-duplex and symmetrical RSOA-based data transfer, several promising options are available, which include electronic equalization [9], advanced modulation formats [10,11], specially designed RSOA package and driving circuitry [12,13], and optical notch filtering [14]. In particular, the latter has been widely exploited because of the simple configuration, cost-affordable implementation using off-the-shelf components and passive nature of the underlying signal-equalization mechanism. Furthermore, it is not concerned with challenging issues of the three other alternatives, such as the sensitivity to fiber chromatic dispersion and the requirement of high-speed sophisticated electronics at the transmitter and receiver side, in the first; the inevitable complex signal generation and detection in the second; and the involvement of elaborate fabrication and integration processes in the third. In fact, the two first RSOA bandwidth-extension techniques have even been combined with optical equalization and benefited from its efficiency to further improve their performance [11,15,16]. Thus, different schemes that act as optical notch filters on RSOA-encoded outputs have been reported, such as the delay interferometer (DI) [17,18], the fiber Bragg grating (FBG) [19] and the arrayed waveguide grating (AWG) [20]. In the same technological category also fall schemes that have been applied on conventional directly modulated SOAs, such as the birefringent fiber loop (BFL), either alone [21], in cascade with another BFL [22] or assisted by an optical bandpass filter [23]; and the microring resonator (MRR) [24]. The MRR is a special form of powerful waveguides [25,26], and exhibits distinctive characteristics over the aforementioned types of employed filters. These include the structural simplicity, the ultra-compact size–which makes it amenable to integration with microelectronic fabrication processes–enhanced wavelength selectivity, fine-tuning capability and availability of different material systems with the potential of copackaging with the SOA in the same hybrid platform. These attributes render the MRR a mostly suitable solution for increasing the operating speed of directly modulated RSOAs as well. In this paper, we investigate and demonstrate, by means of theoretical simulation and analysis, the MRR potential for overcoming the RSOA limited modulation bandwidth and thus for being extended beyond classical filter-oriented applications. For this purpose, we apply the model proposed in [27] to theoretically describe the operation of an RSOA when directly modulated by an electrical data pattern, a task that we initiated within the frame of [28]. Unlike the usually followed modeling approach, which involves solving a set of coupled partial nonlinear differential equations with boundary conditions [29,30], and hence is computationally demanding, this reduced model has been formulated on the basis of valid assumptions and prior framework [31] in such way that it allows one to derive the encoded signal at the RSOA output from the solution of a single standard differential equation in the time domain. This fact greatly simplifies the computational complexity while still providing realistic and accurate results. In this manner, we have been able to explore the capability of the MRR to enhance the data rate at which the RSOA can be directly modulated with acceptable performance. We have thus confirmed that if the MRR critical parameters are selected as specified in this work, it is indeed possible to extend by more than three times the repetition rate of the encoded signal, with the latter exhibiting improved characteristics.




2. RSOA Direct Modulation Assisted by MRR-Based Notch Filtering


2.1. Configuration


The basic configuration of a directly modulated RSOA is shown in Figure 1. A CW signal of constant power, [image: ], is inserted in the RSOA. Concurrently, a radio frequency (RF) signal, which comprises non-return-to-zero (NRZ) data pulses, is superimposed to the RSOA DC bias current, [image: ], and induces, via the RSOA electrical impedance, a peak current offset, [image: ]. Since the RSOA rear edge is highly reflective, the CW signal undertakes a double pass inside the active medium of length L, and when it exits from the RSOA front facet, which is highly antireflective, it has perceived the gain variations due to the modulated current. Normally, the CW signal at the RSOA output should bear the exact digital information of the applied electrical excitation in optical form. However, as the rate of direct modulation gets faster, this may not happen, as due to the RSOA limited modulation bandwidth, the performance of the directly modulated RSOA is progressively deteriorated by pattern effects and eventually becomes poor. Still, it is possible to enhance the RSOA direct modulation capability by means of optical notch filtering. For this purpose, the RSOA is connected to an MRR, which, as shown in Figure 1, is a waveguide shaped into a ring structure of radius R coupled to a bus waveguide with field transmission coefficient r. By properly tailoring the MRR spectral response, the MRR can efficiently act as frequency discriminator on the encoded pulses and improve their quality. This is done by adjusting the wavelength separation between adjacent peaks or notches, or free spectral range (FSR), which is inversely proportional to the MRR radius, and wavelength offset, that is, detuning, [image: ], between the encoded signal spectral position, [image: ], and the nearest transfer function (TF) transmission peak, while maximizing the MRR transfer function peak-to-notch contrast ratio (PNCR) through operating the MRR in the critical coupling regime, where the microring internal losses are equal to the coupling losses. In this manner, the MRR compensates for the inherently limited bandwidth of the RSOA, and mitigates the pattern-dependent impairments induced on the encoded pulses.


Figure 1. Conceptual view of reflective semiconductor amplifier (RSOA) direct modulation assisted by serially connected microring resonator (MRR). FSR: free spectral range, RF: radio frequency.
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2.2. Modeling


The performance of the setup in Figure 1 is characterized by the power that emerges at the output of the directly modulated RSOA, [image: ], and of the cascaded MRR-based notch filter, [image: ]. This means that in order to simulate the operation of the scheme, it is necessary to know and calculate at each one of these points the lightwave-encoded signal electric fields, since they are normalized so that their squared modulus represents power, that is, [image: ] [32].



For the RSOA case


[image: ]



(1)




where [image: ] is the RSOA linewidth enhancement factor, [image: ] is the group refractive index of the semiconductor material, c is the speed of light in vacuum, and the RSOA gain response integrated over its length is denoted by [image: ], which is shifted in time by twice the RSOA one-way transit time so as to account for the double pass taken by the lightwave signal within the RSOA optical cavity. Now, function [image: ] obeys the following one-dimensional differential equation [27]


[image: ]



(2)




where [image: ] is the RSOA confinement factor, a is the RSOA differential gain, [image: ] is the RSOA carrier density at transparency, [image: ] is the RSOA carrier lifetime, [image: ] is the RSOA current at transparency (where q is the electron charge and A is the area of the semiconductor active region), and [image: ] is the RSOA saturation energy. Equation (2) has been obtained after making the following valid assumptions and simplifications: (a) The RSOA internal losses are neglected, as they can be well compensated by the RSOA CW gain, [image: ], through the adjustment of the RSOA bias current, since these two parameters are directly related [27]; (b) the RSOA reflectivity is considered perfect, that is, 100%, as in practice this is a basic feature of the specific devices that favors their use [33], in particular as intensity modulators [10]; and (c) the RSOA round-trip propagation time, which is determined by the RSOA active region length, is smaller than the pulse repetition interval of the applied excitation. This condition is satisfied for the direct modulation rates pursued in RSOAs being less than 1 mm long [34].



The profile of each pulse inside the [image: ] bit-long NRZ pseudorandom binary sequence (PRBS) of the injection current is described in compact form [35,36] as the sum of a DC term and a modulation term


[image: ]



(3)




where [image: ] is Heaviside step function, [image: ] and [image: ] are the RSOA bias current and induced RF modulation current, respectively–which are a small fraction of the current at transparency–and [image: ] is the pulse rise time, which occupies a small portion of the pulse repetition period, T.



For the MRR case, obtaining the electric field at its output involves the following steps. First, the RSOA temporal response is extracted by numerically solving for [image: ] from (2). This is done by following the numerical method formulated in [37] but adapted to account for a temporal-dependent total injection current [38]. More specifically, for each information bit of duration T carried by the modulation current, (2) is solved in a step-wise manner by approximating the time derivative of [image: ] by a finite difference and applying the appropriate initial conditions. For this purpose, the continuous time variable t is replaced by discrete points [image: ], for [image: ] …, N and [image: ] …, k, where p denotes the p-th pulse inside the N-long PRBS of the injection current, [image: ] is the finite temporal increment and [image: ] is the integer number of calculated samples of function [image: ] in each bit period. To ensure high enough temporal resolution and at the same time enhanced computational efficiency so as to correctly capture the RSOA gain dynamics expressed by [image: ] with affordable hardware and software resources, we choose [image: ] ps, which means that nearly 100 samples are taken at all data rates considered in this paper. Then, the knowledge of [image: ] and of its derivative at a given pulse instant “i”, [image: ] and [image: ], respectively, allows one to calculate the value, [image: ], at the next discrete moment, [image: ], according to Euler’s numerical method. This method is suitable for studying the response of semiconductor active waveguide devices, such as the RSOA, to an electrical excitation of piecewise varying nature, such as the injection current NRZ pulses, as it converges rather fast while producing reasonable results [39]. The initial conditions required for running this process are (a) [image: ], where [image: ] is the RSOA steady-state gain coefficient. This condition is a direct byproduct of the fact that the first temporal segment in the leading edge of the very first information pulse, which is assumed to be a mark and is supplied to the RSOA through the injection current pulse stream, experiences an unsaturated RSOA gain, since the carriers of the latter have not had the time to be modified yet; (b) [image: ], to account for the fact that the gain available to the first temporal segment in the leading edge of every next pulse is that left by the last temporal segment of the immediately preceding pulse. This condition is properly adapted and reduced to the case of consecutive NRZ pulses carrying the same binary information, that is, strings of marks or spaces. This process is carried out iteratively until all [image: ]-th values of [image: ] are obtained, which can be then stored in a matrix and retrieved for further calculations. The solution for [image: ] is then substituted in (1) to find the electric field of the encoded signal at the RSOA output. This function is transferred then into the frequency domain and is convolved with the MRR spectral response. The latter has the compact mathematical expression given below [40],


[image: ]



(4)




where [image: ] is the waveguide effective refractive index while the field transmission coefficient, r, and amplitude attenuation factor, l, are equal and tend to unity so as to ensure that the MRR is operating in the critical coupling regime [41] where it can efficiently act as notch filter [42]. Then, the convolution product is converted back into the time domain. This procedure can be put in mathematical form as [image: ], where operators, [image: ] and [image: ] denote fast Fourier transform (FFT) and inverse FFT, respectively, which are both available and executed in Matlab software. Therefore, [image: ]. In this manner, the maximum and average values of the peak power of the marks and spaces within the encoded PRBS can be found so that they can be used to calculate the performance metrics employed in the following section.



The operation of the directly modulated RSOA, either alone or assisted by the MRR, is also characterized by the respective modulation responses, which are derived through the process of small-signal analysis [43,44]. Starting with the RSOA, we have


[image: ]



(5)




where the expressions that follow after steps ①, ② and ③ have been derived by combining relevant information from [18,27] and [45] (c.f. Appendix). More specifically, in ①, [image: ] is the small-signal power, which is produced at the RSOA output due to the modulation of its current at a given frequency, [image: ], and normalized over its unmodulated counterpart [46]; in ②, [image: ] is the concomitant small-signal deviation from steady state of the RSOA-integrated gain given by [27] [image: ], where [image: ] is the corresponding gain coefficient perturbation incurred by the modulation current of complex envelope [image: ]; and in ③, [image: ] [27], where [image: ] is Lambert’s ‘W’ function [47]. Function [image: ] links in a compact manner the perturbation of the RSOA-integrated gain to the current modulation from which it has been incurred. Thus, when the RSOA is directly modulated by a sinusoidal electrical excitation, it allows, through first-order approximations, one to analytically express the 3 dB angular frequency of the RSOA modulation response as [27] [image: ]. This formula provides an estimate of the maximum RSOA modulation frequency and hence of its direct modulation capability at a given data rate [28]. In general, however, the modulation current may be in digital form and have any shape. Then, the 3-dB modulation bandwidth can be derived from (5) by taking the Fourier transform of the modulation current in the time domain, which in our case is given by the second term in the right-hand side of (3). By using Fourier transform formulas and properties of the functions involved therein, and after tight algebraic manipulations, in the course of which the complementary error function and the imaginary error function come into being, we find the explicit expression


[image: ]



(6)




where function [image: ] represents Dawson’s integral [48], which is available in Matlab software. Taking the squared modulus and after proper algebraic manipulations, (6) can be brought into a form that allows one to approximate its values for the boundary conditions of the modulation frequency [46]. The obtained result is analogous to the square of the product of the electrical modulation pulses’ peak amplitudes and period when [image: ], while it tends to null when [image: ]. In other words, the level of the specific function in these two limits is in the opposite direction to that of the modulation frequency variation. This fact confirms that the RSOA modulation response exhibits a low-pass characteristic, which is in agreement with the same trend noticed from extensive numerical calculations [49].



For the MRR, on the other hand, the modulation response is [24]


[image: ]



(7)







In this expression, [image: ] (and [image: ] is the complex conjugate), [image: ], where [image: ] is the spectral position of the MRR transfer function notch (Figure 1) that obeys the condition of MRR resonance, [image: ], [image: ] Z[image: ], and lies nearest to the encoded optical signal of wavelength, [image: ], in the vicinity of 1550 nm, and [image: ] is the coupling strength between the bus waveguide and the ring, [image: ], where the last equality with the MRR 1/e amplitude decay time, [image: ], holds under critical coupling [44]. The modulation response of the MRR-assisted RSOA is then obtained by taking the absolute value of (5) and multiplying it with the modulus of (7).



Finally, an inevitable consequence of RSOA direct modulation is that the encoded pulses acquire an instantaneous frequency deviation, that is, chirp, across them [50]. The compensation of the chirp’s irregular temporal variation via post-optical notch filter is converted by the latter to restored quality of encoded pulses and accordingly enhanced RSOA modulation capability. This means that quantifying this transient effect can also provide useful information for the operation and performance of the MRR-assisted directly modulated RSOA. For this purpose, the knowledge of the phase response of the RSOA and MRR is required since the chirp, [image: ], is by definition linked to it through the derivative in the time domain [51]. Finding the chirp for the SOA case is straightforward by isolating the output phase term from (1), differentiating it in time and readily taking the differential of the time-delayed version of the RSOA-integrated gain response from the right-hand side of (2) using the transform [image: ]. For the MRR case, however, the phase of the transmitted light undergoes a steep variation around resonance [52], which compromises the direct numerical calculation of the corresponding response and accordingly of its temporal rate of change, which provides the chirp. Instead of taking the inverse tangent function of the ratio between the imaginary and real parts of the complex-valued electric field [53], we use the relevant information that is extracted when applying the signal phase-reconstruction technique in the optical domain [54,55]. This technique allows one to unambiguously recover the instantaneous frequency deviation profile of a random repetitive data signal which is inserted in a frequency discriminator whose spectral transfer function has a linear spectral amplitude variation around the detuning position. This element acts as a differentiator on the inserted signal, which is exactly what the MRR-based notch filter does in our case [52]. In this manner, the desired chirp can be directly extracted in analytical form from the knowledge of the time-domain intensity profiles of the signals that enter and exit the MRR. Thus [54],


[image: ]



(8)




where S is the slope of the linear amplitude variation around the detuning point of the MRR TF with respect to angular frequency, which can be found by differentiating (4) and applying the chain rule [56].





3. Results


We found first if and how the RSOA can be directly modulated on its own without performance degradation. For this purpose we investigated the impact of the parameters associated with the optical and electrical RSOA excitation signal on the error probability ([image: ]) which, for acceptable performance, should not exceed the forward error correction (FEC) threshold of [image: ] [22,24]. The error probability is analytically extracted through the Q-factor, which is defined as


[image: ]



(9)




where [image: ], [image: ] are the mean and [image: ], [image: ] are the variances of the peak power of encoded marks (‘1’s) or spaces (‘0’s), respectively, which are numerically computed according to the details provided in the previous section, in the presence of pattern effects manifested due to the RSOA direct modulation (hence the subscript ‘pe’). Because the amplitude distortions incurred by these effects on the encoded bits at the RSOA output are intense, the variances in the denominator of (9) dominate over the variances of conventional noise components, such as those associated with the RSOA amplified spontaneous emission (ASE) [30]. Moreover, given that the statistics of these distortions follow the Gaussian distribution [30], the relationship between the [image: ] and the Q-factor reads [57]


[image: ]



(10)




where erfc(.) is the complementary error function.



Figure 2 shows the [image: ] versus the RSOA CW input power and bias current for three different direct modulation rates. This figure has been obtained for the RSOA structural and physical parameter values employed or derived in [28]. The values of the total injection current characteristics that have been used in deriving Figure 2a are [image: ] and [image: ], where the current at transparency is ~75 mA and [image: ]. On the other hand, Figure 2b has been obtained for a CW input power of −10 dBm. The [image: ] is acceptable for all scanned parameters’ range at 2.5 Gb/s, but as we go to 3 Gb/s and beyond, it is necessary to provide more CW power and bias current. The physical explanation for this behavior of the [image: ] is that the increase of the RSOA driving optical power and applied electrical bias accelerates the RSOA response [10] and widens its modulation bandwidth [58], so that the RSOA is allowed to handle data of higher rate. According to this fact, the continuous increase of the examined parameter values would seem natural for supporting faster RSOA direct modulation. However, there are physical limitations in this trend, which are imposed by the RSOA CW gain and the maximum amplitude difference, that is, extinction, between marks and spaces, [image: ] [24]. In fact, increasing too much the CW power forces the RSOA to enter into the deep saturation regime where it provides a reduced optical gain, while increasing too much the bias current shifts the RSOA electrical modulation to occur beyond the linear gain–current region, that is, into the hard limit where the information-driving current is made to experience an almost flat RSOA optical gain [58]. For these physical reasons, the electrical current-induced RSOA optical gain perturbation conditions become such that they degrade the encoded output quality due to the modulated signal’s decreased extinction in the first case and increased clipping in the second one.


Figure 2. Error probability at RSOA output versus RSOA (a) input power and (b) bias current. The horizontal dotted line denotes the FEC limit.
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The CW gain should not fall below 10 dB so that the encoded signal, after undergoing the subsequent filtering action, can still have enough power to be used in RSOA direct modulation applications [13]. [image: ] should exceed 10 dB [13] so that the encoded marks are sufficiently distinguished from the encoded spaces.



Then, from Figure 3 and Figure 4 it can be observed that these requirements can simultaneously be satisfied for some input power and bias current values only up to 3 Gb/s. Thus, an appropriate combination of these parameters is [image: ] dBm and [image: ] mA, for which [image: ], CW gain = 12.05 dB and [image: ] dB.


Figure 3. RSOA continuous wave (CW) gain versus RSOA input power and bias current at (a) 3 Gb/s and (b) 3.5 Gb/s.
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Figure 4. [image: ] versus RSOA input power and bias current at (a) 3 Gb/s and (b) 3.5 Gb/s.
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The suitability of this choice is also confirmed by the resultant RSOA modulation bandwidth, which, as shown in Figure 5, is of the order of 3 GHz and hence consistent with the above findings.


Figure 5. RSOA modulation response for input power −12 dBm and bias current 90 mA.
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On the other hand, Figure 6 shows that the RSOA direct modulation capability is not affected by the injection current modulation amplitude and rise time since, despite their variation, the RSOA modulation bandwidth remains nearly the same. Physically this happens because the RSOA operating conditions set by the specified CW power and bias current are such that the negative effects of encoded signal extinction ratio degradation and amplitude clipping are appropriately balanced so that they become rather independent of the modulation current peak and rise time.


Figure 6. RSOA modulation response for different (a) peak modulation currents and (b) modulation current rise times.
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Figure 7 compiles the encoded pulse waveforms, chirp and pseudo-eye diagrams (PEDs) for favorable (top) and adverse (bottom) RSOA direct modulation which occur at 3 Gb/s and 5 Gb/s, respectively. These opposing cases can be quantitatively compared not only against the [image: ] but also against the maximum amplitude difference between marks, [image: ], and [image: ] [24], red chirp fluctuations ([image: ]) [59] and PED eye opening ([image: ]) [24]. Thus, [image: ] at 3 Gb/s vs. [image: ] at 5 Gb/s, [image: ] dB at 3 Gb/s vs. [image: ] dB at 5 Gb/s, [image: ] dB at 3 Gb/s vs. [image: ] dB at 5 Gb/s, [image: ] at 3 Gb/s vs. [image: ] at 5 Gb/s and [image: ] at 3 Gb/s vs. [image: ] at 5 Gb/s.


Figure 7. RSOA-encoded pulses (a) waveform, (b) chirp and (c) pseudo-eye diagram at 3 Gb/s (top) and 5 Gb/s (bottom).
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A passive single-bus MRR employed as notch filter can allow one to directly modulate the RSOA at enhanced data rate with acceptable performance. To this aim, we must properly select the MRR radius and detuning, and Figure 8 depicts the [image: ] versus these parameters for three different RSOA direct modulation rates which are at least three times higher than the maximum data rate being possible for the RSOA alone. For acceptable performance, not only the [image: ] should lie below the defined FEC limit, but also [image: ] should be below 1 dB [60], [image: ] over 10 dB [13], [image: ] should tend to unity, or equivalently [image: ], so that the phase variation per time increment of the encoded pulses is as balanced as possible [61], while the overshoot ([image: ]) that inevitably manifests on the encoded pulses [22] should be kept within [image: ] [62]. The MRR key parameter specifications that efficiently account for, and compromise between, these conditions so that all metrics are acceptable up to 11 Gb/s are [image: ][image: ]m and [image: ]nm[image: ] nm. These specifications have been derived by combining information from the results obtained both graphically ([image: ]) and numerically ([image: ], [image: ], [image: ], [image: ]). The existence of a specific permissible range of values for both MRR radius and detuning is physically attributed to the conditions that must be fulfilled for the MRR-based filter to efficiently mitigate the pattern-dependent impairments of the directly modulated RSOA. This requires the MRR to properly act upon the encoded pulses spectrum, which due to the RSOA direct modulation has been modified in accordance with the binary content and position of each pulse. For this purpose, the MRR transmission properties must be suitably tailored, which involves choosing and controlling the wavelength spacing (FSR) as well as the contrast and the position of the notches, by following and fulfilling the necessary conditions. The general guidelines are that: (a) The FSR must be adjusted by taking into account the trade-off between the margin of the TF spectral border, which is defined by the difference between the reference data and the nearest notch wavelength, the TF passband width, the spectral components’ suppression degree dependence on pulse peak amplitude they originate from, and the optical carrier level of transmission after filtering; (b) the repetitive notches must be sharp and deep enough to maximize their magnitude difference from their adjacent transmission peaks, which defines the PNCR; and (c) the notches must occur at a longer wavelength than that of the encoded signal so that the MRR transmittance is decreased as the wavelength is increased.


Figure 8. Error probability at MRR output for different MRR radii and detuning at (a) 10.5 Gb/s, (b) 11 Gb/s and (c) 11.5 Gb/s.
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The beneficial effect of an MRR with optimum radius and detuning [image: ][image: ]m and [image: ] nm, respectively, or ≃ FSR/20, which fall within the range of permissible values specified above, on the encoded signal characteristics at 11 Gb/s is shown in the lower part of Figure 9, where for comparison the same results for the RSOA only are depicted in the upper part. The obtained performance metrics are [image: ] (MRR) vs. [image: ] (RSOA), [image: ] dB (MRR) vs. 3.32 dB (RSOA), [image: ] dB (MRR) vs. 5.88 dB (RSOA), [image: ] (MRR) vs. 48% (RSOA), [image: ] (MRR) vs. 44.5% (RSOA) and [image: ]. In addition, the net gain (NG) of the RSOA–MRR system [51] is 6.54 dB, thus being exploitable for direct modulation purposes [24]. This value can be increased to approach 10 dB provided that the coupling coefficient, r, tends closer to unity, since in this case the creation of the MRR spectral response, according to the general guidelines mentioned above for efficiently mitigating the pattern-dependent impairments of the directly modulated RSOA, is favored. Still, such choice of the specific parameter is practically compromised by the tighter adjustments related to the gap between the straight and bending waveguides. On the other hand, varying the MRR radius from the maximum to the minimum permissible value specified for this parameter does not improve the NG. In fact, this action increases the FSR, which in turn makes the slope of the MRR transfer function less steep. This increases the likelihood that the amplified optical carrier will fail to fall close to the transmission peak, thus suffering by the MRR a greater attenuation of its intensity, which results in less available NG.


Figure 9. RSOA output (top) and MRR output (bottom) encoded pulses (a) waveform, (b) chirp and (c) pseudo-eye diagram at 11 Gb/s.
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Figure 10 shows that owing to the MRR, the RSOA modulation bandwidth is extended indeed to 11 GHz. The peaking observed in the modulation response is induced by the MRR transient time dynamics and is the physical result of interference between the light that circulates inside the ring and the light inserted in the bus waveguide from the RSOA [63]. Consequently, its magnitude should depend on the fraction of the power that comes from the RSOA and enters the ring, that is, [image: ]. Our simulations conducted in the critical coupling regime thus show that when this quantity is 9.75%, the frequency position of peaking is shifted to its maximum, which however is not exploitable for RSOA direct modulation at the corresponding data rate due to the constraints imposed by [image: ], [image: ], [image: ], [image: ] and [image: ]. In contrast, when the percentage of coupled power drops to ~2%, the peaking can be leveraged for enhancing the RSOA modulation bandwidth to an extent that is determined approximately by the detuning between the encoded signal and the MRR notch at resonance, that is, [image: ] [24]. On the other hand, according to the above justification for the appearance of peaking, the latter is not affected by changes in the ring radius values, which alter the order of resonance but not the spectral position of the notch. This happens in our case, since the derived permissible values of the MRR radius follow this pattern by being integer multiples of 4 [image: ]m. From a mathematical perspective, this leaves intact the parameter [image: ] and accordingly the degree of peaking.


Figure 10. Modulation response of RSOA alone (black line) and with the addition of MRR (red line).
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Finally, Figure 11 depicts the MRR transfer function and its impact on the spectral components of the maximum and minimum logical ‘1’s and ‘0’s within the RSOA-encoded data stream. According to [24], it can be seen that the spectral peaks of the encoded logical ‘1’s are shifted to the longer sideband relative to the optical carrier, while those of the encoded logical ‘0’s are shifted to the shorter sideband. In order to combat the deleterious consequences of RSOA direct modulation provoked by the limited RSOA modulation bandwidth, the spectral peaks of the encoded ‘1’s must lie in the falling slope of the MRR TF, with the peak of the maximum ‘1’ being located closer to the TF notch than the peak of the minimum ‘1’, so that the MRR transmits the former less than the latter. Moreover, the spectral peaks of the encoded logical ‘0’s must be confined around the flat portion of the MRR TF, with the peak of the minimum ‘0’ being located nearer to the MRR TF transparency point than the peak of the maximum ‘0’, so that the MRR favors the former more than the latter. These requirements are efficiently satisfied by using the specified optimum parameters of the MRR, whose spectral response figures-of-merit thus are [40] [image: ] nm, resonance peak full-width at half-maximum [image: ] nm and finesse [image: ], which have been calculated by substituting [image: ] nm, [image: ], [image: ][image: ]m, and [image: ] so that the PNCR is ideally infinite. Then, the MRR can act upon the spectral components of the encoded pulses so that the peak differences can become more even for pulses of the same binary content, that is, ‘1’s vs ‘1’s or ‘0’s vs ‘0’s, and more distinguishable between pulses of different binary content, that is, ‘1’s vs ‘0’s. In addition, the absolute magnitudes of marks and spaces can become more enhanced and suppressed, respectively. In this manner, the MRR transforms the pattern-dependent distortions, which have been mapped on the encoded signal’s spectral components, into pulse amplitude variations [15] that cancel those present right after the directly modulated RSOA, thus restoring the quality of the encoded pulses.


Figure 11. MRR spectral response and action upon spectral components of maximum and minimum encoded logical ‘1’s and ‘0’s at directly modulated RSOA output stream. FSR: free spectral range. PNCR: peak-to-notch contrast ratio. [image: ]: detuning (wavelength offset between encoded signal spectral position, [image: ], and shorter sideband transmission peak located FSR/2 away from notch, [image: ]).



[image: Applsci 08 00223 g011]






The MRR target operation wavelengths are those mostly utilized in the applications mentioned at the beginning of the Section 1, that is, in the standard transmission windows of fiber communication systems [57]. Operation at these wavelengths is enabled both by the RSOA broad gain bandwidth and adjustable active medium material composition as well as by the MRR periodic comb-like transmission profile. The latter feature can be exploited provided that the center wavelengths of the encoded data are spaced apart by integer multiples of the free spectral range. In this case, the wavelength allocation should be coarse, in terms of the standardized wavelength division multiplexing grid spacing, or, if a more dense arrangement is desired so as to accommodate more channels, multiple MRRs can be cascaded along the same waveguide bus [64].



The MRR fabrication with regard to (1) size, (2) coupling degree and (3) detuning is technologically feasible according to the following considerations. More specifically: (1) The MRR radius can be down to the very small micrometer scale using high-index contrast waveguide materials [40,65]. (2) The matching between the MRR field transmission coefficient and amplitude attenuation factor for critical coupling is allowed to deviate by 3% from being perfect and still obtain a high PNCR [42]. This is possible by controlling the gap between the straight and bending waveguides using electrically-driven micro-electromechanical system (MEMS) microactuators [66]. (3) The position of the notches relative to the encoded data wavelength can be adjusted by physical means, such as the thermo–optic effect. In this case, electrical heaters are placed in the direct vicinity of the MRR to spectrally shift its resonance [65]. This method is particularly efficient for materials of large positive thermo–optic coefficient, such as silicon, since the required amount of detuning across the FSR can be achieved by supplying an electrical power of the order of a few mWs [65]. Overall, the MRR physical dimensions and tolerances can be determined by modeling the MRR using commercially available simulation software platforms based on coupled mode theory. This procedure is executed for a given waveguide structure material (hence effective index), fabrication technology (hence propagation loss) and incident light (hence wavelength) [67], and has been the subject of research elsewhere, thus being out of the scope of this paper. For example [68], a 20 [image: ]m-radius MRR fabricated on a silicon-on-insulator substrate consisting of a 1-[image: ]m-thick box layer and 0.45-[image: ]m-thick device layer, with waveguide width of 0.5 [image: ]m, round-trip propagation losses less than 2 dB/cm and gap between straight and bending waveguide of 250 nm, can efficiently act as notch filter, with PNCR 15 dB, on optical signals centered in the vicinity of 1550 nm.




4. Conclusions


In conclusion, we have demonstrated the capability of an MRR configured as notch filter to bypass the limited modulation bandwidth of an RSOA and directly modulate the RSOA nearly three-and-a-half times faster than possible without the MRR. The analysis of the results obtained through modeling and simulation of the RSOA and MRR response reveals that if the MRR critical parameters are properly selected, which is technologically feasible, then the MRR allows one to enhance the RSOA modulation bandwidth with improved performance and encoded signal characteristics. Employing the MRR in practice allows one to leverage the benefits of free spectral range fine adjustment, controllable finesse, sharp spectral selectivity, feasible and versatile detuning, bandwidth and wavelength tunability, enhanced peak-to-notch contrast ratio, the existence of many different material systems and corresponding fabrication processes, integration compatibility with other photonic devices and platforms, and off-the-shelf availability.
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