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INTRODUCTION

Erbium doped fiber amplifiers (EDFA) find wide scale applications in various medium to long-haul optical communication networks including metro networks because of their broad gain, low noise and high-speed response. Due to broad gain spectrum these find extensive applications in dense wavelength division multiplexing (DWDM) systems. However, the non-uniform gain spectrum in conjunction with the saturation effects of EDFAs could cause degradation of the optical signal-to-noise ratio (OSNR) to unacceptable values in systems consisting of cascaded chains of EDFAs. These features could limit the usable bandwidth of EDFAs and hence the data transmission capacity of the system. Accordingly various schemes of gain equalizing filters have evolved in the literature. From this perspective, an intrinsically gain flattened EDFA would cut down the cost on the gain equalization filter head. Such inherently gain equalized EDFAs are attractive for metro-centric networks because low cost components and less number of components (to cut down the network maintenance cost) have been a major driver in a metro network design. Exploitation of a wavelength filtering mechanism inherent in a co-axial dual-core fiber design scheme to realize a gain flattened EDFA was reported by us earlier [START_REF] Nagaraju | Design and fabrication of an intrinsically gain flattened Erbium doped fiber amplifier[END_REF]. Laming et al were possibly first to propose in 1993 a scheme for gain equalization utilizing a twin core amplifier [START_REF] Laming | Twin-core erbium doped fiber amplifier with passive spectral gain equalization[END_REF]. In their design, the equalized gain bandwidth was quite narrow centered on the gain peak wavelength. Later, other authors [START_REF] Wu | A twin-core erbium-doped fiber amplifier[END_REF] proposed modified scheme and logistic for better and efficient use of a twincore fiber directional coupler concept to achieve flat gain with a gain excursion of 0.7 dB over 30 nm (1525 -1555 nm) in the C-band. It consisted of a twin-core Erbium doped fiber (EDF) in which only one of the cores (core 1) is doped with Er 3+ and 980/1550 nm power through a WDM coupler was launched and retrieved from the core 1 only. The excess power at wavelength around 1530 nm due to non-uniform gain characteristic of typical EDFAs was coupled strongly to the undoped core 2. However, a drawback with this idea was that the absolute gain levels showed significant variation with change in input pump power and hence such a configuration would be quite susceptible to transient changes in the pump and signal powers, and thus would require some type of complex gain-clamping arrangement. Moreover, no theoretical analysis is given regarding the optimization of the twin core fiber, which is important for fabricating such fiber. In this paper, we propose a new asymmetric twin-core (ATC) gain flattened EDF design that is based on filtering action induced by resonant power coupling from doped core to un-doped core.

FIBER DESIGN

We consider a highly asymmetric twin core (ATC) fiber, in which the Er 3+ -doped core is relatively large with a smaller core-cladding refractive index contrast and the un-doped core, of a larger index contrast, is relatively narrow as shown in Fig. 1.

The fiber parameters were carefully chosen such that the fundamental modes corresponding to the isolated fibers are phase-matched at a wavelength of nearly 1530 nm (λ p ). It is well known that in an asymmetric directional coupler, the supermodes of the coupler correspond to almost the individual fiber modes away from λ p . Below λ p , effective mode index (n eff ) of the fundamental mode of the composite structure would lie very close to that of core 1 while above λ p , its n eff lies close to that of core 2 and as one crosses λ p , n eff of the two normal modes vary very rapidly. The variation of effective modal index (n eff ) of two normal modes in combination with the doped and un-doped core modes with wavelength is shown in Fig. 2. This asymmetric directional coupler structure essentially acts like a wavelength filter with dip in the transmittance versus λ curve around λ p . With these physical features in mind, at the design stage we optimized the fiber parameters, doping level and signal and pump powers in order to minimize the gain excursion in the gain spectrum of the EDFA. 

THEORY AND DESIGN OPTIMIZATION METHODOLOGY

The gain characteristics of this ATC EDF were modeled through the standard three-level rate equation model [START_REF] Pedersen | Small-signal erbium-doped fiber amplifiers pumped at 980 nm: a design study[END_REF]. We have assumed forward pumping at the wavelength of 980 nm. The nonlinearly coupled differential equations, which govern the propagation of ASE, signal and pump power along the length of the fiber, were solved using fourth-order Runge-Kutta method under the adaptive step size approach. Modal intensities of supermodes required in the numerical simulation were obtained using Coupled Mode Theory [START_REF] Snyder | Optical Fiber Couplers-Optimum Solution for Unequal Cores[END_REF]. When the individual cores are weakly coupled and single moded in isolation from each other, electric field ± (x,y) of the normal modes can be approximated as-
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Plus and minus correspond to two supermodes, namely first and second supermodes of the combined structure. 1 (x,y) and 2 (x,y) represent the transverse mode field pattern of fiber-1 and 2, respectively in absence of other. We have considered the excitation of both supermodes in our modeling. Variation of excitation efficiency of the fundamental and first higher-order modes with wavelength is shown in Fig. 3. As can be seen from this figure, the excitation efficiency of two modes varies rapidly around λ p . For optimization of fiber parameters, as a first step, we had chosen first fiber core's parameters in such a way that it supports single-mode. Next we calculated the parameters of second core in such a way that it is also single moded and the propagation constants of the two cores match at the λ p ~ 1530 nm. However, for achieving gain flattening, λ p as well as slopes of two curves for n eff vs λ corresponding to the individual core modes needs to be optimized. After obtaining this initial set of parameters, separation between the two cores is set. Then the gain characteristics were studied using the model described in [START_REF] Pedersen | Small-signal erbium-doped fiber amplifiers pumped at 980 nm: a design study[END_REF] through iteration till the absolute gain and gain fluctuations could be obtained close to the target values.

RESULTS AND DISCUSSIONS

With the optimized parameters obtained through the procedure outlined in section 2, a sample of calculated gain spectrum of the proposed ATC fiber for one set of design parameters is shown in Fig. 4. As can be seen from this figure, the gain peak around 1530 nm goes down because of the filtering action of the fiber at selective wavelengths around 1530 nm. The figure shows a median gain of ~ 38 dB with a gain ripple within ± 1 dB within the C-band. Corresponding noise figure variation with wavelength is shown in Fig. 5. It can be seen from this figure that the noise figure improves at longer wavelengths. This is due to enhanced overlap of pump and signal powers in the doped region at longer wavelengths. We have also made a detailed tolerance study as to different fiber parameters from the point of view of any detrimental effect on the flattened gain spectrum.

Our study revealed that control of the un-doped core parameters is very critical. With so obtained simulation studies and taking in to account limitations of the MCVD fabrication facility available with us, we redesigned the ATC for realizing an EDFA with medium gain of ~ 20 dB with gain excursions below ± 1.5 dB. With the so designed nominal parameters for the ATC as initial parameters to define the fabrication recipe, two independent fiber preforms were fabricated; core 1 was solution-doped with Er 3+ ions and core 2 was a relatively highly doped with germania. These were then selectively polished for achieving a target separation between the two cores at the fiber stage and assembled. The assembled polished fiber preforms were then drawn into a twin core fiber purported to function as an ATC fiber directional coupler. The optical micrograph and the refractive index profile along the axis going through centres of both cores of the fabricated ATC fiber is shown in Fig. 6. The core diameter (and core-cladding index difference) of the Er-doped and undoped core are 8.5 µm (Δn = 0.005) and 2.1 µm (Δn = 0.021), respectively. This fabricated ATC fiber has a core separation equal to 11 µm. A preliminary proof of light coupling from one core to the other is shown in Fig. 7. The amplified spontaneous emission (ASE) generated in the Er-doped core by 980-nm pumping is collected from both cores at the output end. This figure clearly illustrates a wavelength-sensitive share of the ASE. It can also be seen that the typical 1530 nm emission peak is filtered out to the undoped core output. Detailed experimental study of gain characteristics of the fabricated fiber is underway and will be reported elsewhere.

CONCLUSIONS

We have proposed an inherently gain flattened fiber amplifier using asymmetric twin core fiber in which one of the cores is doped with Er 3+ while other core is un-doped. The proposed design has a theoretical gain spectrum flattened within ~ ± 1 dB over 32 nm of bandwidth (from 1530 nm to 1562 nm). By keeping the tolerances of MCVD fabrication process in mind, we then targeted for a design having 20 dB gain with gain fluctuations within ± 1.5 dB. We then fabricated the proposed asymmetric twin core fiber by polishing and assembling two independent preforms and drawing the assembly. Preliminary characterization results show the ASE peak filtering through power coupling from Er-doped core to the undoped core. Such an intrinsically gain flattened EDFA should be attractive for reduced cost-driven transparent metro networks as it would cut down the cost on gain equalization filter head of EDFAs required for such networks.
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 2 Fig.2.Variation of effective refractive indices of individual core modes, and the super modes of the ATC fiber.
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 1 Fig. 1 Schematic diagram of (a) cross sectional view and (b) corresponding RIP of the twin core fiber.
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 3 Fig.3: Variation of excitation efficiencies of the fundamental and first higher-order modes when the EDF is spliced with a SMF-28 fiber.
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 546 Fig. 5: Noise figure of proposed ATC based EDFA. Noise figure (dB) 5.8 6.0
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