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Abstract: The capacity of communication networks may be significantly improved by simply 
enhancing the optical amplifier bandwidth. This paper presents a numerical investigation of 
an ultra-broadband, low-ripple, two-pump-optical parametric amplifier (2P-OPA) that 
employs a tellurite glass buried-channel type nano-waveguide as nonlinear medium. The 
nano-waveguide was designed as a 25-cm-long Archimedean spiral that occupies a footprint 
of only ~2.5 mm2, with a ~0.7 μm2 effective cross section. Its zero-dispersion wavelength is 
~1550 nm, the nonlinear coefficient is ~3000 W−1 km−1

, and the attenuation coefficient is ~0.5 
dB/m (1100 to 1900 nm). Simulations suggest a 2P-OPA based on such waveguide will be 
able to amplify 243 QPSK input channels modulated at 56 Gbps over 102 nm bandwidth, 
over metropolitan area network scales. 
© 2017 Optical Society of America 
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1. Introduction 

Historically, there has been a growing demand for network bandwidth [1–8]. The dramatic 
increase in capacity (~1000 times in 10 years) provided by wavelength division multiplexing 
(WDM) technology and Erbium doped fiber amplifiers (EDFA) paved the road for 
telecommunication systems to overcome bandwidth need during the 1990s and part of the 
2000s. After this period, advanced modulation formats and coherent detection associated with 
emerging digital signal processing (DSP) techniques allowed the aforementioned systems to 
support new bandwidth requirements. 

However, present-day Internet services, which include high definition video streaming 
and games, besides potential new applications, as online medical services (for instance, 
personalized genetic medicine for diseases that require transmission of DNA information) [1], 
and the Internet of Things (IoT), with ~50 billion devices up to 2020 [1], will generate data 
traffic growth that will certainly exceed the current technology capacity in the next decade 
[4]. Considering a conservative estimation of bandwidth increase of 26% per year (~1 
dB/year = 10 log 1.26), optical networks information traffic will grow more than 100 times 
throughout the two next decades. Furthermore, energy consumption and device footprint are 
also important issues that need to be addressed in the design of broadband-enabling 
equipment [9]. 

For these reasons, several efforts have been made to improve the optical communication 
systems capacity, which include: channel spectral efficiency (SE) increase [10], fibers for 
spatial division multiplexing (SDM) [11], fibers with very low nonlinear coefficients [12], 
hybrid Raman-EDFAs amplification [3] to extend the EDFA bandwidth, and improvement of 
reconfigurable add/drop multiplexers among others. By a rough estimation of the capacity 
enhancement due to such developments, the SE improvement leads to up to 5 dB (~3 times) 
[1, 10], the mitigation of fiber nonlinearities to 2 dB (1.6 times) [4], and the most significant 
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contribution comes from SDM, 15 dB (~30 times) [11]. Hybrid Raman-EDFA amplification 
has led to a 3 dB (2 times) bandwidth extension. However, if the total spectral region of high 
transparency of standard single mode fibers could be used (1300 to 1700 nm) there would be 
an 11 dB (12 times) capacity improvement as compared to the EDFAs’ 4 THz (~32 nm) C-
band. Such an enhancement clearly depends upon the development of new broadband optical 
amplifiers, but it has the interesting advantage of not requiring the replacement of fiber 
infrastructure. 

EDFAs and Raman amplifiers provide a fixed bandwidth amplification region and the 
latter present the benefit of being spectrally tunable. New broadband optical amplifiers 
should, however, simultaneously offer frequency tunability and variable bandwidth for 
deployment in different communication systems. Optical parametric amplifiers (OPAs) 
constitute an interesting class of devices with both of these features. They are based on the 
four-wave mixing (FWM) effect, which depends on the third-order susceptibility of the 
waveguide medium material. Actually, parametric amplifiers can be realized in one-pump 
(1P-OPA) or two-pump (2P-OPA) configurations [13, 14]. In both cases, several numerical 
and/or experimental analysis indicate that such amplifiers perform broadband amplification 
[15–21]. However, the spectra presented in these works are obtained by tuning and 
amplifying one single channel over the considered frequency range. Thus, they do not take 
into account the influence of channel crosstalk that is very important for practical 
communication systems. Other reports present systemic studies of fiber based OPAs [22,23] 
and, interestingly, consider the degradation caused by transmitting signals over multiple 
OPAs [23]. Nevertheless, in these situations the observed amplification bandwidths are 
restricted to 3 THz. It should also be noted that OPAs based on fibers, pumped with 
continuous lasers, need additional circuitry to suppress stimulated Brillouin backscattering 
[13, 20]. A possibility to overcome this problem is to use short-length waveguides as 
nonlinear medium. In this approach, silicon waveguides become attractive also because their 
nonlinearity is orders of magnitude higher than those of optical fibers [24, 25]. However, 
nonlinear two-photon absorption (TPA) and free-carrier absorption (FCA) limit silicon 
parametric gain in the 1550 nm window and the quality of modulated signals. The 
performance of glass OPA waveguides, has been also investigated for single channels in [26]. 

In this work, an ultra-broadband 2P-OPA based on tellurite glass nano-waveguide, which 
could be used in integrated photonics, is proposed. The device is intended to be tunable and to 
present variable bandwidth, reduced footprint and good energy efficiency. It was designed 
using a buried-channel type waveguide with a tellurite glass core and a SiO2 cladding, 
following an Archimedean spiral structure to minimize the 2P-OPA area. The dispersive 
parameters of the nano-waveguide were conceived to offer low ripple and ultra-broad 
amplification bandwidth in the optical communications window. The choice for tellurite glass 
relies on its good thermomechanical properties [27], high nonlinearity, and negligible 
undesirable effects of TPA at telecommunication wavelengths [28–30] and FCA (tellurite 
glass is a dielectric material). A systemic analysis, with 243 channels (56 Gbps QPSK 
modulation format) being amplified, in a configuration where the 2P-OPA acts as an in-line 
optical amplifier, is also presented. The analysis includes bit error rate (BER) results, 
assuming that WDM signals are repeatedly attenuated and re-amplified. All these 
considerations are intended to provide a first systemic evaluation performance of tellurite 
OPAs. In fact, to the best of our knowledge, this is the first systematic literature report on the 
application of tellurite glass planar waveguides for parametric amplification. 

The remaining of this paper is organized as follows. In Section 2, we present a brief 
theoretical review of OPA fundamentals. A detailed step-by-step description of the tellurite 
waveguide design is approached in Section 3. Section 4 shows simulation results that allow to 
assess the 2P-OPA performance for the transmission of WDM signals. Scenarios where the 
bandwidth of WDM channels are one, two or three times the bandwidth provided by EDFAs 
are considered. Finally, our conclusions are described in Section 5. 
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2. Brief theoretical description of OPAs 

One and two-pump OPA configurations need to satisfy a nonlinear phase-matching condition 
in order that the parametric process efficiently builds up along the waveguide. In the case of 
the 1P-OPA, the pump frequency is close to the waveguide zero-dispersion wavelength, λ0. 
For 2P-OPA, pumps are disposed near symmetrically over λ0. Because of their higher 
amplification bandwidth and lower ripple, in this paper, we deal only with 2P-OPAs. In this 
case, the nonlinear interaction between pumps and signals also generate slave signals called 
idlers, which are located symmetrically to the average value of the pumps wavelength. 

Considering the case of a lossless waveguide, it is possible to derive, from the propagation 
equations of the optical signals [31], the following expression for the parametric gain: 

 
2

0 sin h
1 ,

x x
G

x
 = +  
 

 (1) 
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2

0
0

1 ,
2

x x
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ω ωω +
= , ω1 and ω2 are the pump frequencies, s s cω ω ωΔ = − , ωs is the signal 

frequency, 1P cω ω ωΔ = −  and 2( )cβ ω , 4 ( )cβ ω , 6 ( )cβ ω , …, are the second-, fourth-, sixth-

,… order dispersion parameters at frequency ωc, respectively. 
From Eqs. (1) and (2), it is clear that the parametric gain is maximum when the phase 

matching condition (κ ~0) is satisfied. This condition depends on the waveguide dispersion 
through the β2, β4, β6, … parameters, which implies there are no fundamental physical 
constraints to the 2P-OPA gain bandwidth, such as the ones imposed by quantum transitions 
to EDFAs. 

3. Waveguide design 

The proposed waveguide is a buried-channel type, with a tellurite core and SiO2 cladding. It 
follows an Archimedean spiral to minimize the device footprint. Figure 1 shows a schematic 
view of the waveguide. Its rectangular core cross section, 698 nm high (h) and 990 nm wide 
(w), was designed to maximize the parametric gain and to minimize the ripple by engineering 
the waveguide dispersion. This waveguide presents only two modes. We inform in advance 
that the higher order mode is weakly coupled to the waveguide and leaks to the cladding, 
because of curvature bends [32, 33] in our spiral structure. In addition to this, in the spectral 
range analyzed (from 1400 to 1700 nm), the higher order mode presents λ0, at 1176 nm, for 
one polarization state and no λ0 for the other. Thus, its phase matching condition is not 
satisfied and, therefore, the corresponding nonlinear interaction is negligible. Anyway, to 
prevent any influence from this higher order mode, we assume that light launched into the 
proposed waveguide passes through some device [32–40] that ensures only the waveguide 
fundamental mode is excited. For this reason, hereafter, we will treat the proposed waveguide 
as single mode. Since the spiral radius, R, changes along the waveguide length, it is necessary 
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to find a minimum radius that concomitantly allows for low losses and for the required 
waveguide dispersion. 

 

Fig. 1. a) Schematic design (not in scale) of the Archimedean spiral with their principal 
geometrical dimensions. b) Detail of the transversal cross sections with the high and the width 
of the waveguide that allow to obtain a λ0 around 1550 nm. 

The loss and the dispersion for the core and cladding materials were estimated through the 
following procedure. Firstly, for the core material, the refractive index was measured from a 
tellurite sample with composition (in mol%) 71%TeO2– 22.5%WO3 – 5%Na2O – 1.5%Nb2O5 
by using a Metricom model 2010/M prism coupling system. The experimental data were, 
then, fitted with a Sellmeier equation using the least square method, leading to a 0.9999 
correlation coefficient. The obtained equation, which stands for the real part of the refractive 
index, is given by: 

 ( ) ( ) ( )
2 2

2 2
2.0016 2.2951 0.47334 ,

0.046242 34.479
n

λ λλ
λ λ

= + +
− −

 (3) 

and it is is plotted in Fig. 2. 

 

Fig. 2. Real part of tellurite refractive index as a function of wavelength. Dots are the 
experimental values. 

The real part of the refractive index of the silica cladding was taken from [41]. The 
imaginary parts of the core and cladding refractive indexes were obtained from [42] and [43], 
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respectively. All these data, along with the approach given in [44] and COMSOL 
Multiphysics® software, were used to calculate the waveguide effective refractive index, neff. 
Our calculations to estimate the waveguide losses showed that the light is no longer confined 
for R < 70 μm, for a wavelength range from 1100 up to 1900 nm. For R > 70 μm, the 
confinement loss [45, 46], by considering the material losses of the core (tellurite) and the 
cladding (SiO2), was calculated as a function of the wavelength and plotted in Fig. 3. From 
this analysis, it is evident that the minimum radius imposed by losses is RL = 70 μm. 

 

Fig. 3. Waveguide confinement losses. 

Dispersion curves for the transverse electric (TE) (fundamental) and transverse magnetic 

(TM) modes, were calculated through the relations 0 effk nβ = , 0

2
k

π
λ

= , 
2

2 2

ββ
ω

∂=
∂

, and 

22

2 c
D

π β
λ

 = − 
 

 [47]. Figure 4(a) shows the dependence between dispersion and wavelength 

for R ranging from 30 to 800 μm, for TE mode. As R increases, the dispersion curves get 
closer to one another and there is no detectable variation for a minimum R imposed by 
dispersion of RD = 500 μm. A very important feature for dispersion engineering is λ0, whose 
spectral region in the considered waveguide is embraced by the two dotted vertical lines in 
Fig. 4(a). In Fig. 4(b), data from Fig. 4(a) are rearranged to show λ0 as a function of R. It is 
seen that λ0 increases rapidly for R < 200 μm. However, for R > Rλ0, with Rλ0 ~500 μm, λ0 
tends to a constant value of ~1550 nm that is very interesting for telecommunication 
applications. From Fig. 4(c) it is possible to observe a similar behavior for the TM mode, but 
in this case λ0 is located at ~1400 nm. 

                                                                                                     Vol. 25, No. 4 | 20 Feb 2017 | OPTICS EXPRESS 4274 



 

Fig. 4. a) Waveguide dispersion curves of the TE (fundamental) mode for 30 μm ≤ R ≤ 800 
μm. b) ZDW as a function of the R. c) Dispersion curves of the TM mode for 30 μm ≤ R ≤ 800 
μm. 

The minimum radius, Rmin, for the inner “S” of the waveguide Archimedean spiral (Fig. 1) 
must satisfy: 

 
0

max( , , ),min L DR R R Rλ≥  (4) 

where max(a1,…, ak) is a function that returns the largest value among a1,…, ak and k is an 
integer number. Consequently, from our previous discussion, we have Rmin = 500 μm and, as 
indicated in Fig. 1, we adopted R = 600 μm with a safety margin of 100 μm. 

Another fundamental feature to be assessed is the coupling loss between adjacent rounds 
of the spiral. It is necessary to calculate the minimum gap between successive rounds in order 
to minimize such loss. The situation to be considered is schematized in Fig. 5. Two parallel 
adjacent waveguides have their edges separated by a gap Γ. Assuming that initially light is 
only in waveguide I (mode TE1), there will be a propagation distance, named coupling length, 
Lc, after which the energy is completely transferred from waveguide I to waveguide II (mode 
TE2). 
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Fig. 5. a) Initially, the energy of the mode TE1 is fully located in waveguide I. b) After a 
propagation distance equal to Lc, the energy is completely transferred to waveguide II (mode 
TE2). The coefficients n1 and n2 are de refractive index of the core and the cladding, 
respectively. 

It is possible to calculate the value of Γ that leads to Lc >>Ls, where Ls is the spiral length. 
Following the coupled-mode theory developed in [48], which considers adjacent single-mode 
waveguides, the coupling coefficient 1 2κ , obtained through an overlap integral between the 

waveguides field modes, is given by: 
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where 1 2κ  is related to Lc as Lc = π/(2 1 2κ ), ω is the angular frequency, ε0 is the vacuum 

electric permittivity, n1 and n2 are, respectively, the core and the cladding refractive indices, 

and 1E


 and 1H


 are the uncoupled waveguide electric and magnetic fields related to mode 

TE1 of waveguide I. Similarly, 2E


and 2H


 are the uncoupled waveguide electric and 

magnetic fields related to mode TE2 of waveguide II. The waveguide dimension parameters, h 
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and w, on the integral limits and the core center, C, are shown in Fig. 5. Equation (5) 
quantifies the coupling between TE1 of waveguide I to TE2 of waveguide II. The derivation of 

Eq. (5) assumes that the evanescent field of 1E


 in the region of waveguide II is considerably 

small. This condition is known as weak coupling and it is satisfied when the two waveguides 
are sufficiently separated. Under weak coupling, the spatial distributions of the modes, and 
their propagation constants, remain unchanged and only the field amplitudes vary [49]. 

Following the approach of [34] for a rectangular waveguide, the electric and magnetic 

fields involved in (5) are given by ( )1 1 1, ,0E Ex Ey=


, ( )2 2 2, ,0E Ex Ey=


, and 

( )1 1 10, ,H Hy Hz=


. Furthermore, for a rectangular waveguide, we can also assume 

1 1Ex Ey>>  and 2 2Ex Ey>> , leading to a coupling coefficient: 
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Numerical results obtained for Lc as a function of Γ, for the TE mode, are presented in Fig. 
6 for λ = 1750 nm. The minimum gap considered was Γ = 1.5 μm. 

 

Fig. 6. Coupling length as a function of the gap width between adjacent waveguides. 

In this case, as shown in Fig. 7, the magnitude of 1


E  is ~35 dB weaker in the region of 

waveguide II, which guarantees the weak coupling condition and assures the validity of Eq. 
(5). Longer wavelengths imply higher evanescent field magnitudes. Moreover, all of our 
systemic simulation results presented in Section 4 apply to wavelengths shorter than 1750 nm. 
Therefore, calculations for λ = 1750 nm in Fig. 7 ensure that the critical hypothesis of weak 
coupling holds for all of our simulations results. 
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Fig. 7. a) Magnitude of the TE mode for a gap of 1.8 μm. b) 3 μm. 

In order to define a limit for the minimum gap between adjacent spiral rounds, we note 
that for Γ ~3.1 μm, Lc ~100 m. This means that in the case of a hypothetical very long spiral, 
after 100 m of optical path, the optical power would be completely transferred from 
waveguide I to waveguide II, after 50 m only half of power would be transferred, and so on. 
Now, extrapolating the simulated points, it is found that, for Γ ~3.7 μm, Lc ~1 km. 
Considering that Ls is ~25 cm, the fraction of the optical power that will be transferred from 
waveguide I to waveguide II, after 25 cm of optical path, would be (Ls/Lc). 100 = 0.025% = 
−36 dB, which is considerably low. Then, Γ ~3.7 μm was taken as a reasonable value of the 
minimum gap between adjacent rounds of the spiral to allow for negligible coupling losses. 
This value implies the spiral should have 55 rounds to obtain Ls = 25 cm and that the 
outermost spiral round radius is 0.85 mm. As a consequence, the waveguide covers an area of 
~2.5 mm2. 

This Γ ~3.7 μm value is a consequence of the high confinement of the fundamental TE 
mode as shown in Fig. 7. The color scale in dB indicates the modulus of the electric field for 
waveguide I. For a gap of 1.8 μm, the electric field from waveguide I drops ~45 dB in the 
region of waveguide II (Fig. 7(a)). The difference increases to ~60 dB or more for a gap of 3 
μm (Fig. 7(b)). 

Finally, considering an effective cross section area of ~0.7 μm2 and a nonlinear refractive 
index n2 ~5 ⋅ 10−19m2/W [50], the waveguide nonlinear parameter, as defined in [47], can be 
estimated as γ ~3000 W−1 km−1. A more sophisticated approach would include the influence 
of the longitudinal component of the guided modes to compute γ [51, 52]. However, for the 
contrast index, waveguide dimensions, and spectral range considered in the simulations of the 
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next section, the correction introduced by such approach should be relatively small as can be 
estimated from Fig. 5 of [52]. Under these conditions, it would only slightly increase our 
estimation of γ, which would lead to marginally lower pump powers to operate the OPA, with 
no significant change on the discussed waveguide properties. 

4. 2P-OPA performance 

The mathematical dependence between parametric gain and phase matching condition was 
pointed out in Section 2. In the present section, the use of the designed waveguide as a gain 
medium for a two-pump parametric amplifier (2P-OPA) is assessed. The nonlinear 
Schrödinger Equation (NLSE) properly describes the propagation of optical fields through the 
longitudinal direction of waveguides [53–55]. In order to simulate the performance of the 
proposed 2P-OPA we used VPItransmissionMaker software. In particular, a 
VPItransmissionMaker module, set with our engineered dispersion, was used to solve the 
NLSE through the split-step Fourier method. A constant waveguide attenuation of 0.5 dB/m 
was utilized. This value corresponds to the largest loss observed in the spectral range of 
interest for our simulations (Fig. 3). In accordance with our previous discussion, the nonlinear 
parameter was set to 3000 (W⋅km)−1. All signal channels were simulated with a pseudo-
random bit sequence (PRBS) of length 212-1. A typical spectrum gain is shown in Fig. 8. The 
pumps were tuned at λP1 = 1411.65 nm and λP2 = 1687.7 nm (separation of 276 nm) with 
powers PP1 = PP2 = 33 dBm, where PPi stands for the power of the pump placed at λPi (i = 1, 
2). A set of 243 input single polarization 56 Gbps quadrature phase shift keying (QPSK) 
modulated signal channels was placed from 1544.917 nm up to 1647.204 nm within the 50 
GHz grid. The gain was ~16 dB with a ripple of ~4.5 dB, over a bandwidth of ~102 nm (12 
THz), which is 3 times larger than the one obtained with C band EDFAs. The 2P-OPA optical 
signal-to-noise ratio (OSNR) was estimated by using the following procedure: (i) A given 
signal channel power was measured; (ii) Afterwards, the signal was suppressed and, then, at 
its frequency, the noise background power was measured; (iii) The 2P-OPA OSNR is just the 
ratio between these measurements, that is, 13.4 dB. 

 

Fig. 8. 2P-OPA gain spectrum obtained for the designed waveguide. The dotted red line is the 
OPA gain obtained with the analytic model. The continuous red line is the OPA input set of 
channels. 
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Figure 8 also shows the gain spectra obtained with the analytic model presented in Section 
2, with the same pump parameters used to solve the NLSE. The agreement between them is 
rather good. This fact is important because it clearly shows that some of the characteristics 
that determine the performance of the parametric amplifier, as gain, ripple and bandwidth, 
depend essentially on the phase matching condition, which relies on the dispersive properties 
of the waveguide. For instance, to calculate the analytic gain spectra, β2(ωc) can be written as 
β2(ωc) = β3(ωc) (ωc – ω0) + β4(ωc) (ωc – ω0)

2/2, where ω0 = (2π c)/λ0 and ωc = ((ω1 + ω2) /2) 
(ω1 and ω2 are the pumps frequencies). This shows certain high-order dispersion parameters 
have a fundamental role for engineering the dispersion. The curves for β2(ω), β3(ω) and β4(ω), 
the two last obtained through the derivatives of the β2(ω), are shown in Fig. 9 (these curves 
were presented as a function of λ for sake of clarity). The values at λc = (2π c)/ωc = 1537.34 
nm are β3(λc) = −0.67 ps3/km and β4(λc) = 0.007 ps4/km. The sixth order dispersion parameter 
is β6(λc) = 3.26 10−7 ps6/km. Such a value is small enough to neglect the β6 term in the 

expansion of Δβ (
6 6 4 4 2

6 4[( ( ) [ ]/( ( ) [ ] 10/ 360) /12) ~ −Δ − Δ Δ − Δβ ω ω ω β ω ω ωc s P c s P ), and, furthermore, 

it has no significant effect on the parametric gain. The analytic curve, which takes into 
account only the contributions of β2(ω), β3(ω) and β4(ω), matches quite well the spectral gain 
obtained by solving the NLSE. This allowed us to verify that the small spectral ripple 
obtained is a consequence of the positive values of β4(ω) [14]. 

 

Fig. 9. Curves for: a) β2(λ). The red arrows show the pumps positions, and the black points the 
position of λc and λ0. b) β3(λ). c) β4(λ). Dots indicate the values of β3(λc) = −0.67 ps3/km and 
β4(λc) = 0.007 ps4/km for λc = 1537.34 nm. 

Figure 10 exhibits the bit error rates (BER) for 13, from 243 channels, spaced by ~1 THz. 
Firstly, the modulated channels with a power of ~-18 dBm were passed a single time by the 
2P-OPA under consideration. At the amplifier output, the BERs were below 10−8 (Fig. 10(a)) 
and the signal power was around −1.5 dBm. Afterwards, we simulated a scenario where all 
signals were equalized and transmitted through consecutive 80-km-long spans of standard 
fiber, with an attenuation of ~0.18 dB/km, followed by a 2P-OPA. Since we are concerned 
with the amplifier performance, we assumed that the dispersion induced by the fiber spans 
was exactly compensated before the 2P-OPA. The curves in Fig. 10(a) show that after the 
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sixth pass through the 2P-OPA, the BER is about ~10−2, which can be turned into 10−15 by 
using forward error correction (FEC) mechanisms [56]. This propagation distance is 
compatible with the scale length of metropolitan area networks (MANs). For illustrative 
purposes, Fig. 10(b) shows the constellation diagrams for the best and the worst BER cases, 
after the first and the sixth passes. Under the considered simulation conditions, BER 
degradation is related to optical signal to noise ratio (OSNR) reduction and to the crosstalk 
that is inherent to parametric amplification [57]. The output spectrum at the sixth span output 
is shown in Fig. 11. After the sixth-pass, the OSNR is degraded by ~2.7 dB if compared to the 
first-pass. 

 

Fig. 10. a) BER performance for a 2P-OPA based on the designed tellurite waveguide. b) 
Constellation diagrams in the best and the worst BERs cases, for the 1st and the 6th passes. 
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Fig. 11. Gain spectrum at the output of the sixth span of standard fiber followed by the sixth 
2P-OPA. The continuous red line is the OPA input set of channels. 

We also evaluated the 2P-OPA performance for 180 (9 THz or ~77.3 nm, as pointed out 
in our preliminary results [58])) and 100 (5 THz or ~43.9 nm) channels. In both cases, BERs 
were very low (below 10−16) after the first pass and, thus, they can be considered error-free. 
Figure 12 shows a BER comparison for the case when signals underwent a second pass. Even 
in this situation, the BER values for 100 channels remain below 10−16. 

 

Fig. 12. 2P-OPA BER performance for different number of amplified 56 Gbps QPSK signals, 
spaced by 50 GHz. 

These results are in agreement with previous findings that show how the crosstalk in 2P-
OPAs increases with the number of amplified channels [57]. Such a crosstalk could be 
reduced by shortening the waveguide length and by increasing the pumps power or by 
manipulating the dispersive properties to minimize the spurious four-wave mixing products 
and other crosstalk mechanisms. 
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Therefore, our results suggest that the designed parametric amplifier may be used in 
networks with diameters larger than those of MANs, where the number of amplified channels 
is up to two times the one covered by conventional EDFAs. Alternatively, the device could be 
used for network with larger diameters if the number of channels could be reduced. 

Currently, deployed commercial 100 Gbps WDM systems transmit 56 Gbps QPSK signals 
in two orthogonal polarizations. The analysis presented in this work is valid for one of such 
polarizations. A second amplifier or some polarization diversity scheme would be necessary 
to take the second polarization into account. 

5. Conclusions 

An ultra-broadband (~102 nm), low-ripple (~4.5 dB), small footprint (~2.5 mm2), two-pump-
optical parametric amplifier (2P-OPA) that employs a tellurite glass buried-channel type 
waveguide as nonlinear medium was numerically designed and investigated. This device is 
tunable and it can also be adjusted to exchange bandwidth by reach. The proposed waveguide 
was designed in an Archimedean spiral geometry to minimize the device footprint. For the 
dispersion calculations, the tellurite refractive index was obtained by fitting experimental data 
with a Sellmeier equation. The waveguide losses were of 0.5 dB/m and a 3.7 μm minimum 
gap between adjacent rounds of the spiral was adopted to keep coupling losses lower than 
0.025%. Its nonlinear parameter was estimated as γ ~3000 W−1 km−1, for a nonlinear 
refractive index n2 ~5 x 10−19m2/W and an effective area of ~0.7 μm2. 

From an application point of view, our results suggest that the designed waveguide could 
amplify 243 QPSK 56 Gbps signals, spaced by 50 GHz, with an average gain of ~16 dB. The 
resulting amplification bandwidth is ~3 times larger than the one provided by C-band EDFAs, 
whereas a ripple of 4.5 dB is approximately the same. Results also suggest that signals could 
be propagated by around 6 ⋅ 80 km = 480 km, which correspond to a relatively large optical 
MAN. Longer reaches could be achieved by using DSP techniques to mitigate the influence 
of nonlinear crosstalk or by reducing the number of amplified channels. 

In conclusion, the designed tellurite waveguide seems to be a very attractive medium for 
the realization of 2P-OPAs, which may become key devices for the development of the next 
generation of core networks. In fact, thanks to the OPAs tunability, four unities of the 
investigated device could be used in parallel to cover all the spectral region of SMF high 
transparency (1300 to 1700 nm) and to provide the 11 dB capacity improvement mentioned in 
Section 1, for MAN applications. A lower number of parallel 2P-OPAs could be used, if the 
waveguide dispersion is further engineered to reduce channel crosstalk or if DSP techniques 
are deployed to mitigate such effects. Furthermore, because of the tellurite glass high 
transparency and nonlinearity, thermal stability, and non-susceptibility to FCA and TPA, they 
have very strong potential for the development of photonic integrated circuits to be used in 
future optical communication systems. 
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