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Abstract. A hybrid optical amplifier is proposed using a combination of Er-Yb codoped waveguide amplifier
(EYDWA) and fiber optical parametric amplifier (FOPA). The scheme is investigated for 100 x 40 Gb/s
dense wavelength division multiplexed (DWDM) system at 0.2-nm channel spacing. The parameters are opti-
mized to achieve a flat gain of >30.6 dB, with a gain ripple of 2.67 dB. This is obtained over a wavelength range of
1542 to 1562 nm at —10-dBm optimum input power per channel, without using any costly gain flattening scheme.
For higher input powers up to 10 dBm, an increase in gain ripple from 2.67 to 6.13 dB is observed. The gain ripple
of 2.67 dB of the proposed EYDWA-dual pump FOPA configuration is also much better than 10.32 dB for the
hybrid EYDWA-single pump FOPA. The obtained high and flat gain, along with the low noise figure, confirms the

usefulness of the proposed amplifier for applications in long-haul DWDM systems. © 2018 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.57.5.056108]
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1 Introduction

A rapid growth in high-speed internet and the demanded data
rate significantly enhances the requirements for transmission
bandwidth of dense wavelength division multiplexed
(DWDM) systems."? Existing systems are rapidly approach-
ing their capacity limits.> This requires high capacity
DWDM systems, with higher and flattened gain. The gain
flattening over a given wavelength range for the conventional
optical amplifiers is limited because of its dependence on the
signal wavelength and width of radiating energy bands.* In
this scenario, a hybrid optical amplifier is a viable option to
play a key role,>® as these offer the required gain bandwidth,
simultaneously providing a flat gain.”®

The optical waveguide amplifiers are typically fabricated
on a planar substrate, thus exhibiting the advantages of
a compact structure with an integration capability. The active
and passive components are combined on the same substrate,
resulting in small footprint and low production cost.” A high
gain for DWDM systems can be achieved using waveguide
amplifiers. However, several factors like better gain flatness,
among integrated DWDM channels still need more
attention.'” Yeh et al.'' proposed the optical gain-clamped
erbium-doped waveguide amplifier (EDWA) using forward
optical feedback technique. Di Pasquale et al.'> demonstrated
a longitudinal multimode pumping scheme for the Er-Yb
codoped waveguide amplifier (EYDWA). They reported a
gain of 4 dB per centimeter using high-power broad area
lasers, being pumped at around 980 nm. They also suggested
the possibility of integration of low-cost amplifiers having
applications in WDM metropolitan networks.

*Address all correspondence to: Hafiz Muhammad Obaid, E-mail: muhammad.
obaid44 @gmail.com
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Fiber optical parametric amplifier (FOPA) is mainly com-
posed of one or two parametric pumps and highly nonlinear
fiber (HNLF). The amplification process is based on the non-
linear phenomenon of four wave mixing (FWM) occurring in
HNLFE.'*!'* The FOPA can be designed to operate in the
desired wavelength range by appropriate tuning of the pump
wavelengths, pump powers, and parameters of HNLF.'
FOPAs have attracted significant attention in the recent
past for DWDM systems due to their capabilities to provide
high gain bandwidth and low noise figure (NF).!>"!
Jazayerifar et al.'” have derived the analytical expressions
for the FOPA-based DWDM system and confirmed the fea-
sibility of FOPAs as in-line amplifiers for broadband long-
haul DWDM systems.

Owing to the importance of the issue, many efforts on
hybrid optical amplifiers have been reported in the past
to fulfill high gain bandwidth requirements of DWDM
systems.® Hasan et al.'® transmitted 40 x 40 Gb/s DWDM
signals, over a distance of 80 km, with 50-GHz spacing,
using differential phase shift keying modulation format.
They evaluated the system and economic impacts of
Raman amplification and the two different hybrid Raman—
Erbium-doped fiber amplifier schemes. Singh and Kaler"
demonstrated a hybrid combination of EYDWA and semi-
conductor optical amplifier to achieve flat gain for
100 X 10 Gb/s DWDM system at channel spacing of
0.2 nm. They reported a flat gain of >14 dB over 1554-
to 1574-nm wavelength range. Stephens et al.*® experimen-
tally demonstrated the amplification of 10 x 58 Gb/s, 100-
GHz spaced signals using hybrid Raman-FOPA. They
achieved gain improvement of 5 dB for the Raman-FOPA
by appropriate tuning of the pump wavelength and power
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when compared with the individual contributions of para-
metric and Raman pumps. They recommended Raman-
FOPA as an attractive proposal for future long-haul commu-
nication systems.

In this paper, an EYDWA-FOPA hybrid amplifier is pro-
posed and investigated for 100-channel DWDM system at
reduced channel spacing of 0.2 nm. Higher gain, with
small variations, is achieved without using any costly gain
clamping component, thus making it useful to address typ-
ical requirements in metropolitan networks. This paper is
organized in five sections. After introduction, the perfor-
mance measures of the proposed hybrid configuration are
defined in Sec. 2. The proposed model is described in
Sec. 3, followed by the discussion of results in Sec. 4.
Finally, Sec. 5 summarizes the conclusions.

2 Performance Measures of Proposed Hybrid
Amplifier
Any configuration of multiple optical amplifiers in a single
transmission link is known as hybrid optical amplifier. These
hybrid configurations combine different optical amplifiers
to fulfill high gain bandwidth requirements of DWDM
systems.18
The total signal gain for EYDWA is the ratio of signal
power after length L to the input signal power, and it is cal-
culated as®!*?

G P
EYDWA — T(O)

a

P, (L
:{ (L) exp[rpL(513NEr+645NYb)_aFSGIZNErL}} ,

Pp (O)
ey
where parameter « is defined as
[,013 + T, (045 + 054) (1;’7)
a= , 2

[(612 +0621)

where P (0) and Pp(0) are the input signal and pump power
levels, respectively, N, and Ny,, are the total Er’** and Yb3*
ion concentrations, respectively, o, and o, are, respec-
tively, the Er’t absorption and emission cross-sections;
645 and o5, are, respectively, the Yb3* absorption and emis-
sion cross sections, o3 is the Er3* absorption cross section,
Iy and I', are, respectively, the overlapping factors of the
signal and pump, and 7, is the initial energy transfer
efficiency.
The signal gain for the dual pump FOPA is given as*

[zy VPiP:
9

2
GFOPA =14+ sin h(gL):| s (3)

where y is nonlinear coefficient of HNLF and L is the length,
P, and P, are the parametric pump powers, and g is para-
metric gain coefficient given as

k + 6k\?2
g= \/472P1P2— (2> s “4)

where k is phase mismatch defined as
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1
k= pro.(Aw} - Aw}) +Eﬂ4wc(Aw? —Awp)+y(Pi+P,),
®)

where o, = % Aw, = 0w, — w,, and Awp = 0| — w,.
Also, o and w, are the frequencies of two pumps providing
gain to a signal at frequency w, with a phase, which can be
determined from the phase mismatch k given in Eq. (5). §,
and p, are second- and fourth-order dispersion coefficients,
respectively.

The overall gain and effective NF of hybrid configuration
are influenced by the individual optical amplifiers. The total
gain (in dB) is the sum of the gains of the individual cascaded
amplifiers.* Therefore, the overall gain of proposed hybrid
amplifier can be computed as

Govera (AB) = Grypwa (dB) + Gropa(dB) — T (dB),  (6)

where T, is the overall insertion loss for the signals.
The NF of n’th stage of amplification in a transmission
system can be approximately computed using the equation *°

_ 2Pssgn 1

NF, = —,
"~ B,hG, G,

(N

where P,gg, is the amplified spontaneous emission (ASE)
noise power, G, is the gain, hv is the photon energy, and
B, is optical resolution bandwidth.

The overall NF of n-stage cascaded system is given as”®

NF,—1 NF;—1
NF, et = NF I A
overall 1 + Gl G]GZ +
NF, -1
— ®)
GGy -+ Gy

where G, and NF, are the gain and NF of n’th stage, respec-
tively. It can be observed from Eq. (8) that the cascaded NF is
mostly influenced by the NF of amplifiers, closest to the
input of the system. The first amplifier has most significant
effect, and the NF of subsequent stages is reduced by the
positive stage gains. So, if only loss is present in the cascade,
then the overall NF equals the magnitude of the total loss. In
case of a two stage, EYDWA-FOPA hybrid amplifier,
Eq. (8) reduces to

NF, -1 NF -1
2 = NFgypwa + —OPA

NF, overall — NF 1+ G
1 EYDWA

©)

The Q-factor and bit error rate (BER) are used as a mea-
sure of the transmission quality and degradation in a system.
The Q-factor is defined as'®

_ ) =)
0= o (10)

where (I;); and (I,); are the mean photocurrents for ones
and zeros, respectively. The parameters o; and o, are
the respective standard deviations of the photocurrents.
The BER can be obtained from the Q-factor using the
relationship”®
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Fig. 1 Schematic of proposed setup for EYDWA-FOPA hybrid optical amplifier.

! Q

where erfc is the complementary error function.

3 Proposed Setup

The schematic of the proposed setup, shown in Fig. 1, con-
sists of 100 DWDM, 0.2-nm spaced channels covering the
1542- to 1562-nm wavelength range using continuous wave
(CW) lasers. The channels are driven by the data stream from
40 Gb/s, nonreturn-to-zero modulated signals with input
power of —10 dBm each. In the given model, signals are
transmitted over 75-km span of single mode fiber before
they get amplified by the proposed hybrid configuration.
The PIN photodetector with a responsivity of 0.9 A/W
and dark current of 1 nA is used at the receiver side.

The proposed hybrid amplifier is characterized via simu-
lation in conjunction with OptiSystem and MATLAB.
Optimization processes have been carried out to select

Table 1 Parameters of EYDWA.

Parameter Symbol Value
Waveguide length L 0.07 m
Er3* ion density Ng, 2x10% m=3
Yb3* ion density Nyp 2%x10% m-3
Er* absorption cross section o129 6.5x 10725 m?
Er¥* emission cross section 001 9x 1072 m?
Er®*+ absorption cross section 013 258 x 1075 m?
Yb3+ absorption cross section 645 1x 10724 m?
Yb3* emission cross section I 1x 1072 m?
Pump overlap factor Ip 0.921
Signal overlap factor I's 0.795
Initial energy transfer efficiency o 0.115

optimized parameters for the hybrid configuration to achieve
high gain with better gain flatness.”?”?

For EYDWA-FOPA hybrid amplifier, the signal enters
the EYDWA stage before it is fed to the cascaded FOPA
for further amplification. A 980-nm counterpropagating

Table 2 Parameters of FOPA.

Parameter Value

HNLF length 500 m

HNLF nonlinear coefficient (y) 15.029 W-' km~!
HNLF attenuation 0.6 dB/km

HNLF dispersion slope 0.02 ps/nm? km
Zero dispersion wavelength of HNLF 1552 nm
Parametric pump wavelengths and 1540.9 nm (Py = 0.8 W)

powers, two pumps
1563.1 nm (P, = 1.2 W)

50

40

Gain (dB)
8
1

N
o
1

0 —T - T 1 1 T T T T T
1500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
Wavelength (nm)

Fig.2 Gain profile of EYDWA-FOPA hybrid optical amplifier for 1500-
to 1600-nm wavelength range.
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pump at 450-mW power is used to pump EYDWA.
Optimized EYDWA parameters to obtain large gain are listed
in Table 1.'%%* In case of FOPA, copropagating pumps and
signals are combined and then launched into HNLF for
amplification. Two tunable CW laser sources were employed
as parametric pumps and optimized along with the parame-
ters of HNLF, obtaining a flat gain.?® To maximize the para-
metric gain, state of polarization of signals is aligned to that
of parametric pumps using polarization controller. Finally,
selected parametric pump powers and the corresponding
wavelengths, along with HNLF parameters are summarized
in Table 2.

4 Results and Discussion

The gain spectrum of EYDWA-FOPA hybrid amplifier over
the effective wavelength range of 1500 to 1600 nm is shown

(a) 34

33

32

Gain (dB)

31 4

30

T T T T T T T T T T T T T T
1542 1545 1548 1551 1554 1557 1560
Wavelength (nm)

Noise figure (dB)

in Fig. 2, using the parameters listed in Tables 1 and 2. It can
be seen that, higher gain (>40 dB) is achieved with better
gain flatness in C-band. Also, the gain is higher in C-
band, when compared with the amplifier proposed by Yeh
et al.” The amplifier proposed in this paper is implemented
for 100 x 40 Gb/s DWDM system at reduced channel spac-
ing of 0.2 nm. As observed from Fig. 2, higher gain and
lower gain variations are obtained in the upper C-band, so
the proposed amplifier is considered for a DWDM wave-
length range of 1542 to 1562 nm. Its performance is evalu-
ated in terms of gain and NF at input power of —10-dBm per
channel. Variations in gain are also observed at different
input powers, FOPA parametric pump powers and HNLF
nonlinear coefficients.

The gain and NF spectra of the proposed hybrid
EYDWA-FOPA as a function of channel wavelengths,

-20

T T T T T T T T T T T T T
1542 1545 1548 1551 1554 1557 1560
Wavelength (nm)

Fig. 3 (a) Gain and (b) NF spectra of proposed amplifier for 100 x 40 Gb/s DWDM system.
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Fig. 4 (a) Gain spectra of proposed hybrid optical amplifier at different per channel input powers and

(b) average gain versus input power.
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with input power of —10 dBm per channel, are shown in
Figs. 3(a) and 3(b), respectively. Nonuniform variations in
gain and NF are due to the nonlinearities and ASE noise pro-
duced by each amplifier.'” A gain of >30.6 dB is obtained at
each wavelength with a peak value at 1542 nm. Gain ripple
of 2.67 dB over the whole effective bandwidth of 20 nm is
achieved. The maximum gain for EYDWA is obtained at
1543.6 nm and then it decreases at higher wavelengths.
On the other hand, high FOPA gain is achieved at these
higher wavelengths, by appropriate tuning of parametric
pump wavelengths and powers along with the parameters
of HNLF. This results in overall better gain flatness for
the hybrid amplifier. Also, significantly low NF values are
obtained, as can be seen in Fig. 3(b). The proposed amplifier

6.5

6.0 -
55 -
5.0 _
4.5 — ®
40 /
35 - /

3.0—- ./

Gain ripple (dB)

2.5
T T T T T T T T T
-10 -5 0 5 10
Input power (dBm)
Fig. 5 Gain ripple variations with input power.
(a) 39

——PI=1W,P2=1W

——PI=09W,P2=11W
——P1=08W,P2=12W
36 ——P1=07W,P2=13W
——PI=05W,P2=0.5W

33 4

30+

Gain (dB)

27

24

provides improvement in terms of gain and NF over the
amplifier suggested by Singh and Kaler.*

The gain of proposed amplifier is also evaluated at differ-
ent input powers per channel and the resulting profiles for
few of them are shown in Fig. 4(a). It can be seen that
the maximum gain is achieved at —10-dBm optimum
input power. Figure 4(b) shows the decrease in overall
gain with an increase in the input power, which is expected
due to increased fiber nonlinearities at higher input powers.
For convenience, gain ripple values are also calculated over
the same input power range. Results, in Fig. 5, show that
minimum ripple is observed at —10 dBm. In fact, low
gain and large gain variations at higher input powers degrade
the system performance due to increased fiber nonlinearities
and amplifier saturation effects.

The parametric pump wavelengths and the corresponding
powers for FOPA must be carefully selected along with the
parameters of HNLF for better gain flatness. In this proposed
model, parametric pump wavelengths are closely spaced and
symmetrically distributed around zero dispersion wavelength
(ZDWL) of HNLF to obtain a flat gain.’'*? On the other
hand, parametric pump powers are varied over a range of
values and the gain of proposed amplifier is investigated.
The resulting gain spectra of hybrid amplifier for different
combinations of the parametric pump powers (P; and P,)
are shown in Fig. 6(a). These pump powers (P; and P,) cor-
respond to 1540.9- and 1563.1-nm wavelengths, respec-
tively, and the other FOPA parameters remain same as given
in Table 2. Gain ripple values for the gain profiles shown in
Fig. 6(a) are also calculated and shown in Fig. 6(b). It can be
seen that low gain is achieved with high ripple value when
the power of both pumps is 0.5 W each. When both the
pumps are being operated at or in the vicinity of 1 W
then almost similar gain is achieved. However, minimum
ripple value for the proposed amplifier is obtained at P; =
0.8 W and P, = 1.2 W. Therefore, these are the finally
selected parametric pump powers used in our proposed
hybrid configuration.

(b) Bl =1 W.P2=1W

P =09W,P2=1.1W
v -08W,P2=12W
P =07W,P2=13W
P! =05W,P2=05W

5.21589

3.89709

3.39456
3.14306

2.67

T T T T T T T T T T T T T T
1542 1545 1548 1551 1554 1557 1560

Wavelength (nm)

Gain ripple (dB)

Fig. 6 (a) Gain spectra and (b) gain ripple of proposed amplifier at different FOPA parametric pump

powers.
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Fig. 7 (a) Gain spectra and (b) gain ripple of proposed amplifier at different HNLF nonlinear coefficients.
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Fig. 8 Gain comparison of EYDWA-dual pump FOPA versus
EYDWA-single pump FOPA.

HNLF nonlinear coefficient (y) is another important
parameter affecting the gain and gain flatness of proposed
amplifier. The gain is evaluated with variations of y over
arange of 4 to 20 W~ km~! while keeping the other param-
eters same at input power of —10 dBm. The resulting gain
spectra of the proposed amplifier at different nonlinear coef-
ficients and the gain ripple variations are shown in Fig. 7. At
y =4 W'km™', low gain is observed with large ripple
value. However, improved gain flatness is achieved with
an increase in the y. The ripple value is found to be
2.67 dB at 15 W~'km™!, as compared with 17.44 dB at
4 W='km~!. Beyond this value of y, the ripple again
increases slightly, whereas no noticeable change in gain is
observed beyond 10 W='km~!. As ripple is found to be
minimum at y = 15.029 W~'km™!, so this value is used
in the simulation of proposed amplifier.
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Fig. 9 Q-factor as a function of channel wavelengths.

The parametric amplifier used in this proposed configu-
ration is dual pump, as these are proved to give flat gain.***
A comparison of this dual pump scheme is also performed
with EYDWA-single pump FOPA configuration. In case of
EYDWA-single pump FOPA, a single parametric pump
operating at 1549.1-nm wavelength and having power of
2 W is employed. Results shown in Fig. 8 show better
gain flatness in case of dual pump configuration. Gain ripple
of 2.67 dB in the proposed configuration as compared with
10.32 dB for EYDWA-single pump FOPA configuration is
also an obvious advantage.

The Q-factor and BER performance of the system are
directly affected by the induced cross talk. The cross talk
effects arise because of the nonlinearities produced by opti-
cal amplifiers.® Figures 9 and 10, respectively, show the
Q-factor and BER of received electrical signals for the pro-
posed amplifier. Improved values of Q-factor (>9 dB) and

May 2018 « Vol. 57(5)
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Fig. 10 BER as a function of channel wavelengths.

BER (<107'") are achieved at each wavelength. The varia-
tions in Q-factor and BER result because of the nonlinear-
ities induced by each amplifier and interchannel cross talk at
small channel spacing and high-input powers.

5 Conclusion

A hybrid optical amplifier, using hybrid EYDWA-
FOPA configuration, is proposed and investigated for 100 X
40 Gb/s DWDM system at channel spacing of 0.2 nm.
Optimization processes have been applied to select opti-
mized parameters, resulting in a flat gain of >30.6 dB
with a gain flatness of 2.67 dB. No costly gain flattening
filter is used. The fall in gain and increase in ripple value
is observed with an increase in the per channel input power
beyond —10 dBm. Variations in gain are also observed at
different FOPA parametric pump powers and HNLF nonlin-
ear coefficients. Gain ripple increases to 10.32 dB (a much
higher value as compared with that of the proposed ampli-
fier) for EYDWA-single pump FOPA configuration. The
achieved high and flat gain confirms the feasibility of
proposed amplifier for broadband long-haul DWDM
applications.
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