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Investigation of Different Transfer Functions for
Optical Limiting Amplifier used in a 2R Burst
Mode Optical Regenerator

Yash Deodhar, Jeeru Jaya Sankar Reddy, Priyanka Desai Kakade, and Rohan Kakade

Abstract—the major difference between a continuous mode
optical regenerator (CMOR) and a burst mode optical regenerator
(BMOR) is that a BMOR is capable of handling large variations in
the input power which makes it useful in optical packet switched
and optical burst switched networks. This is due to the optical
limiting amplifier (OLA) present in the BMOR. Using computer
modelling, the impact of using different OLA non-linear transfer
functions on the output bit error rate of a system consisting of a
cascade of 2R BMORs has been investigated. The effect of
amplified spontaneous emission (ASE) noise introduced in the
inter-regenerator links has also been taken into consideration.
Also, a brief review of existing OLA designs is presented.

Keywords—optical limiting amplifier, burst mode, ASE noise,
nonlinearity, bit error rate, optical regeneration

I. INTRODUCTION

N all optical networks (AONSs), the degradation caused by

various optical impairments is eliminated or minimised by
using an optical regenerator (OR). An OR attempts to restore
the quality of an impaired signal to that of the originally
transmitted signal by reamplifying (1R), reshaping (2R) and
retiming (3R) the impaired signal [1]-[3]. 1R ORs are those that
only attempt reamplification of the impaired signals and are
commonly known as optical amplifiers (OAs). ORs that
reamplify and reshape the impaired signal are called 2R ORs
while ORs that provide all the signal restoration functionalities
are called 3R ORs. Optical networks that deal with a continuous
stream of data use continuous mode optical regenerators
(CMORs) [4]. As these CMOR based optical networks have
inherently low bandwidth efficiency and flexibility, optical
packet switched (OPS) and optical burst switched (OBS)
network topologies serve as promising alternatives [5].
OPS/OBS networks are capable of handling optical
packets/bursts of data, which arrive at an optical node from
various transmitters. Due to the presence of multiple
transmitters and potential for each of their packet/burst
transmissions to traverse varying optical path lengths to reach a
given node, each data packet transmitted suffers differential
amounts of attenuation. Thus, optical packets/bursts with a wide
range of power levels are received at the input of an OR at an
optical node. Due to the limited input power range of the
CMOR, it fails to adapt to the varying input power levels of the
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incoming optical packets/bursts in =~ OPS/OBS network
topologies [6], [7]. A different type of OR, which can adapt its
response based on the received signal power level, called a burst
mode optical regenerator (BMOR), is thus used in such
networks.

Various models have been proposed for a BMOR. In the 2R
BMOR model (see Fig. 1) proposed by Sato et al. [8], a gain-
saturated semiconductor optical amplifier (GS-SOA) with an
assisted signal is the optical limiting amplifier (OLA) used to
provide the power equalization required for the packet-to-packet
power variations in burst mode systems. The GS-SOA is
followed by a monolithic integrated wavelength converter,
which acts as a non-linear reshaper. Within the OLA, the
incoming packets are divided by the optical coupler into two
parts so as to allow directing some packets to pass through an
optical filter and the rest to pass through another SOA which
acts as a cross-gain modulation (XGM) based wavelength
converter. In the model, then a continuous wave (CW) light
signal was passed into the XGM-SOA to create an inverted
mode signal. This was then passed through the same optical
coupler and through an optical circulator was input to the GS-
SOA. So, the original and inverted mode signals were input to
the GS-SOA together and with assistance of the inverted mode
signal in the suppression of the pattern effects, the total average
input power into the GS-SOA was maintained almost constant.
Thus, the output signal had a limited power.
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Fig. 1. Block Vdiagréﬁm of éll—optiéal 2R BMOR (red;awn from 8D

In the 3R BMOR model proposed by Kanellos ez al. [9] four
cascaded hybrid integrated SOA—Mach—Zehnder interferometer
(MZI) switches have been used. Here, the 2R optical
regeneration is performed entirely by the first SOA-MZI which
exploits the SOA gain dynamics to effectively handle the
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incoming packet power variations. The couplers, with their
unbalanced splitting ratio, provide the necessary nonlinear
reshaping transfer function required. Zakynthios et al. [10]
present another model where a single MZI switch is used in a
loop configuration to demonstrate the cascaded operation of a
2R BMOR in an OBS network. Here the power variations of the
packets were managed by using a loop configuration with a
modulator placed within it. The modulator provides attenuation
to a part of the data, as it repeatedly circulates in the loop, before
the data enters the BMOR. Another 3R BMOR is demonstrated
in the work by Petrantonakis ef al. [11] using 3 hybrid integrated
quad SOA-MZI arrays. Either power equalisation, clock
recovery or data regeneration was performed by one of these 3
quad HZMIs. The first quad HMZI provides the power
equalisation, thus acting as the optical limiting amplifier (OLA);
it deals with the power variations of the packets by exploiting
the unequal splitting ratios and using different current values for
their two SOAs. Thus, providing higher gain to low power
packets and lower gain to high power packets. All
aforementioned papers [8]-[11] thus present a unique model of
a BMOR, but as mentioned in [6], each of these models can be
interpreted as an optical limiting amplifier (OLA) followed by
a non-linear optical reshaper.

In OBS/OPS networks, the OLA is what makes BMORs
more applicable than CMORs in handling unequal packet power
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levels by providing power equalization [6], [12]. As seen in the
models mentioned above [8]-[11], in burst mode applications,
most OLAs are built using SOA technology. In Desai et al. [6],
the transfer function (TF) of the OLA has been approximated to
be a linear function to help simplify the complex model of a
BMOR. However, it should be noted that practically the TF of
the OLA might not be linear. Table 1 shows the summary of
OLA designs used in various applications. In this paper, for the
first time, a numerical model of a cascade of 10 BMORs,
incorporating a non-linear TF for OLA has been
investigated. Different non-linear TFs for OLA are modelled
(explained in section 2) and a system performance comparison
is presented between these non-linear TFs and with the linear
TF for OLA described in [6]. In all the cases that are analysed,
the same non-linear reshaping element has been considered to
provide a consistent comparison of the different TFs for an
OLA. Further, the effect of amplified spontaneous noise (ASE)
noise on the optical signal has also been incorporated into the
model.

The rest of this paper is organised as follows. Section 2
provides the numerical model of the BMOR cascade and the
different OLA TFs that have been chosen for investigation.
Section 3 discusses the results obtained and Section 4 presents
the conclusion.

TABLE I

SUMMARY OF OLA DESIGNS

Technology Description

SOA .

Gain saturated SOA with XGM wavelength convertor [6]

e 3R BMOR using Mach—Zehnder interferometer (MZI) switch cascade [7]
Single MZI switch in loop configuration to model a 2R BMOR [8]

3 hybrid integrated quad SOA-MZI arrays acting as a 3R BMOR [9]

Power equalisation using a SOA-XGM followed by an MZI [13]

All-optical packet equalizer based on non-linear polarization rotation (NPR) in a SOA [14]
All-optical power equalization using a SOA as a gain stage followed by an SOA operating
in saturation region [15]

Interferometric gate based on SOA used as optical power limiter [16]

SOA used as OLA and power booster for a single channel RZ-DPSK signal [17]

SOA acting as optical limiting amplifier in Next Generation Passive Optical Networks (NG-
PON) [18]

Multi-wavelength all-optical regeneration based on inhomogenously broadened gain of self-
assembled quantum dots in quantum dot SOAs. [19]

Increasing dynamic range of DPSK packet receivers using fast optical limiting amplifiers
consisting of SOAs [20]

EDFA

Differential lump-loss incorporation within EDFA [21]

Two stage amplifier with an isolator and synchronized etalon filter [22]

Inserting a bidirectional between an optical circulator and a Fiber Bragg Grating (FBG) [23]
Chirp-fiber-grating based erbium doped optical amplifier [24]

Multi-wavelength wavelength-division-multiplexing (WDM) OLA using 2 stage EDFA [25]
WDM bidirectional power limiting amplifier using circulators, fiber grating and EDFA [26]

Other fiber based
amplifiers

2 section gain flattened fiber parametric amplifier used for power equalisation [27]
Optical limiter based on self-phase modulation (SPM) and made of highly non-linear fiber
(HNLF) and dispersion compensating fibers (DCF) [28]
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Fig 2. Model of a 2R BMOR

II. NUMERICAL MODEL OF 2R BMOR CASCADE WITH A
NON-LINEAR OLA

Figure 2 is a graphical representation of a single 2R BMOR in
the BMOR cascade. In this paper, the power level corresponding
to the bit ‘1’ has been assigned to the maximum power that goes
unchanged through the optical reshaper. This holds true for all
cases where different OLA TFs are used as the same reshaping
element has been used in every case.

The OLA achieves power equalization by providing higher
gain to soft (lower power) packets and lower gain to hard (high
power) packets. Its normalized TF is given by [6]:

2

Yavg = fora (xavg)

where X, is the normalized average input power to the OLA
and Yuyg is the normalized output power of the OLA. This
function also decides the gain (Gra) provided by the OLA. Gra
is defined as Gra = yavg/xavg = fora (xavg)/xavg~

For every TF investigated for OLA in this work, a target
operating point (X4, Viqr) has been fixed where y;,, is the
target output power of the OLA for a specific input power X;4;-.
All the OLA TFs discussed in this paper have been selected to
have the same y,,,- and x;,,- to maintain a consistent comparison
between them.

The normalized equation of the linear OLA TF used in
Desai et al [6], [7] has been used here. The three non-linear OLA
TFs that have been chosen for the analysis are the exponential
function, the logarithmic function and the piecewise function
(that exhibits an exponential and a logarithmic behaviour
depending on the input power level). These have been defined
as,

fin(x) = (my - x) + by (2)
fexp(x) = (mz ' eX) + h, (3)
fiog(x) = (m3 - In (x)) + h3 “4)
_( (myre*)+hy, 0=<x<xy
fpiecewise(x) - {(ms 4ln(x)) + ;15 s Xear <x<oo (5)

where each pair of (m, ) determines the gain (Gra) provided by
the OLA for their corresponding TF.

The optical reshaper used in a BMOR being conceptually the
same as that used in a CMOR they can be characterised by same
TFs. The hyperbolic tangent function employed in Desai et al
[6] to describe the optical reshaper TF there for CMOR use has
been employed in this work.

frrr(x) = a4 - tanh (a2 . (x — %)) +a; (6)

a1, ap and as are evaluated using frpp(0) = 1077NL/10,
frrr(1) = 1 and dfprp(x)/dx | x=ap, = 1/y Where raz is non-
linear extinction, drg is the nonlinear threshold (here assumed
to be equal to 1/2) and y value lies between 0 and 1, is the non-
linearity degree related to the optical reshaper (lower y implies
that reshaper is more non-linear) [6], [29].

Because of ASE noise, the 1’s and 0’s of the input packets
to the BMOR are represented by probability density functions
(pdfs). The pdf distributions are non-central chi-square (NCCS)
distributions with four degrees of freedom [6], [23], [29] and are
defined as follows:

pdf;(x) = —(_>M_ D (5 o

where j = 1 indicates pdf of/ power in data = 1, j = 0 indicates
pdf of/power in data = 0 and M equals B,,/B where B is the
optical bandwidth and B is the bit rate and ¢? is the variance for
each of the Gaussian random variables related to ASE noise
components in each of the quadratures and polarisations. [6],
[29]

Furthermore, pdf;: at the output of /" BMOR i.e. at point 1,
is affected by the net gain G; that arises due to the fibre section
leading up to the input of (i+1)" BMOR. The new pdf can be
described by,

pdf,(x) = [ pdfjs (x G (8)
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which can be deduced by using the pdf transformation rule given
as [30]:

pdfy ) = |5 pdfi (), ©)

where X and Y are the input and output random variables
respectively.

This pdf in turn also gets affected by ASE noise and thus
gets modified as follows [6]:

pdfis(¥) = [, pdfass ¥|x) - pdfi,(x)dx  (10)
where,
1 (¥ = —(&’;) VX
pdfase (Y|x) = 202 (;) e iy 4 (Uiz ) (11)

and 0;? is related to the ASE noise contributed by the cascade
of amplifier between the i and (i+1)" BMORs. The pdf given
in equation (9) is the final input to the OLA of the next BMOR.
Once a packet passes through the OLA, its pdfs are affected by
the gain of the OLA at the i+1" BMOR (Gopa;,,) and hence the

pdfs at the output of the OLA are:

1

pafu) = [ pdfs (v Gouary)) (12

GoLAi+1

These pdfs then enter the optical reshaper to be re-transformed
(as modelled by the by equation (5)). Thus, the pdf at the output
of the optical reshaper (and BMOR) is given

by:
df;s(2) = | 2| pdfia ) (13)
p j5 - dz p j4 y
5 (a) m=0.02
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o
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v _ 1 20y =1y.
where = —abcosh (v 2) b) for y

1 1
Ecosh2 ((k=3)-b)fory>k.

d
< k and 2=
dz

Finally, to compare the different OLA TF’s, the BER is
calculated at a given point in the cascade of BMORSs using the
following formula:

BER, = [ pdfin(x)dx + ["  pdfon(x)dx, (14)

where pg » is the optimum decision threshold obtained by
calculating pdf(,n(pm_n) = pdfln(pth_n) and »n indicates the
point of interest in the model to determine BER .

III. RESULTS AND DISCUSSION

In this paper, the transmitter output signal and the output signal
from each BMOR is assumed to have a 50% return-to-zero (RZ)
format. Due to this, the average output packet power from every
BMOR is calculated as follows: P,, = Batsho 0.25, where

P, = 1 and Py = 0. Moreover, X;,, has been assigned the value
Xear = 0.25° Gpetnom Where Gpetnom 18 the nominal (target)
value of Ge¢ Which is assumed to be 5dB as also used in [6].
Furthermore, in-line with what is implemented in [6], the value
of V4, 1s assumed to be 0.4 as there is a trade-off between the
low and high power requirements.

A. OQutput average power Vs
characteristics for different OLA TF’s

input average power

For every OLA TF, different m values are investigated to
observe the output power for a range of input powers and the
results are presented in Fig. 3.
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z 1 T T T
Q
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(d) m=0.14
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Fig. 3. Output Average Power as a function of input average power for the different OLA TFs with m; = m, = my; = m, = mg = m with (a) m = 0.02, (b)ym =
0.06, (c)m = 0.1, and (d) m = 0.14
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As discussed at the start of the section, for any input average
power the OLA TF should give an output average power of 0.4.
It can be seen in Fig. 3, for higher values of m, the logarithmic
and exponential TFs are not able to provide the target output
power of 0.4 for lower and higher input powers respectively but
for m = 0.02 all four OLA TFs are able to perform power
equalization effectively.

It can also be seen that the linear TF f;,, is a good
approximation of the exponential TF for low input average
powers while it is a good approximation of logarithmic TF for
higher input powers. It can also be observed that the piecewise
TF provides the same output average power as the exponential
TF for input values less than x;,,- and the same output power as
the logarithmic TF for input power values greater than x;, .

It can be observed that the threshold required will be
closer to the 0’s than 1’s owing to the noisier incoming packets
of 1’s compared to that of the 0’s (considering the OR’s
effective power detection). As the threshold varies depending
on the input average packet power, we can thus say that m
cannot be equal to 0 and choice of any value will be a
compromise. [6].

B. BER at the cascade output vs m

Different values of y were examined to see its impact on the
BMOR cascade and its effect on the output BER of the 10
BMOR. The results were obtained for input average packet
power P,.in = 0.25 (soft packet) and P,;, = 1 (hard packet)
and the slopes of the OLA TFs were varied to make a fair
comparison of the different OLA TFs. From Fig. 4 it can clearly
be seen that for P, ;, = 1, for both values of y, the linear TF
gives the best BER. It should be noted, that the very low BER
values in Fig. 4(b) cannot be realized practically but aid in
understanding the impact of the various parameters.
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with (a) P,yin = 1 and y = 0.5, (b) Payin = 1andy = 0.2

As seen in Fig. 5 for Py, = 0.25 and y = 0.5 the logarithmic
TF provides the lowest BER. For P,,i, = 0.25

be noted that for y = 0.2, the output BER is generally much
lower than when y = 0.5, keeping all other factors constant.
Hence, it can be concluded that a lower y will give lower and
y = 0.2, it is observed that logarithmic TF provides the lowest
BER when the m = 0.02 and the exponential TF provides the
lowest BER when m = 0.06. However, for m > 0.1, the linear
TF provides the lowest BER. It should output BER irrespective
of m for P,yin, = 1, butin case of P,yi, = 0.25 higher m values
give worse BER for y = 0.2 as compared to y = 0.5.

C. BER evolution along the cascade of 2R BMORs

The effect of P,,, (input average power to 15 BMOR) on the
BER at the output of each BMOR in the cascade has been
investigated in order to determine which OLA TF is able to
provide minimum BER for a wide range of input power levels.
The BER was evaluated for 2 power levels, P,yi, = 0.25
and P,,ip = 1 and each case has further been studied for y =
0.2 and y = 0.5. The OLA TFs were chosen to be such that
m =my,=mg=my=mg=m. m=0.02 and m= 0.14
were investigated to acquire results for a wide range of values
of m. It can be seen from Fig. 6 that for P,;, = 1, for both
values of y the linear TF and logarithmic TF provide the almost
the same BER which is much lower than the BER provided by
the exponential TF, with the linear TF performing slightly better
than the logarithmic TF for m = 0.14. Furthermore, it can be
seen in Fig. 7 that for P,y;, = 0.25, the linear TF provides the
lowest BER for m = 0.14 while logarithmic provides the
lowest BER for m = 0.02. Thus, both logarithmic and linear
OLA TFs are capable of dealing with a wide range of power,
with linear TF performing better at m = 0.14 and logarithmic
performing slightly better at m = 0.02.
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D. Power Equalization performed by different OLA TFs

As stated at the start of section III, the output power of every
OLA TF is setto be y;,, = 0.4. The input power to the OR was
observed at each BMOR to find out which OLA TF provided
the best power equalization. The OLA output power was
observed for 2 power levels, P,yin = 0.25 and Py, = 1 and
each case has further been studied for y = 0.2 and y = 0.5 with
m = 0.02 and m = 0.14. In Fig. 8 and 9 we can see that in all
the cases of y = 0.2, by the 2" OLA output, all power levels
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Fig. 6. Output BER evaluation along the cascade of BMORs for the different
OLA TFs with (a) m = 0.02 and P,;, = 1, (b)) m = 0.14 and Py, = 1
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converge to 0.4 and that value remains there for the rest of the
cascade. This can also be observed in the case of P,yi, = 0.25
and y = 0.5 (Fig. 9(a)) but approximately by 4" BMOR power
levels converge to 0.4. However, in the case of P,y, = 1 and
y = 0.5 (Fig. 8(a)) the exponential OLA TF fails to provide an
output power of 0.4 even by the 10" BMOR. Thus, it can be
concluded that the linear, logarithmic and piecewise OLA TFs
are better at performing power equalization than the exponential
TF.
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E. BMOR output power for different OLA TFs

As discussed at the start of section III, the output power of each
BMOR is calculated to be 0.25 since we have assumed the signal
to be 50% RZ. The impact of different OLA TFs is observed on
the output power of each BMOR for P,y;, = 0.25 and P,yi, =
1 with each case being studied for y = 0.2 and y = 0.5 with
m = 0.02 and m = 0.14. It should be evident from Fig. 10 and
11 that when y = 0.2, all cases provide similar output powers at
each BMOR starting from the second BMOR. When y = 0.5, it
takes a greater number of BMORSs to provide similar outputs.
As seen in Fig. 10 (a), system needs 5 BMORs for the output
powers to converge to 0.25 and from Fig. 11 (a), system needs
4 BMORS, for output powers to converge to 0.25. Hence, it can
be concluded that if a sufficiently large number of BMORs are
used in a cascade then the type of TF chosen for the OLA has
less impact on the output power of the BMORs.
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Fig. 10. Output power evaluation of each BMOR in the cascade for different
OLA TFs with (a) P,yjn, = 1 and y = 0.5, (b) Payin = 1 and y = 0.2 with
m; =m, =mz; =m, =mg =m = 0.02,0.14 in each case.

IV. CONCLUSION

Different OLA TFs have been implemented in a cascade of 10
BMORs and the BER and power levels have been evaluated at
various points throughout the cascade. From the numerical
analysis done, it can be concluded the for P,,;, = 1, a lower y
will give a lower BER irrespective of the m value used but for
P,vin = 0.25 higher m values give higher BER for y = 0.2 as
compared to y = 0.5. In addition, it was seen that from the OLA
TFs chosen, the logarithmic and linear OLA TFs are the best at
dealing with a wide range of power and the linear, logarithmic
and piecewise OLA TFs perform better power equalisation than
the exponential TF. The analysis also shows that if a cascade
consists of many BMORs, the type of OLA TF chosen has less
impact on the output power of the BMORs. However, the type
of OLA TF chosen has a significant impact on the BER
performance of the cascade. Lastly the analysis finds the linear

approximation used in [6] to be a good TF approximation but
the piecewise TF is a more realistic and realisable
approximation than the linear TF.
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Fig. 11. Output power evaluation of each BMOR in the cascade for different
OLA TFs with (a) Py, = 0.25 and y = 0.5, (b) P,yi, = 0.25andy = 0.2
withm, = m, = my; = my, = mg = m = 0.02,0.14 in each case.
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