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Abstract In this paper, we analyze the performance of
the birefringent fiber loop (BFL) when the settings of the
components that construct this module are not perfect.
The BFL is employed for suppressing the pattern effect on
directly amplified data in a semiconductor optical amplifier
(SOA). The analysis is conducted by describing the non-
optimum BFL transmission response using Jones matrix
method. This allows to formulate a comprehensive model,
which is validated by comparing it to the experiment.
Then we investigate and specify how sensitive the BFL
is to imperfections of its building components by assess-
ing its performance against the output amplitude modula-
tion, power penalty, and crosstalk. For each critical operat-
ing parameter, we derive the tolerance range within which
these performance metrics are acceptable. The obtained
results suggest that the BFL can efficiently mitigate the
SOA pattern effect even if it is built from non-ideal compo-
nents. This can be achieved provided that these components
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are designed according to their extracted operating condi-
tions, which are practically satisfiable.
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1 Introduction

Owing to its passive nature, simple structure, low cost,
compatibility with fiber medium, robustness to environ-
mental perturbations, polarization independence, notable
peak-to-notch contrast ratio, periodic transfer function,
and flexibly tunable transmission characteristics, the bire-
fringent fiber loop (BFL) has been widely employed as
frequency discriminator in a wide range of applications
in the optical domain [1]. These include optical pulse
generation [2], repetition rate multiplication [3], develop-
ment of multi-wavelength laser sources [4, 5], reduction
of amplitude transients [6], all-optical clock recovery [7],
wavelength conversion [8], differential phase shift keying
(DPSK) demodulation [9], demultiplexing [10], Boolean
logic [11], and sensors [12]. In this context, we have
recently shown that a BFL can also be exploited to sup-
press the pattern effect induced on 10 Gb/s return-to-zero
(RZ) data pulses that are directly amplified by a semicon-
ductor optical amplifier (SOA) [13, 14]. The main goal of
this work has been to demonstrate the feasibility and proof
of principle using the BFL for the specific purpose. How-
ever, the operation of the BFL, which in this case was con-
figured as notch filter, critically depends on the deviation
of its building components from their ideal settings [1].
Thus, it would be practically interesting to investigate and
assess how sensitive and tolerant is the performance of the
BFL-based scheme to these imperfections. Furthermore,
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it would be useful to quantitatively know what degree of
freedom is allowed when designing and constructing the
BFL for the intended target. In the present paper, this goal
is achieved by means of numerical simulation and analysis,
which takes into account the finite resolution of the relative
delay between the axes of the polarization maintaining fiber
(PMF), the non-optimum adjustment of the intraloop polar-
ization controller (PC), and the asymmetric power splitting
ratio of the optical coupler (OC) that forms the BFL. By
conducting this study, we manage to specify the permis-
sible range of values for the key BFL components param-
eters. To this end, our findings suggest that the BFL can
efficiently mitigate the SOA pattern effect even if it is built
from non-ideal components. For this purpose, these com-
ponents must be designed to comply with their extracted
operating conditions, which are practically feasible.

2 Background

Figure 1 shows schematically the configuration in which a
BFL is connected to the output of a SOA. A random data
stream is inserted into the SOA to undergo amplification.
In this case, the profile of the output signal should ideally
be an amplified replica of the input one. However, the SOA
has a finite gain recovery time, and so its response to this
excitation is not instantaneous. Moreover, when the input
data have high peak power and large duty cycle, the SOA
gain drops well below the unsaturated gain [15] and the
amplification experienced by a given bit depends on the
previous bits. As a result, pulses that occupy a fraction of
the repetition interval are not uniform at the SOA exit but
suffer from peak amplitude fluctuations [15].

The pattern-dependent pulse wandering affects nega-
tively the performance characteristics of SOAs employed
for pure amplification purposes. These characteristics
include amplitude modulation, Q-factor, optical signal-to-
noise ratio, output power, in-line spacing, and input power
dynamic range [15, 16]. Therefore, compensating for this
problem is imperative in order to enable the unobstructed
use of SOAs for direct amplification applications. One
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Fig. 1 SOA and BFL configuration. OC: optical coupler of splitting
ratio k, PC: polarization controller of rotation angle 6, PMF: polariza-
tion maintaining fiber of length L and delay At
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method that can be adopted for this purpose exploits the
spectral broadening of the amplified pulses to longer wave-
lengths (red shift) due to self-phase modulation (SPM)
[17]. More specifically, the amount of the SPM-induced
spectral shift to longer wavelengths is larger for the higher
than for the lower-amplitude marks. This suggests that if
a large part of the broadened spectrum after the SOA is
selected for the less intense marks, while it is rejected for
the more intense marks, then the uneven red shift can be
compensated and converted into more equalized pulse peak
amplitudes. The achievement of this goal requires resorting
to some type of optical filtering [15, 18-24]. In this con-
text, we have shown how the BFL can successfully act as
notch filter to mitigate the SOA pattern effect [13, 14].

In its standard structure, the BFL consists of an OC, a
PC, and a PMF [1]. Each one of these building compo-
nents plays a distinctive role in the operation of the BFL.
First, the coupler of cross-coupling power ratio k splits
the incoming data modulated light wave into two counter-
propagating beams, which reenter it after travelling along
identical optical paths inside the loop. Secondly, the PC
changes the orientation of the linearly orthogonal polariza-
tion states, into which each beam is decomposed, by some
angle 0 between 0 and 7 /2 with respect to one of the prin-
cipal axes of the PMF. Thirdly, the PMF of length L intro-
duces via its birefringence B a relative delay, At = (BL)/c,
where c is the speed of light in vacuum, and accordingly a
wavelength-dependent phase difference between these polar-
ization components, I'(1) = 2nwcAt)/A = 2nBL)/A,
where 4 is the reference wavelength [1].

The OC should equally divide the signal received by
the BFL, while the PC should produce a rotation of 77 /2 to
the polarization of light coming from both directions. This
implies that £ and 6 should obey k = 0.5 and 6 = 90°. In
this case, the intensity transmission function at BFL output
port 2 is given in the spectral domain by [1]

TerL(4) = cos’[I"(4)/2] = cos’[7BL/A] (1)

This function exhibits repetitive lobes, which alternate
between maxima (peaks) and minima (notches) in a comb-
like manner [1]. The wavelength separation between con-
secutive maxima is determined by the free spectral range
(FSR), FSR = 22/(cAt) = 2?/(BL) [1], while the minima
are located halfway between them. The cosine-squared
form of the spectral response enables the BFL to be
employed as notch filter for suppressing the SOA pattern
effect [13, 14]. However, if the OC and PC deviate from
their optimum settings, the potential of the BFL to improve
the pattern-dependent SOA performance can be seriously
compromised. In practice, this can happen when the cou-
pler does not have a perfect 3 dB power-coupling coeffi-
cient due either to uncertainties in the manufacturing pro-
cess or to its wavelength dependence [25], and also because
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the PC has limited precision when it is manually controlled
[9]. The consequences of these imperfections are twofold.
First, the relative contrast between the BFL transmission
maximum and the adjacent minimum is reduced [1]. In sec-
tion 3, we show through Jones matrix description the exact
magnitude of this reduction as function of k and 6. Then,
the asymmetrically broadened spectral components after
the SOA will not be properly aligned around the notches
but lie closer to the BFL transmission peak. Thus, they will
suffer only a partial and identical attenuation, when the
latter should scale with the degree of their red shift [15].
Second, the power of the polarization mode to which the
incident amplified light is transferred at the BFL output
[6-8] is decreased. This manifests as unwanted crosstalk
between the orthogonal states of polarization. The ampli-
fied signal will then suffer a stronger elimination due to the
filtering action of the BFL [23]. This leads to reduction in
the net gain of the SOA-BFL combination, which will not
be sufficient for supporting ultrafast direct signal amplifi-
cation with network loss compensation included [15]. On
the other hand, the PMF differential time delay, Az, may
fluctuate if the PMF is subject to environmental changes,
especially of the ambient temperature [26], or if the PMF
suffers various mechanical strains, such as bending, ten-
sion, or twist [27] during manufacturing or handling. The
finite accuracy of providing this temporal offset may also
be affected if the PMF is connected to the two branches of
the polarization-preserving coupler by splicing or is formed
by concatenating different PMF segments [27]. This may
disturb the condition of interference of the recombined
counter-propagating amplified signal constituents [28].
Consequently, it may not be possible for the higher ampli-
fied marks to be clamped and the lower ones to be compar-
atively enhanced, as required in order to suppress the SOA
pattern effect [22]. This fact will result in a high-amplitude
modulation and hence in an unacceptable degree of pattern
effect at the cost of increased power penalty [20]. There-
fore, if any of the above practical reasons holds, either indi-
vidually or in combination, then the efficiency of the BLF
scheme to suppress the SOA pattern effect will be reduced.
Therefore, the impact of the non-ideal PMF, PC, and OC
must be considered, investigated, and assessed. This task is
addressed in the following by conducting numerical mod-
eling and deriving simulation results.

3 Modeling

In order to model the setup in Fig. 1, we describe first
the BFL operation and then link it to the SOA operation.
For this purpose, we follow a fundamental theoretical
approach, which relies on working with electric fields so as
to be able to pass from the time to the spectral domain, and

vice versa, and acquire information in both domains. The
objective is to obtain expressions for the electric field of the
signal after the SOA and after the BFL.

The transmission of a comb filter, like the BFL, can be
conveniently modeled by means of Jones matrix formal-
ism [28-34]. For this purpose, we must identify the Jones
matrix of each element involved in the construction of the
BFL. Thus, starting with the 2x2 OC, and assuming that it
is a polarization-independent reciprocal element, its Jones
matrix is [31]

K] — {\/1 — k[ jVkl] } @
BZ vk JT=kl)
in the direction of splitting light and
[Ke] = [NE[” ‘1_"[”} 3)
VI=kII jVklI

in the direction of combining light. In these relationships,
[1] is the identity matrix while the imaginary number unit j
stands for the cross-coupling pass of light in both directions
and the induced phase shift of /2 relative to in-coupling.
Proceeding with the PC, its Jones matrix is [28]

Upc] = cosf —sinf
PCI= 1 5ino  cos® )
Finally, the Jones matrix of the PMF is [28, 30-32]
dTAD/2
[JpmF] = |:0 e_jr(g)/z (®)]

The BFL can be described by taking the product of these
matrices according to the rules of Jones calculus [35]. This
is separately done for the clockwise and counterclockwise
directions [32, 33] according to the equivalent optical cir-
cuit of the employed BFL configuration [30]. By combin-
ing the resultant Jones matrices and using the same nomen-
clature as in [34] for light propagation through the BFL, we
obtain the relationship between the output and input elec-

tric fields
{[Elouﬂ] — [Ke] x |:[JPMF][JPC] [0]
[E20ur] <70 Uecl” Jemel”
[E1N]
X Kilx [[Ele]}

In the general case, [E1N], [E2IN], [ElouT] and [E2ouT]
are two-dimensional column vectors, which describe the
input and output electric fields at BFL input port 1 and out-
put port 2, respectively. However, with regard to the experi-
ment [13, 14], only port 1 receives light. In practice, this
condition is satisfied owing to the small polarization sen-
sitivity of commercial SOA devices [36], and the fact that
the transmission of the BFL is independent of the input
polarization [6]. Thus, without loss of generality, we can
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assume that the data modulated light which exits the SOA
and enters the BFL is linearly polarized along the horizon-
tal PMF axis, x. This means that [Eljn] = [ElIN,x O]T
and [E2;n] = [0], where the superscript ‘7° denotes the
transpose matrix operator, which is applied to account
for beam counter-propagation [32, 33], and [0] is the null
matrix. After algebraic manipulation of (6), we can derive
the expression at BFL output port 2 for the electric field
component whose polarization should be swapped, accord-
ing to the BFL principle of operation [6, 7], to the vertical
PMF axis, y

E2outy(A) = [e 7T A /2 5in g + 2jk sin(I"(2)/2) sin O1E 11N ()
@)

However, in case that k # 0.5 and 6 # 90°, part of the input
electric field at the original polarization, x, is also transmit-
ted to the target BLF output port 2, as indicated by

E2outx(A) = (1 — 2k) cos e/ D2 E1N (4) )

Since this term can be completely extinguished only when
k # 0.5 and 6 # 90°, this means that it reduces the total
intensity at the output. This negative effect is taken into
account in the BFL performance tolerance analysis through
the quantity of crosstalk, as highlighted in Sect. 5. Thus, by
adding the squared modulus of (7) and (8) and normalizing
the sum to the input, the intensity transmission at BFL out-
put port 2 is

Tor () = [[E200r, D) + [E20ura D[] /| i)
=1+ 4k(k — D[1 —sin®Hcos®>(I'(1)/2)]  (9)

This is the general form of the BFL transfer function which
includes the contributions of all BFL building components
when these are non-ideal.

From (7) and (8), the electric fields at BFL output port 2
can be converted back into the time domain through

E20ut, (1) = F~'{F[Esoa(D1[E20ut,(A)/E1N.) (A)] }
(10)

E2our«(t) = F~ {F[Esoa()1[E20utx(2)/Elng) (D) }
an

where the operators F and F~! stand for Fast Fou-
rier Transform (FFT) and the inverse operation (IFFT),
respectively, and Egopa(t) is the electric field of the
amplified data, which is normalized so that its squared
modulus represents power [17]. This is given by
Esoa(t) = Eqaa(t) exp [' /2(1 — ja)h(1)], where o =8 is
the SOA linewidth enhancement factor [15] and A(¢) is the
integrated SOA power gain in response to data of amplitude
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Eqata(t) [17]. This function satisfies the following differen-
tial equation

da(®) _ In(Gss) —h(1) | Edata (1)
dr Tcarrier ES’dt

where  Ggs = 23dB, Tearrier = 75pS, Esat = 1.5p]  are
the SOA small signal gain, carrier lifetime, and satura-
tion energy, respectively. The solution of (12) according
to the numerical approach described in [37] and for the
same input data signal characteristics as in [15] allows
to calculate h(t). By knowing h(#), we can then find the
signal power, PsoaBrL (1) = |EsoaBrL (1) ?, and spec-
trum, SsoaBrL(4) = |F[ESOA,BFL(f)] , after the SOA
and BFL, respectively, where IEBFL(t)I2 = |E20UT,y(t)|2
+|E20utx(t)|” using (10) and (11). The modeling is exe-
cuted in MATLAB.

{exp[h(D] — 1} (12)

4 Model validation

We first demonstrate the suitability of the model to produce
realistic and accurate results. Since for the SOA this task
has been successfully addressed in [15, 37], in the follow-
ing, we focus on whether this validity also holds for the
theoretical description of the BFL. For this purpose, we
compare theoretical against experimental data [13, 14] so
to check whether there is a good agreement between them.
Starting with the BFL spectral response, we show in
Fig. 2 the measured (solid line) and the calculated (dashed
line) intensity transmission spectra. Both results are
obtained for At = 8.8 ps used in the experiment [13, 14].
Since during the experiment the PC inside the BFL was
manually controlled, it was not possible to know precisely

Measured
5t ———Calculated

Transmission (dB)

1550
Wavelength (nm)

Fig. 2 Measured (solid line) and calculated (dashed line) BFL inten-
sity transmission spectra. FSR: free spectral range
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the rotation angle 6. The BFL OC had a power-coupling
tolerance whose exact percentage was not known either,
and so k could deviate from being purely symmetric. For
these reasons, the BFL transmission could not be opti-
mized according to (1). Instead, the best interference fringe
achieved had a finite peak-to-notch contrast ratio (PNCR)
of &~ 20.5 dB around 1550 nm [13, 14]. According to (9),

PNCR — [BFLmax _ 1+ 4k(k — 1) cos?0

= , k#£1/2
TBFL min 1+ 4k(k — 1)

13)

where Tgpp 10 @nd Tgpy i, denotes the maximum (peak)
and minimum (notch), respectively, of the BFL transfer

function. Thus, by setting this ratio equal to 20.5 dB, we
find 6 ~ 89.8° and k =~ (0.452, which are used as fixed val-
ues for these parameters throughout the simulation. Next,
we replace these values in (9) and plot the simulated trans-
fer function, T (4), together with its experimental coun-
terpart. In this procedure, the analytical result has been
derived by assuming that the losses of the components that
construct the BFL are compensated for. In practice, this
condition is satisfied with the assistance of external amplifi-
cation [13-15]. Then, we can see that, except for slight dis-
crepancies in the characteristics of the peaks and notches,
which occur for similar reasons to those justified in [15],
the forms of the two curves are identical, which confirms
the correctness of (9).
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We continue by addressing the correctness of (10) and
(11). Since the sum of their squared moduli results in
|EgrL(7)|% this is done with the help of the experimental
evidence available for the BFL outcome in the time domain
[13, 14]. More specifically, Figs. 3 and 4 depict temporal
waveforms at the SOA (a) and BFL (b) output for a rep-
resentative 20-bit-long data stream inside a pseudorandom
binary sequence (PRBS) of word length 27 —1. This data
stream contains pulses that either have an initial amplitude
modulation of 0.35 dB [13, 14] prior to entering the SOA
(Fig. 3), or are separated by an interval of six consecutive
spaces [14] (Fig. 4). Then, we can verify that in both cases,
there is a good agreement between experimental (left col-
umn) and theoretical results (right column). In fact, the
numerically calculated amplitude modulation values after
the BFL, namely 0.28 dB (Fig. 3b) and 0.23 dB (Fig. 4b),
are comparable to those reported in [13, 14]. Furthermore,
the profile of the simulated pulses and of their amplitude
fluctuation is similar to experiment.

5 Results and discussion

The sensitivity and tolerance of the BFL-based SOA pat-
tern effect suppression scheme to the deviation of the BFL
components from their optimum settings is investigated
and assessed against the following performance criteria.
First, the amplitude modulation (AM) of the output sig-
nal, which quantifies the pattern-dependent pulse wan-
dering. It is defined as AM (dB) = lOlog(Prlnax/Prlnin),
where P} and PL. is the maximum and minimum peak
power of the marks in the amplified data stream, respec-
tively [22]. The AM should be as low as possible but it
is considered acceptable for lightwave telecommuni-
cation systems if it is lower than 1 dB [22]. Second, the
crosstalk (CT) at the BFL output, which is defined as
CT (dB) = 10log (IE20ut«|*/|E20UT,|?), and is a meas-
ure of the degree of signal isolation between the desirable,
v, and undesirable, x, polarization modes [38]. Third, the
power penalty (PP), which characterizes how efficiently
the BFL can achieve error-free operation. It is defined as
the difference in the average optical power at the receiver
end between the back-to-back (b-b) and BFL connec-
tion, in order for the Q-factor to equal six, i.e., Q = 6,
or equivalently for a bit-error rate BER =1 x 107°
[39]. By neglecting the contribution of the spaces to the
receiver performance for reasons explained in [15], this
metric is calculated in the thermal noise limit from [39]
Q = 2RPec BFL/O1 o, Where PrecprL is the average
received power after the BFL, R = 1 A/W is the receiver
responsivity at 1550 nm and o7 ¢ is the root-mean-square
value of the total noise current fluctuation induced due to
the pattern effect and the receiver thermal noise. Thus, the
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variance of this quantity is given from aﬁtot = aﬁpe + o%,
where aﬁpe is the variance of the peak powers of
the marks caused due to the pattern effect, and [39]
a% = (4kpT /Ry )F, Af is the thermal noise variance, where
kp is Boltzmann’s constant, T is the absolute temperature,
and Rp, =50Q,F, =2 (3 dB) and Af =5 GHz are the
receiver’s load resistor, noise figure and bandwidth, respec-
tively. Then Prec is calculated for the target Q-factor for
different BFL critical parameters settings and is compared
to the back-to-back receiver sensitivity, Eec’b_b = Qor/R
[39]. The PP is found after accounting for the contribu-
tion to the power budget from components such as booster
amplifiers, attenuators, filters, and couplers, which inter-
vene in the fiber path that leads to the receiver for the BER
measurements [15]. Ideally, the PP must be as low as pos-
sible, still if it does not exceed 1 dB, then it lies well within
the typical range of values allocated for lightwave system
performance degradation impairments [40]. In the follow-
ing, we present simulation results against At, 6 and k so as
to specify if, and under which conditions, all defined per-
formance criteria can be simultaneously met. Note that the
impact of the non-ideal OC is also quantified through the
percentage deviation from the perfect 3 dB splitting ratio,
A. This percentage is related to the cross-coupling power
coefficient, k < 0.5, by k = 0.5(1 — A) [41], so that A =0
corresponds to a perfectly symmetric coupler, kK = 0.5.
Figure 5 shows the variation of the AM against Ar.
This curve was obtained for an initial pulse AM, so that
the AM after the SOA is equal to the experimental one [13,
14]. This was done because during the experiment, the AM
was measured on pulses that belonged to the 20-bit-long
data stream of Fig. 3a, while in the simulation the AM was

25
2t ]
15}
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0 . . ] |
0 2 4 6 | 8 10 12
Ar (ps) 7.23 10.33

Fig. 5 Variation of amplitude modulation, AM, versus PMF relative
delay, At. The gray zone indicates the permissible range of values
for this parameter. The vertical arrow indicates the limit above which
pulse distortion occurs due to BFL filtering
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calculated across the whole PRBS. From this figure, we
observe that the AM is gradually reduced with the increase
of At. This occurs because the FSR and the falling slope
of the BFL transfer function become more narrow and
steep, respectively. These changes enable the BFL to com-
pensate more efficiently for the pattern effect. This behav-
ior was explained for polarization discrimination-based
filtering schemes having similar operation principle and
intended to serve the same purpose as the BFL [15]. How-
ever, as At continues to increase and the equivalent PMF
length exceeds 10 m, a satellite pulse appears inside the bit
interval of the amplified pulses. This impairs their profile,
as shown in Fig. 5, and imposes a bound on the maximum
possible AM reduction.

The dependence of the PP on At is shown in Fig. 6. This
curve was obtained by running the SOA model after add-
ing 31 repetitive marks before applying the standard 27—
1 PRBS. This bit padding was necessary because the BER
and subsequently the PP measurements were taken by
using a PRBS of length 231 —1 [13, 14]. However, employ-
ing such a long PRBS would be prohibitive for the simula-
tion in terms of computational efficiency [42]. To overcome
this difficulty but still ensure that the SOA is driven by
data under a similarly demanding condition, we exploited
the PRBS balance property. According to this property, the
longest run of marks in a PRBS of length 2" — 1is n [43].
In this manner, we managed to simulate the perturbation of
the SOA gain dynamics by the same number of consecu-
tive marks as in the laboratory and hence evaluate the PP
when the SOA pattern-dependent operation is stressed on
the edge. Since in this case the SOA is heavily saturated,
its recovered gain at the end of the applied string of marks,

25

1.5¢ 4

PP (dB)

0 L L | |
0 2 4 | 6 8 10 12

543 10.33
A7 (ps)

Fig. 6 Variation of power penalty, PP, versus PMF relative delay,
At. The gray zone indicates the permissible range of values for this
parameter

Gy, is well below the unsaturated level, Gg. This reduced
gain defines the initial gain encountered by the first sample
of the first pulse in the 27—1 long PRBS. For this reason,
(12) was solved to find the SOA response, h(t), by replac-
ing G with Gy. By following this approach, the amount of
simulated PP right after the SOA, i.e., for At = 0 ps, was
fitted to the experimental one [13, 14]. However, the pre-
dicted PP reduction owing to the BFL is somewhat higher
than the experimental one [13]. This designates that there is
margin for further improvement of the PP. In fact, the form
of the curve shows that as At is increased, the PP follows
the AM drop in Fig. 5 but more sharply. Moreover, the PP
becomes acceptable when At is 1.8 ps smaller than for the
AM. These observations indicate that the PP is actually
more sensitive to the variations of the specific parameter.
The power penalty reaches its minimum, PP = 0.07 dB,
at the rightmost side of the horizontal axis, i.e., for
At = 10.33 ps, where the amplitude modulation exhibits
its lowest level, AM = 0.8 dB. Thus, both metrics become
minimum, but the magnitude of the AM is comparatively
larger. Nevertheless, even when the amplified data pulses
must drive another SOA, as it happens in cascaded SOA
architectures [44], another BFL can compensate for the
AM imposed on these data pulses so that it is well below
1 dB before entering the next SOA.

According to Figs. 5 and 6, the upper edge of At values
is common for PP and AM, while the lower edge is deter-
mined by the AM. Thus, the values of At which are per-
missible for both PP and AM span from 7.23 to 10.33 ps,
which means that 7.23 < At < 10.33 ps. Interestingly, the
value of At that we used in the experimental demonstra-
tion in [13, 14] falls inside this range, which supports the
validity of the above extracted condition. Now, we must
check whether this range is sufficient from a practical per-
spective and also suitably select a At within it. At may
fluctuate due to reasons associated with the loop length or
birefringence. In the BFL conventional implementation,
the length of the PMF may not be accurately known due
to uncertainties, either when this length is experimentally
measured, or when the PMF is manufactured. In the former
case, the maximum deviation from the correct At value
is of the order of 0.125 ps. This value is estimated for a
commercially available PMF patchcord as short as 0.25 m,
assuming that the committed measurement error is as high
as half the nominal value. In the latter case, the maximum
deviation of At is of the order of 0.1 ps as a result of a typi-
cal PMF length tolerance £10 cm specified in data sheets.
Moreover, the PMF length and birefringence may undergo
perturbations due to changes in ambient temperature [26].
However, the respective thermal expansion and thermo-
optic coefficients in response to these changes are of the
order of 1077 per degree celsius [26, 45]. This means that
the temporal displacement of At is negligible, much more
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if a PM photonic crystal fiber (PCF), which is extremely
insensitive to temperature variations [26], is used instead
of the standard PMF. At also drifts due to strain-induced
birefringence changes, which are applied via the intraloop
PC in order to properly detune the BFL transmission peak
and efficiently suppress the SOA pattern effect [13, 14].
Again, a very small alteration of the loop birefringence,
i.e., ~ 1077, is adequate for shifting the comb spectrum
by FSR/2 [46]. On the other hand, a more convenient and
compact way to emulate the function of the PMF is to
replace it by a differential polarization delay line (DPDL)
[15]. The resolution of such an off-the-shelf module can
be as high as 1.36 ps when the delay is varied as fast as
a quarter of a millisecond [47]. Therefore, among all the
aforementioned factors that incur a change on Az, the con-
tribution of the finite DPDL resolution is the highest and
accordingly determines the maximum tolerance of the
central At value, i.e., 1.36 ps. Then we choose the upper
bound of At as the reference point. The reason for doing
this is because this bound is the more restrictive for the
performance of the BFL scheme due to the serious pulse
deformation that occurs if it is surpassed. In this manner,
we take At = 8.97 ps. This value is only ~ 2 % higher than
that in [13, 14] and ensures that the various fluctuations of
At are confined within the derived allowable range of this
critical parameter.

The effect of the PC orientation angle on the BFL per-
formance metrics is investigated by altering 6 up to 10°
away from its optimum value of 90°. Initially, we verify
that the variation of the specific parameter within this range
does not cause any distortion of the amplified pulses nor
has a significant impact on the AM, which remains almost
constant to the acceptable value of 0.87 dB. However, this
does not happen for the CT, as shown in Fig. 7, since as

} . . . | |
30 82 84 86 | 88 00
0 (degrees) 86850 89.775

Fig. 7 Variation of crosstalk, CT, versus PC rotation angle, 6. The
gray zone indicates the permissible range of values for this parameter

@ Springer

0 is reduced from /2, the CT is progressively increased.
When 6 drops below 86.85°, the CT becomes higher than
40 dB. If the latter value is taken as the reference limit, then
the maximum deviation of the rotation angle, ABp,x, from
its ideal setting that can be tolerated with respect to the CT
is 3.15°. This is an important difference against At, despite
the variations of which CT is kept well below 40 dB. Fur-
thermore, we note that the specified permissible margin can
be even narrower if the criterion for the CT becomes more
tight, i.e., & 0.32° at 60 dB. Nevertheless, ABmax is still
practically achievable with electrically, instead of manu-
ally, actuated PCs, which can have a rotational accuracy as
fine as 0.225° at the price of a more complicated and less
cost-effective construction [48]. Concurrently, the incurred
PP does not exceed 0.3 dB, and hence, it is more than
acceptable.

The sensitivity of the BFL performance to the varia-
tion of the coupling coefficient is checked with the help of
Figs. 8 and 9. It can be seen that the asymmetric splitting
ratio can be reduced until £ < 0.23, where the PP is intol-
erably degraded. However, the allowable variation is much
smaller with respect to the AM, which becomes unaccep-
table for k < 0.45. Therefore, in order to ensure that both
metrics lie below 1 dB, the deviation from a perfect 3 dB
splitting ratio must be kept within &~ 10 %. This coupling
ratio tolerance is technologically feasible for commercially
available PM 3 dB couplers. In fact, based on the specifica-
tions available for these components [49], even a change of
up to 5 % from the optimal coupling condition is practi-
cally possible and would further improve the overall per-
formance of the BFL. Also, we note that while k£ has no
significant impact on the CT, it has a greater influence on
the AM and the PP than 6. This is attributed to the different
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0. . . . |
8 0.2 0.3 04 | a.5
k 0450 0495

Fig. 8 Variation of amplitude modulation, AM, versus OC power
splitting ratio, k. The gray zone indicates the permissible range of val-
ues for this parameter
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Fig. 9 Variation of power penalty, PP, versus OC power splitting
ratio, k. The gray zone indicates the permissible range of values for
this parameter

way these two parameters affect the BFL transfer function.
Thus, 6 affects the maximum peak, while k the maximum
depth, of the transfer function. However, the influence of
k is more intense than 6, because, according to (9), in the
first case, the magnitude variation is parabolic-like, i.e.,
4k% — 4k + 1, while in the second case, it scales with the
squared modulus of sin(-). Consequently, the changes of 6
within the range scanned in Fig. 7 affect negligibly the val-
ues of the transfer function, while those of k can cause a
variation of up to 50 %. Since the data carrier is spectrally
offset from the transmission peak [13, 14], the peak drop
due to 6 is a form of loss that does not impair the capa-
bility of suppressing the pattern effect. In contrast, what is
important is to make the notch deep enough so that the red
shifted SPM components of the amplified signal, which fall
close to this notch, are sufficiently attenuated depending on
the degree of their shift [15]. Meeting this requirement is
decisively determined by k, so this parameter is more criti-
cal for the BFL performance tolerance compared to 6.

The outcome of the extensive analysis conducted above
impacts the amplified data pulses as shown in Fig. 10. This
figure depicts how the quality of these pulses, which belong
to the same data frame as in Fig. 3, is affected when the
BFL critical parameters lie (Fig. 10a, b), or not (Fig. 10c),
within their specified tolerance range. We distinguish
between the best (Fig. 10a) and worst (Fig. 10b) scenarios,
which hold when the values assigned to these parameters
coincide with their feasible upper and lower permissi-
ble limit, i.e., (At,0,k) = (10.33 ps, 89.775°,0.475) and
(A1,0,k) = (7.61 ps, 86.85°,0.45), respectively. In both
cases, we verify that as long as the extracted operating
conditions are satisfied, the AM stays below 1 dB, which
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0] 500 1000 1500 2000
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Fig. 10 Simulated temporal waveforms at BFL output for BFL criti-
cal performance parameters values assigned within, a, b, or outside,
¢, specified tolerance range. a, b refer to the best and worst-case sce-
narios, respectively

is reflected on the maximum peak amplitude difference
denoted by the vertical arrows. The same happens for the
PP, which does not exceed 0.48 dB and in the most favora-
ble situation is negligible. The CT is also less than 40 dB.
These results are supported by a net gain of the BFL-SOA
system [15] over 13 dB, which is adequate for direct signal
amplification applications [15]. However, if the BFL is not
designed according to the rules derived for its components,
then the SOA pattern effect becomes harmful. In fact, all
performance metrics become unacceptable, and intense
peak amplitude fluctuations occur on the amplified pulses
(Fig. 10c). This contrast between Fig. 10a—c shows the use-
fulness of the theoretical treatment in the effort to imple-
ment a BFL, which under real building circumstances man-
ages to effectively reduce the SOA pattern effect.

6 Conclusion
In conclusion, we have presented a detailed study on the
performance tolerance of a BFL employed to suppress the

pattern effect in a SOA configured for direct signal ampli-
fication. A comprehensive model was used to describe the
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BFL output in the general case that the settings of the BFL.
building components are not perfect. The model was vali-
dated by comparison to experimental data and was used
to obtain simulation results to assess the impact of speci-
fied critical operating parameters on various performance
metrics. It was shown that the performance of the conven-
tional BFL is primarily affected by changes of Az, then k,
and finally, 6. In fact, variations of At may be responsible
for violating the defined criteria both for AM and PP, which
also happens for k but to a comparatively lower extent. For
0, in contrast, only CT is significantly affected. Conse-
quently, the degree of BFL performance tolerance is higher
against fluctuations of 6, lower against deviations of k, and
weaker against modifications of Az. The BFL performance
robustness against changes of these critical parameters can
be enhanced if the BFL is constructed from special compo-
nents, such as a programmable DGDL or PCF, a dynami-
cally controlled PC, and a loop forming coupler fabricated
with the least possible error from the absolutely even split-
ting ratio. This BFL construction is more cumbersome than
the conventional one but technologically feasible. This fact
combined with the attractive features of the BFL renders
the latter a viable and efficient solution for combating the
deleterious consequences of the SOA pattern effect with
increased performance tolerance. Therefore, the BFL-based
scheme can enhance the performance of SOAs in a variety
of direct amplification applications, such as power boosting
at the transmitter side [50, 51], in-line amplification along a
fiber link [52, 53], and preamplification at the receiver end
[54, 55].
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