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Abstract: A discrete inverse scattering method, known as layer-peeling, is used to synthesise a LPFG
(long-period fibre grating) from a desired complex spectrum by a direct solution of the coupled-mode
equations, while simultaneously determining the physical properties of the layered structure. The
physical properties of the grating structure are determined in a recursive layer-by-layer manner by
using causality arguments to design LPFGs exhibiting a flat-top spectral profile. The results obtained
from the layer-peeling method are optimised using the flip-flop method to ease the fabrication
process. We found that the layer-peeling method has the highest performance and executes in the least
amount of time. A discussion of possible applications where optimised broadband LPFGs could be
utilised in the field of telecommunications and sensing demonstrates the importance of the results.
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1. INTRODUCTION

Over the years, it has become important to design
appropriate optical filters, for example LPFGs, to achieve
a desired spectral response. LPFGs are transmission-type
spectral filters that can be used in various applications
with their guided-to-cladding mode power exchange, for
example as gain equalisers for erbium-doped fibre
amplifiers (EDFAs) [1], as channel routers in optical add-
drop multiplexers (OADMs) [2] or as sensors [3].

LPFG synthesis entails the derivation of the physical
properties of a transmission filter from a desired spectral
response [4, 5]. The grating synthesis problem is by no
means trivial, especially compared to the well-known
problem of computing the spectrum directly from a
specific grating structure [6]. When designing fibre
gratings, care should be taken to strictly monitor the
complexity of the index modulation of the grating
structure, such that it can be practically realised in the
optical fibre core during the grating fabrication process,
which was one of the aims of this research as well.

It has been shown that LPFG structures (e.g. exhibiting a
flat-top spectral profile) can be reconstructed fast and
efficiently from a desired complex spectrum using the
discrete layer-peeling (DLP) method [4, 5]. The physical
properties of a grating structure are calculated in a
recursive layer-by-layer manner by using causality
arguments. This method is stable and has a low
algorithmic complexity that scales as O(M’). Genetic
algorithms (GAs) and variational optimisation can also
used to synthesise LPFGs [7, 8]. However, these methods
have a low algorithmic efficiency and a slow

convergence when complex LPFGs are designed. In this
paper, the DLP method and flip-flop optimisation method
are used to design LPFGs to achieve a desired spectral
response. The flip-flop method has been known to be
effective in designing interference coatings and rugate
filters [9]. The flip-flop method is used to optimise a DLP
synthesised LPFG to exhibit either a low or high index
change at each grating period to ease the grating
fabrication process. Possible applications are also
discussed where synthesised LPFGs could be utilised.

2. BACKGROUND
2.1 Grating synthesis by layer-peeling algorithm

During the synthesis of an LPFG, the grating structure
and physical properties are derived from a desired
spectral profile utilising the transfer matrix model [4-6]

R(SY]_ - iorc[ R, (8)
B v

G_LPFG — |:SLPFG] _i(é‘/ }/L)SLPFGZ
J

- 14/ Y)S1pre ] )
=i(q 1Y,)S oo

SLPFG] +l(5/ yL)SLPFGZ
Where:

0 = detuning parameter

n=(g+o)'"

Sterg1 = cos(yAz)

Sterc2 = sin(y;Az)



42 SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS

Ry (0) and Sy, (0) are the amplitudes of the mode fields
traversing through a section j of length Az, where the
coupling coefficient ¢(jAz) is unique for each section j,
and p;= (- ¢; /|g))) tanh(/g|Az) [4, 5]. When using the DLP
algorithm, the LPFG structure is divided into M layers
separated by a distance Az, and the main aim is to obtain
the strength of the instantaneous scattering points py,
given a valid pair of transmission R, (J) and cross-
coupling Sy, (0) spectra [4]. The spectral fields, Ry, (d) and
Sy (0), are periodic with a period of J,, = m/Az. The
detuning parameter for uniform LPFGs is defined as ¢ =
(172)(B. — B) — (n/A), where B, is the propagation
constant of the core mode, S, is the propagation constant
of the uth cladding mode and A is the grating period [1].
The resonant wavelength of an LPFG structure is defined
as Apprg = Ange/A, where Angy denotes the difference
between the effective refractive indices of the core and
the cladding [1]. By letting all the coupling take place at a
single point, i.e. |g| — o, while the product gAz remains
constant, the distributed coupling process can be
separated into two parts that consists of replacing the
transfer-matrix matrix GjLP "G by a product of two transfer
matrices, G, (pure propagation between instantaneous
scattering points in LPFG) and G/,LPFG (mode-coupling in
the jth section) [4].
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The discrete coupling ratio in the LPFG is then simply
expressed as py = s3,(0) / ry (0), where the time-domain
coefficients are defined as [4]: R; (6) = ) r{(r)exp(i2Azdt)
and S;(6) = 3 s{r)exp(i2Azdt), where T = 0,1,...,M. Since
the value of p,, is known at the final layer, we can now
remove this layer and obtain the impulse responses of
layer M — I as follows [4, 5]:

Fua = [ @+ sy (D] |ow [ +1 (5)
stl(z'_l)z[SM(T)_/)M”M(Z')]/\HPMF+1 (6)

The DLP procedure of reconstructing a LPFG from a
complex spectrum profile is summarised in [4, 5, 8].

2.2 Grating synthesis by flip-flop optimisation method

For many years, the flip-flop method has been used
extensively for the synthesis of thin-film structures (with
practically realisable refractive index profiles) [9, 10].
The flip-flop method was effective in obtaining an
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equivalent thin-film structure exhibiting either a low or
high refractive index at all layers (exhibiting equal
thickness). In this paper, results are presented where the
flip-flop method was used to synthesise an LPFG
originally designed using the DLP method. The results
obtained from the flip-flop method are intended to be
used for the fabrication of an LPFG in single-mode fibre
using a point-by-point fabrication technique [11]. The
flip-flop method is described as follows:

1. Divide the LPFG to exhibit equal grating periods.
Since the grating was originally designed by using
the DLP method, the grating does not need to be
divided to exhibit equal grating periods. Take note
of the m phase shifts at each zero point of the
refractive index profile of the synthesised LPFG;

2. Assign initial refractive index values to each grating
period using a suitable starting index profile design;

3. Evaluate a fitness function that represents
performance of the starting index profile design;

4. Move through the synthesised LPFG and change the
state (i.e. refractive index) of each grating period
one-by-one. The fitness function has to be
calculated for each flipped state. A grating period
can exhibit either a low or high refractive index
value. The superior fitness function value for a
particular flipped state is retained and used in
subsequent calculations;

5. If the fitness function improved after evaluating all
grating periods in a single pass, step 4 is repeated,
otherwise the synthesis process is complete.

3. NUMERICAL RESULTS
3.1 Design of a broadband LPFG using the DLP method

In this section an LPFG is reconstructed from a complex
spectrum profile. The cross-coupled power spectrum has
a flat-top, nearly rectangular passband described by a
“Super-Gaussian” function [4]:

S, (8) = ﬁxexp[-(a/apb )20} )

where the maximum cross-coupled power (7) in the
passband is —0.46 dB. The passband's full width at half-
maximum (J,5) is 25 nm and the resonant wavelength
(Azprg) 1s 1562 nm. The grating chirp is 8.3 nm/cm. The
effective refractive index difference (An.y) between the
guided mode and fifth-order cladding mode is 3.4107.
The reference grating period (A) equals 459 pum. The
grating length (Liprg) is 30 mm and the number of layers
used to reconstruct the LPFG is 34, where M = Ly ppg/ Az.
During the simulation, the number of wavelengths (X) is
equal to 1000. The power transmitted by the core mode
and cladding mode are shown in Figure 1. The
transmission spectrum is kept above —11 dB, exhibits a
full-width half maximum (FWHM) bandwidth of 24.9
nm, and has no sidelobes. The ripple variation of the
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transmission spectrum and cross-coupled spectrum are 0
dB and 1.2x107 dB, respectively. Figure 2 shows the

coupling coefficient and index modulation of the
synthesised LPFG. The LPFG has uniform grating
periods and a refractive index profile that exhibits a sinc-
like envelope, where there exists a z phase shift at each
minimum point [4, 5]. Zhang et al. observed similar
results after the DLP method was used to reconstruct an
LPFG [5]. An error function is used for the measurement
of the difference between the synthesised and desired
cross-coupling spectrum of an LPFG. The error function
is used to evaluate the performance of the synthesis
method and is expressed as: d{Ssyn, Spes} = Y, (|Ssynkl —
| SDEskaZ, where Ssynx and Spgs are the kth value of the
synthesised and desired cross-coupling spectrum,
respectively [8]. The temporal performance (R.) metric is
commonly used for comparing the performance of
different algorithms for the solution of the same problem
[12]. Temporal performance is commonly expressed in
solutions per second (sol/s) and attains a maximum when
the algorithm's run-time is at a minimum [12]. The
reconstruction of the LPFG took 768 milliseconds using
MATLAB® on a 2.2 GHz Athlon K7 computer. The DLP
algorithm reproduced the original cross-coupling power
spectrum with an absolute error of almost 0%. The
maximum error in computing the cross-coupled power in
the simulation is of the order of 10 dB. The absolute
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Figure 1: Spectrum results associated with the
synthesised LPFG compared to results of desired LPFG
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Figure 2: Refractive index modulation and coupling
coefficient of synthesised LPFG
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error is calculated in the wavelength region, 1489 to 1635
nm. The DLP algorithm produced 655.5 KFLOPS within

768 ms of execution time. The temporal performance of
the layer-peeling algorithm was calculated at 1.3 sol/s.

In practice the synthesised index modulation profile
illustrated in Figure 2 will be difficult to implement due
to its complex profile. Most often, it is difficult to
develop a fabrication system that delivers the required
accuracy [11]. The synthesised refractive index profile
illustrated in Figure 2 is segmented using the grating
period (i.e. 459 pum) to consider practical fabrication
issues. Unfortunately, the LPFG structure, considering
practical fabrication issues, differs from the original
synthesised LPFG in that the transmission spectrum does
not exhibit a perfect flat-top profile and in that the
spectrum bandwidth decreases.

3.2 Design of a broadband LPFG using the flip-flop
optimisation method

The refractive index change profile (considering
fabrication issues) can be simplified even further to ease
the LPFG fabrication process by using the flip-flop
method. The aim is to retain the grating periods as they
are, but to change the index change values to exhibit
either a low or high index change at each grating period —
essentially a “digital” design using only two refractive
index values. Figure 3 illustrates the transmission
spectrum obtained for the core mode and cladding mode
after implementing the flip-flop method in conjunction
with the DLP method. The results were obtained after
three iterations of the flip-flop method in less than 80
seconds. In Figure 3, the transmission loss of the flip-flop
synthesised LPFG exhibits a transmission loss greater
than > 6 dB within the stopband. The index change
profile of the flip-flop synthesised LPFG illustrated in
Figure 4 will ease the LPFG fabrication process. New
positions exist for m phase shifts along an LPFG, when
the flip-flop method is implemented. Figure 5 illustrates
that the dispersion for the optimised filter is small (4
ps/nm) when the LPFG is reconstructed using the DLP
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Figure 3: Spectrum results associated with the flip-flop
synthesised LPFG compared to spectra of DLP
synthesised LPFG with fabrication issues considered
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Figure 4: LPFG index modulation profile results obtained
using the practical DLP method and flip-flop method
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Figure 5: Predicted dispersion of optimised LPFG
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method, but increases when the filter structure results are
adjusted for practical implementation, especially when
the flip-flop method is used in conjunction with the DLP
method. The flip-flop method does not do a good job of
reproducing the transmission and cross-coupling
spectrum of the LPFG synthesised using the DLP
method, resulting in an absolute error of ~4%. The
maximum error in computing the transmission power in
the flip-flop simulation is of the order of 10™" dB. The
flip-flop algorithm produced 72.1 KFLOPS within 78
seconds of execution time. The temporal performance of
the flip-flop algorithm was calculated at 1.3 107 sol/s.

3.3 Discussion

In this paper, LPFGs have been synthesised using the
DLP method and flip-flop method. These synthesis
methods were used to reconstruct an LPFG structure from
a complex spectral profile. The DLP method (discussed
in Section 3.1) reconstructed an LPFG efficiently,
resulting in an absolute error of almost 0% and a
temporal performance of 1.3 sol/s. A high-precision
LPFG fabrication system would be required to induce the
synthesised refractive index change profile in an optical
fibre. The flip-flop method (discussed in Section 3.2)
could not reconstruct an LPFG efficiently. The flip-flop
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method exhibits an absolute error of ~4% and a temporal
performance of 1.3x107 sol/s. The flip-flop method
produced a much simpler refractive index change profile
compared to the DLP method, but still exhibited © phase
shifts at discrete points in the synthesised refractive index
change profile. The temporal performance metric was
used to compare the performance of different algorithms
for the solution of the same problem. It was calculated
that the DLP method has the highest performance and
executes in the least amount of time.

4. LPFG FABRICATION AND RESULTS

The experimental set-up discussed in [11] was used to
fabricate the broadband LPFG. The grating was
fabricated in photosensitive single-mode fibre using a
TEMy;» - mode CO, laser (Edinburgh Instruments PL2-
M) by implementing the point-by-point fabrication
method. Figure 6 illustrates the refractive index change
profile of the synthesised LPFG considering practical
fabrication issues, as well as the index change profile
implemented during the grating fabrication process. The
index modulation profile implemented during LPFG
fabrication is narrow and exhibit a maximum index
change of 3.810 near the centre of the grating. The
index change profile implemented during LPFG
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Figure 6: Index change profile implemented during
fabrication of complex LPFG designed with DLP method
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Figure 7: Spectra simulated and measured after
fabricating complex LPFG designed with DLP method
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fabrication (line-cross graph) can resemble the index
change profile considering fabrication issues (line-dot
graph) more closely by decreasing shutter exposure time.
Figure 7 illustrates the transmission spectrum measured
after the complex LPFG was fabricated. The measured
spectrum did not exhibit a flat-top, but exhibits minimal
sidelobes and a FHWM stopband bandwidth close to the
target spectrum (dotted graph). The measured spectrum
exhibits a FWHM stopband bandwidth of ~27 nm and a
maximum transmission loss of 10.3 dB at ~1561 nm.
Figure 7 shows that the measured transmission spectrum
(dash-cross graph) differs from the theoretical
transmission spectrum (dash-dot graph). The reason for
this could be attributed to grating imperfections or
accumulation of numerical errors and phase errors when
the DLP algorithm is implemented during the simulation
of the LPFG transmission spectrum (using index change
profile implemented during LPFG fabrication process).
The greater the difference between the original DLP
synthesised index change profile (dashed graph of Figure
6) and the practical index change profile (line-cross graph
of Figure 6), the greater the grating phase error will be.
The grating fabrication set-up in [11] does place a limit
on the accuracy that can be achieved in manufacturing
LPFGs designed with the DLP method. The LPFG
experimental results obtained with the DLP algorithm
were not good enough, since the LPFG transmission
spectrum did not resemble a flat-top type spectral profile.
However, the measured spectrum did exhibit a high
transmission loss and broad bandwidth in the stopband.
The theoretical results obtained from the flip-flop method
were not considered in experiments, because the
simulation results obtained from the DLP algorithm was
used by the flip-flop method to simplify the index change
profile. It was expected that if no decent experimental
results were obtained with the DLP algorithm, better
experimental results would not be obtained with the aid
of the flip-flop method either, unless a more accurate
LPFG fabrication set-up is used. To our knowledge, this
was the first time a point-by-point fabrication method
was used to manufacture a DLP synthesised LPFG.

5. APPLICATIONS

5.1 Bragg grating sensor interrogated by an LPFG

Circulator

FBG

Broadband
LPFG

Stage | Stage 2

Figure 8: Schematic diagram of FBG sensor system with
LPFG as interrogation element

Figure 8 illustrates a system that operates on the principle
of using a broadband LPFG to interrogate a fibre Bragg
grating (FBG) strain sensor, which is based on strain
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. Stage 1

circulator

Figure 9: Illustration of the experimental set-up for fibre
grating sensor interrogation

related optical intensity measurements. The experimental
set-up consisted of a superluminicent-diode (SLD) light
source, broadband LPFG, optical -circulator, two
translation stages, a narrowband FBG and an optical
spectrum analyser (Ando AQ6315B). Each translation
stage contains one fibre clamp. The distance between the
fibre clamps is ~1 m before the fibre is strained. Figure 9
illustrates an image captured of the experimental set-up
for fibre grating sensor interrogation. The LPFG length is
40 mm and exhibits a 1567.7 nm resonant wavelength
(ALprg) when mode-coupling is performed to the fifth-
order cladding mode. The broadband LPFG is used as an
edge filter that yields an almost linear relationship
between the wavelength shift of the FBG and the detected
light intensity at different strain-induced values [13]. The
FBG length is 5 mm and exhibits a resonant wavelength
of 1546.4 nm. A FBG is a reflection filter that reflects
light at a specific resonant wavelength [6]. During the
experiments the resonant wavelength (Agpg) of the FBG is
located at the negative slope side of the LPFG curve (i.e.
intensity-descending side of LPFG transmission band) as
shown in Figure 10. The reflected FBG power decrease
when Apgg shifts to longer wavelengths. Figure 11 and 12
illustrates the shift in Apgg and decrease in light intensity
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Figure 10: Spectrum of FBG strain sensor and LPFG
employed as edge filter
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by varying applied strain from 0 to 2700 pe. The FBG is
strained by moving the second translation stage as shown
in Figure 8. The FBG produced satisfactory results when
it was placed under tension, resulting in a maximum
wavelength shift of 3.2 nm at a translation stage
displacement of 2.7 mm. Compared to other experiments
where narrowband LPFGs are utilised [13, 14], the
broadband LPFG used in this particular experiment
exhibits steeper side skirts, which results in the decrease
in light intensity to be more rapid when strain is applied
to the FBG. Using a LPFG exhibiting steep side skirts in
a FBG strain sensing system can be useful in
environments where small changes in fibre strain and
significant changes in optical light intensity need to be
monitored. To our knowledge, this is the first time results
are presented where a broadband CO,-laser-induced
LPFG is used to interrogate a FBG strain sensor.

5.2 Wavelength-tuneable OADM using broadband
LPFGs and a narrowband FBG

Figure 13 illustrates an OADM utilising a pair of
broadband LPFGs and a narrowband FBG, designed for
operation in a dense wavelength-division multiplexing
(DWDM) network. Evanescent field coupling in an
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Figure 13: Broadband ADM designed for WDM network

optical fibre-based wavelength-selective coupler (WSC)
allow broadband light to be transferred between two
fibres containing non-uniform LPFGs [15]. Since the
multiplexing part of the OADM illustrated in Figure 13 is
the mirror image of the de-multiplexing part, only results
obtained for the de-multiplexing part are presented.
Figure 14 illustrates the experimental set-up of the de-
multiplexing part of the OADM. A wavelength-tuneable
laser source (Agilent 81600B) was used to transmit a
specific wavelength channel at 1 mW through the WSC.
An EDFA was used to restore the power level of the
output signal obtained from the WSC to its original level.
A tuneable FBG (with 37.2% peak reflectivity) is used to
select a specific wavelength channel from the broadband
light routed through the WSC. The resonant wavelength
of the FBG is 1549.3 nm when no fibre strain is applied.
The results shown in Figure 15 were obtained from an
optical spectrum analyser (Yokogawa AQ6317C). Figure
13 illustrates that the non-resonant wavelengths travelling
beyond the FBG are routed to the multiplexing part of the
OADM. All signals exiting the second circulator are pre-
amplified before multiplexed on the original fibre link.
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@
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Optical spectrum
analyser

Multiplexer

Circulator Tuneable FBG

Figure 14: Schematic diagram of experimental set-up for
the de-multiplexing part of the OADM

6. CONCLUSION

We have shown that the DLP method can be used
successfully to reconstruct broadband LPFGs from a
complex spectrum. The DLP method has the highest
performance and executes in the least amount of time, but
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results in index modulation profiles that are difficult to
implement in practise. When the flip-flop method is used
in conjunction with the DLP method, much simpler
LPFG index modulation profiles are obtained, which may
be implemented in a LPFG fabrication process. The flip-
flop method does not require a complex initial design,
and has a rapid convergence. The application of using
broadband LPFGs in the field of telecoms and sensing
was experimentally demonstrated through the discussion
of possible applications. Precise control of the induced
index change in the fibre core is of utmost importance in
order to manufacture LPFGs that resemble the target
spectrum more accurately. The utilisation of the modified
DLP and flip-flop synthesis methods in conjunction with
an automated fabrication system shows great promise for
the manufacture of high-performance LPFGs for
application in various industries in the future.
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