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N-channel comb filtering and lasing in P7T -symmetric superstructures

S. Vignesh Raja,""" A. Govindarajan,>" A. Mahalingam,'-* and M. Lakshmanan?®-®
' Department of Physics, Anna University, Chennai 600 025, India
2Centre for Nonlinear Dynamics, School of Physics, Bharathidasan University, Tiruchirappalli 620 024, India

® (Received 30 September 2020; accepted 21 December 2020; published 5 January 2021)

A comb spectrum generating device based on Bragg grating superstructures with gain and loss is suggested
in this paper. The paper includes a comprehensive analysis of the device formulation and generation and
manipulation of the comb spectrum with a number of degrees of freedom such as duty cycle, sampling period,
and gain-loss parameter. For applications such as RF traversal filters and tunable multiwavelength laser sources,
the reflected intensities of the comb resulting from the superstructures should have uniform intensities, and this
is guaranteed by optimizing the physical length of the device and gain and loss in the unbroken P77 -symmetric
regime. Alternatively, it can be accomplished by reducing the duty cycle ratio of the superstructure to extremely
small values in the broken P7 -symmetric regime. Such a customization will degrade the reflectivity of the
conventional grating superstructures, while it gives rise to narrow spectral lines with high reflectivity in the
proposed system. Remarkably, combs with an inverted envelope are generated for larger values of gain and loss.
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I. INTRODUCTION

The optical frequency comb (OFC) is a widely used no-
tion to denote a spectral source featuring a series of isolated
spectral lines, which are uniformly spaced [1]. OFCs are read-
ily built from a diverse range of all-optical building blocks,
including mode locked fiber lasers [2—4], ring resonators
[5,6], sampled or superstructured fiber Bragg gratings (SF-
BGs) [7-15], PT-symmetric topological structures [1], and
so forth. OFCs have broad spectral span (with or without
uniform amplitudes) [11], and due to this inherent property,
the footprints of OFCs are found in both classical and quan-
tum optical applications such as telecommunication systems
[7-15], ultrafast spectroscopy [16], generation of attosecond
pulses [17], quantum computing [18], and optical frequency
metrology [19]. Precise control over the spectral characteris-
tics of OFCs is one of the challenging aspects of scientific
investigation [3,11,15,20] besides the scalability and on-chip
integration of these OFC sources [17]. For an outstanding
contribution to the generation of OFC and its application
to laser-based precision spectroscopy [21], Hall and Hansch
were awarded the Nobel prize back in 2005 [22,23]. Since
then, investigations on the generation, control, and application
of OFCs in various fields remain as one of the active areas of
research [3].

Research interest on modern light wave communication
systems is primarily targeted at effective utilization of the
available channel bandwidth via judicious design of mul-
tichannel devices that would simultaneously handle many
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independent frequencies [7-15]. In particular, OFCs based
on SFBGs are fascinating for the reasons that they are more
compact, less complex, and they can be employed to han-
dle multichannel functionalities like multiwavelength lasers
[20,24,25], broadband dispersion compensators [8,10,11],
transverse-load sensing devices [26], space-tunable multi-
channel notch filters [27], etc. Previously, the frequency comb
spectrum in the presence of gain and loss was realized in a
topological cascaded laser [1] and its realization in simple
optical devices like a fiber Bragg grating (FBG) still remains
to be explored, which is a subject of the present investigation.
Hence, it is important to critically analyze some of the funda-
mental concepts in designing a sampled grating structure alias
superstructure in order to realize an OFC.

The SFBG is a class of Bragg periodic structures, which
is customized by not allowing any spatial variation in the
refractive index (RI) of the core in between two adjacent
samples [26]. The samples are the regions of the core whose
RI is permanently modulated by exposing them to intense
UV exposure [8,11]. These samples are commonly referred
as seed gratings since they form the basic building units of
the structure [11]. Even though these basic building blocks
are nothing but the conventional FBG structures (uniform or
nonuniform), the SFBG exhibits some unique characteristics
both in its structure and spectrum [28-31]. Physically, the
term sampling length (sy) refers to the length of one sam-
ple and each sample is separated from its predecessor by a
distance of s, (region of constant RI which is unexposed to
UV). Hence, the period of the sampled grating is given by
sp = 8¢+ sa [13-15] as shown in Fig. 1. The RI modula-
tion of the individual sample is low, while the modulation
of the grating depth of the overall structure is large [31,32].
Also, the grating period (A) of the each FBG is very low
(<1 pm) when compared to the sampling period (of the or-
der of mm) [32,33] which results in a broad spectral span

©2021 American Physical Society
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FIG. 1. Schematic of a PTSFBG of length L made of uniform PTFBG samples of length s, and sampling period s,. Here we have taken
number of samples (N;) to be four. Each sample is separated from the next sample by a region of s, = s, — s.. Each sample consists of many
unit cells of grating period A. The P7T -symmetric RI condition is achieved in each unit cell by having alternate regions of gain (red) and loss

(green) [40,46,51].

of the SFBG in contrast to the conventional FBG spectrum
[29,32,33].

The SFBG spectrum consists of many spectral lines (dis-
crete) of high reflectivity and narrow width [9,15] with each
spectral line dedicated to one particular wavelength. The ori-
gin of such distinct spectrum can well be understood from
the photonic band gap structure of a SFBG which pos-
sesses additional Bragg resonances or multiple band gaps that
differentiate it from a conventional FBG [29,30,32]. Thus
higher-order reflection modes become inevitable attributes of
the SFBG spectrum [14,32]. The periodic nature of the in-
tercoupling parameter is yet another remarkable property of
SFBGs [29,32]. These features can be deemed as a precursor
for realizing the multiwavelength applications such as filters
and others mentioned previously [11].

Theoretical and experimental investigations on SFBGs are
predominantly focused on improving the spectral character-
istics such as increasing number of usable optical channels
within the available bandwidths by reducing the channel
spacing [13-15], and nonuniformity in the reflectivity (trans-
mittivity) of the multichannels [34]. These desirable attributes
can be altered in accordance with the application of inter-
est thanks to the availability of a wide range of sampling
functions and flexible design methodologies in fabricating
them [8,11,34]. Broadly, these sampling windows can be
categorized into amplitude sampling [34], phase only sam-
pling [8,11], and hybrid sampling functions [13]. The uniform
sampling technique is the simple and most straightforward
approach in realizing SFBGs. The channels in the output
spectrum of a uniformly sampled SFBG are likely to be
nonuniform in their amplitude and their control remains a
challenge. The SFBG mainly suffers from a decrease in the
reflectivity with an increase in the number of channels in gen-
eral [8,11,15,34]. In the perspective of SFBGs without gain
and loss, phase sampling techniques are widely incorporated
to overcome this issue [8,9,13].

Having concisely discussed the general concepts in the
physical realization of SFBGs and the spectrum exhibited by
them, we would like to note that all the above mentioned types
of SFBG structures can be revisited again by researchers from
the perspective of PT -symmetric structures. It is worthwhile
to note that invoking the notion of P7 symmetry in a con-
ventional FBG itself is of high scientific interest as it leads

to novel non-Hermitian optical systems. We here take a step
further ahead to establish P77 symmetry in a FBG superstruc-
ture which to our knowledge has not been dealt with in any
relevant scientific articles in the literature. Realizing a PT-
symmetric SFBG (PTSFBG) simply requires the modulation
of the RI of the seed grating (samples) to obey the P7T-
symmetric condition n(z) = n*(—z) [35—43]. It is well known
that the real and imaginary parts of the RI profile, respectively,
need to be even and odd functions of propagation distance
(z) for a PT-symmetric FBG (PTFBG) [39,41,42]. Prior to
this work, the linear spectrum of homogeneous [39,41,44]
and inhomogeneous P7T -symmetric gratings [42,45-47] was
investigated and the literature seems to lack any comprehen-
sive investigation on the linear spectrum based on sampled
PTFBG. Nevertheless, the demonstration of the frequency
comb in a supersymmetric (SUSY) distributed feedback struc-
ture by Longhi [48] could be translated into the context of
PTFBGs.

In this paper, we consider a SFBG with gain and loss under
the expectation that the concept of reversal of direction of
incidence [44,49,50] can possibly overcome the problem of
reduction in reflectivity with an increase in the number of
channels in contrast to the conventional SFBGs. Recently,
discrete comb lasing modes were demonstrated in a topolog-
ical PT-symmetric structure [1]. It should be noted that the
broken P7T -symmetric spectrum of any PTFBG features a
lasing behavior as reported by many authors [42,46,47,51,52].
The natural question that arises from these investigations is
whether it is possible to realize discrete and identical las-
ing modes with the aid of a SFBG operating in the broken
PT-symmetric regime. We believe that the inherent nature
of PTFBGs to offer multiple functionalities in different P7 -
symmetric regimes and the degrees of freedom they offer for
the optimization of the desired spectral characteristics look
promising for engineering applications like filters and tunable
laser sources in a SFBG structure.

With these motivations, we organize the article as fol-
lows. Section II describes the theoretical modeling of the
PTSFBG in addition to the mathematical description of
the system based on the transfer matrix method. In Sec. III, the
comb filtering application of the system and its optimization
with the grating parameters are presented in the unbroken
PT-symmetric regime with a special emphasis on the right
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FIG. 2. Schematics of the modulation in (a) real (n}) and
(b) magnitude of imaginary (n;) parts of RI profile. The solid lines
represent modulated RI of the sample over a distance of s, . The blank
spaces in each sample period indicate that the core RI is unexposed
to UV over a region of sx.

light incidence direction. The reflectionless wave transport
phenomenon at the unitary transmission point is illustrated in
Sec. IV. Section V illustrates the discrete multichannel lasing
spectrum of the system in the broken P7 -symmetric regime.
The inferences from the previous sections are summarized in
Sec. VL.

II. MATHEMATICAL MODEL

The description of the device is as follows: The structure
is built up of (multiple) uniform PTFBG samples separated
from each other by regions of the core unexposed to UV. The
RI distribution [r(z)] of the sample that includes the effect of
‘PT-symmetry is given by

@) =y + ) wimgsin (22). )
n(z) = ny nir COS A Z inyy Sin A zZ),

where ng stands for the constant RI of the core. The grat-
ing’s modulation strength is a complex entity whose real and
imaginary parts are given by ng and ny;, respectively. The
notation A in Eq. (1) refers to the grating period of each one
of the gratings and it is indicated pictorially in Fig. 1. Each
sample has a uniform length of value s; and it is followed by a
region which is unexposed to UV (of length s, ). This behavior
occurs cyclically in each sampling period (s4 ). It is important
to point out that the system locally satisfies the P -symmetric
condition in each unit cell as well in the sampling length.

One unit cell is formed by having a real [nj =
nig cos(2mwz/A)] and imaginary [n) = ny; sin(2wz/A)] mod-
ulation of the refractive index. The modulations nj and n;
are depicted in Figs. 2(a) and 2(b). Each sample (uniform
PTFBG) features a number of alternating regions of gain and
loss.

It is useful to introduce an important parameter, namely
the duty cycle, which must be judiciously varied to achieve

the desired spectrum [33]. Mathematically, the duty cycle is
defined as the ratio of the length of the sample to the sampling
period and it reads as

SL

d= 2

SA
The PTSFBG proposed here is simply a uniform PTFBG
in which the grating elements are stripped off in a periodic
fashion. The resulting spectrum of the device can be found
by the coupled mode theory (CMT) formalism. The transfer
matrix method (TMM) stands out to be a first choice for
theoretical physicists to analyze any complex FBG structure
as it offers high accuracy and consumes less computation time
over other techniques like the Gel-Fand-Levitan-Marchenko
inverse scattering method, standard thin-film techniques, or
the Rouard theory of waveguides [33,53]. Each of these tech-
niques has its own demerits and they are listed as follows:
First, the accuracy of the simulated results is limited by the
rounding off errors in the computation in thin-film-based ap-
proaches. Also, it cannot fully characterize both the phase
and amplitude responses of the complex type of gratings like
nonuniform FBGs or superstructures. If the number of grating
periods or the length of the grating itself is large, the number
of matrices also gets increased in the Rouard method [33].
Thus, the computation becomes more complex and consumes
more time. Nonetheless, the TMM is capable of addressing all
these issues. Many types of physically realizable gratings have
been fully characterized by employing this technique [53].
This is possible because of the fact that the TMM approach
allows computation of the output field of a short section of the
grating in a single iteration [53]. In the subsequent iterations,
the resulting matrix that represents the output fields from the
previous section is taken as the input matrix for a given section
and this process is repeated for n number of cycles until the
whole FBG is computed [46]. Another important reason to
choose TMM over other methods (for modeling SFBGs) is
that the direct analytical solutions are tedious to calculate if
the number of samples is large [33,53]. The direct integration
of coupled-mode equations may not work easily, if the sample
contains abrupt phase jumps in its RI profile [11,33]. Here, the
mathematical relation between the number of samples (N;),
sampling period (s, ), and the length of the whole device (L)
can be given by

Ny =L/sp. 3)

Note that the total number of samples (N;) can be varied
as per the requirement by manipulating the sampling period,
by fixing the length of the device (unless specified). Math-
ematically, let the matrices corresponding to these samples
be assumed as Lg, where S = 1,2, ..., N,. As an example,
the PTSFBG with four samples (N; = 4) is shown in Fig. 1.
To model this PTSFBG structure, the following routine is
adopted:

All the samples in the above discussion are taken to be
identical in the present investigation. Therefore, the matrices
that represent these samples are also identical (£; = £, =
L3 = L4). The regions unexposed to UV within each sample
period s, are simply modeled by a phase matrix £, whose
matrix elements are given by [33]
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Let up and vy represent the input fields of the PTSFBG.

exp <2” mOSA) 0 Similarly, the output fields are given by ugy and vey. Since

L= A . L@ the PTSFBG is built up of repeated units of samples followed
0 exp ( - 27 lﬂoM) by the core region unexposed to UV, the corresponding phase

by matrix (L) should be inserted in between the matrices repre-

senting the sample. Hence, the total electric field propagating

where s and A stand for the length of the region unexposed through the device is given by

to UV and the operating wavelength, respectively.
|

|:u°‘“i| =L X LA XLy X LA XL3x LA XLy [ZO:| = |:§; ﬁ;ﬂ [uo]. 5)

Uout 0 Vo

To find the matrices £, £;, L3, and L4, each sample (of length s;) is divided into ng; number of piecewise uniform sections (of
length Az). Thus, a sample is assumed to be a functional block formed by cascading n; number of sections of uniform PTFBG
(s = ng x Az). It is well known that cascading (physically) of different sections leads to multiplication of their respective
transfer matrices (mathematically). Let J\/'j (j=1,2,...,n,) represent the matrix that corresponds to the nth section of the
sample. Therefore,

L1 =N XNy x N5 x - x N, (6)

The standard forms of ; for a uniform PTFBG have already been dealt with by us in detail in our previous work [47] and
their final form is given by Eq. (7),

8 Ki+gj
cosh(8;Az) + i(%) sinh(6,Az) i(’A—gj> sinh(6,Az)
: 6 G
N; = e o , )
—i(%) sinh(6;Az) cosh(6,Az) — i<T]) sinh(6;Az)
0j oj
where j =1,2,...,n. In Eq. (7), 6}, k;, g;, and §; represent, respectively, the propagation constant, coupling, gain-loss, and

detuning coefficients of the piecewise uniform nth section of the sample. For a uniform PTSFBG, these coefficients are the same
in all the sections and, therefore,

A 1/2
6= (23— —6)"  kj=k=nmmg/h g =g=nm/A

1 1
8j=8=2ﬂno(x—k—b), )\b=2noA. (8)
Note that the model can be extended to N; number of samples by increasing the value of S. In such a case, Eq. (5) can be
rewritten as
Uout Uo L1 Lz ||uo
=Ly xL X Ly g x L L = . 9
|:v0ut:| DX X X AN X XN, |:U0i| |:£21 522j| |:U0] ©)

It is well known that the reflection and transmission coefficients are nothing but the squared magnitudes of the amplitudes.
These coefficients can be directly computed by applying the FBG boundary conditions #y = 1 and vy, = 0 in Eq. (5) and they
read as [39,46]

Ry =|—Lo/Lnl*, Rrx=I|L12/Lnl? T =I|(L11Lx — L12Ln])/ L. (10)

The nature of P77 symmetry can be described based on the III. UNBROKEN PT7-SYMMETRIC REGIME

coupling and gain-loss coefficients as It should be remembered that the output fields of uniform,

chirped, and other PTFBG devices consist of a single spec-
trum centered at the Bragg wavelength [39,46]. In contrast

< k, for unbroken P7T -symmetric regime, to these structures, the optical field (reflected and transmitted
gy=k, atexceptional point, (11)  light) emerging out from a PTSFBG is a distinct one and
> k, for broken P7T -symmetric regime. commonly referred to as a comb spectrum for two reasons.

First, the generated spectrum is characterized by periodic
maxima (minima) or a series of sharp spectral lines (resem-
bling the teeth of a comb) [11,20]. The other factor is that
all these spectral lines are equidistant from each other in the
wavelength domain and share a common phase evolution as

The Bragg wavelength of the sample is assumed to be
1550 nm and constant core index (ng) is taken as 1.45 through-
out the paper.
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FIG. 3. (a) Reflection and (b) transmission spectrum of a conven-
tional SFBG (n;; = 0) having grating parameters L = 10 mm, n;z =
5% 107, d =0.1, and s, = 500 um. The reflectivity peaks are
denoted by the notation R}, and R}, where L, R in the subscript
indicate left and right incidences, respectively. The transmission dips
are represented as T¢ and the full width at half maximum (FWHM)
is denoted as w,,. m indicates the order of the mode and it takes the
values —1, 0, 1, 2 for sampling period of 500 um in the wavelength
range 1547-1554 nm and the corresponding values of A7 are given
by 1548.3, 1549.9, 1551.6, and 1553.3 nm, respectively.

a result of which the frequency dynamics of every mode in
the comb spectrum is deterministic in nature [3]. With this
brief description, we directly look into the comb spectrum of a
PTSFBG by following the routine proposed in Sec. II. Among
the various spectral features (such as delay, dispersion, and so
on), this article deals only with the variations in the reflection
and transmission characteristics of a comb spectrum (with
respect to the changes in the PTSFBG parameters) which are
directly computed from Eq. (10).

A. Influence of P77 symmetry (11;)

For simplicity, we first consider the spectrum with four
modes (N = 4) in the wavelength range L = 1547 to 1554 nm
by assuming a sampling period of s, = 500 um and d = 0.1
as shown in Fig. 3. The mode which occurs close to the
Bragg wavelength features the highest reflectivity (in general)
and the detuning parameter corresponding to this mode is
nearly zero (§ ~ 0) and hence the mode is designated as the
zeroth-order mode (m = 0). On either side of the zeroth-order
mode, higher-order modes occur at discrete wavelengths cor-
responding to positive (§ > 0) and negative detuning regimes
(6 <0) and hence the modes in Fig. 3 are designated as
m=—1, 0, 1, and 2 rather than m =0, 1, 2, and 3. The
linear spectrum of a conventional sampled FBG is illustrated
in Figs. 3(a) and 3(b) which confirm that the reflection and
transmission from each channel always obey the condition
R + T = 1, which suggests that the Hamiltonian of the system
is conserved in the absence of P77 symmetry. But, with the
inclusion of gain and loss, the reflectivity of each channel
(indicated by subscript m) increases provided that the light
launching direction is the right (Rg) direction as shown in
Figs. 4(a) and 4(e). Nevertheless, when the incident direction
is reversed, reflectivity (Ry) of all the channels gets reduced
as seen in Figs. 4(c) and 4(f) when compared to the reflection
spectrum shown in Fig. 3(a). The dips in the transmittivity
(T,ff ) of the individual channels are clearly influenced by the
presence of P7 symmetry as shown in Figs. 4(b) and 4(d).
Moreover, the transmittivity at the side lobes of the individual
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FIG. 4. (a), (c) Reflection and (b) transmission spectrum of a
PTSFBG having the same device parameters as in Fig. 3. The inset in
(b) shows the transmission spectrum pertaining to a single channel.
(d) Continuous variation of transmission dips (7"); the inset depicts
variation in FWHM (w,,) against variation in ny;. (e) and (f) Contin-
uous variation of reflectivity peaks (Rf,,, and R}, ) against variation
in ny.

channels gets reduced provided that n;; is sufficiently large,
saynyy =4 x 10~*. Also, significant reduction in the FWHM
of a single channel is observed which is shown in the inset of
Figs. 4(b) and 4(d).

B. Variations in the sampling period (s, )

The sampling period (sp) is a crucial parameter in the
construction of the sampled PTFBG structure, since it dictates
the number of usable channels within the available spectral
span. Also, the channel spacing between any two adjacent
channels is controlled by the sampling period. Among the two
spectra shown in Fig. 5(a), the first one [s4, = 1000 pm (green
solid lines)] is characterized by a lower number of channels
and thus features more interchannel separation width than the
second one [s, = 2000 um (red dotted lines)]. Also, this is
true for the reflection spectrum for left incidence as shown
in Fig. 5(c). By the inherent property of the sampled FBG
and the nature of the sample (uniform), all these channels are
equally spaced in the spatial domain as shown in Fig. 5(e).
From these figures, it can be concluded that the number of
channels is directly proportional to the sampling period (s, ),
whereas the channel separation is inversely proportional to s
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FIG. 5. (a)—(c) Influence of sampling period on unbroken
PTSFBG spectrum with same device parameters as in Fig. 4. Also,
ny; is kept constant at 0.0004. Panel (d) illustrates the reflection spec-
trum in a conventional SFBG (R, = Rg = R) for different sampling
periods. (e) Variation in the number of modes (N), center wave-
length (A?), and separation between adjacent modes (A;) against
sa. Here the parameter m which indicates the order of the modes
takes discrete values m = —3, —2, —1,0, 1, 2, 3 for s, = 1000 pm.
The values of A7 for these modes in the same order are given by
1548.3, 1549.1, 1549.9, 1550.8, 1551.6, 1552.4, and 1553.3 nm,
respectively. Similarly, m = —5 to 7 (in steps of unity) for s, =
2000 pm and the corresponding values of A7 are found to be 1548.3,
1548.7, 1549.1, 1549.5, 1549.9, 1550.4, 1550.8, 1551.2, 1551.6,
1552, 1552.4, 1552.9, 1553.3, and 1553.7 nm.

and it satisfies the relation [8,11,20,27]

)\2
A, = —2 (12)
2noSa

From Eq. (12), it is very obvious that designing a SFBG with
larger s, will result in a minimal channel separation width
and thereby lead to an increased number of channels within
the desired spectral range. But, it should be recalled that the
sampling period cannot be arbitrarily large in the perspective
of conventional FBGs [11,13,27] as it leads to a decrease in
the reflectivity of the channels away from the Bragg wave-
length as shown in Fig. 5(d). Increasing the index of the core
(no) may appear as a good choice to compensate this reduction
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FIG. 6. (a)—(c) Linear spectrum of a PTSFBG of length L =
100 mm for two different sampling periods s, = 500 um and
1000 pum; other device parameters are the same as in Fig. 5(a).
(d) Flattening of the envelope and generation of spectrum with uni-
form amplitudes by varying the length (L) given that the values of
m and A? are the same as given in Fig. 5 for a sampling period of
sp = 1000 pm.

in reflectivity from Eq. (12) but it suffers from fabrication dif-
ficulties. Instead, SFBGs with gain and loss can be employed
to increase the reflectivity as shown in Fig. 5(a) as long as the
input field is launched from the rear end of the device which is
a unique outcome of the P77 symmetry. It is important to point
out that the gain and loss parameters amplify the reflectivity
pertaining to all the individual wavelengths of the comb spec-
trum (rather than equalizing the reflectivity of all channels to
that of the zeroth order) so that even the channels on the edges
of the designed filter will have reflectivity larger than unity
as shown in Fig. 5(a). In the optoelectronic approach, erbium
doped fiber amplifiers (EDFAs) are used as signal boosters
and they do perform the same functionality. Yet, fewer modes
corresponding to s, = 2000 um [Fig. 5(a)] still have weak
reflectivity on both sides which means that the parameter g
must be increased accordingly for larger sampling periods.

C. Impact of device length (L) on uniformity of combs

It can be inferred from Figs. 6(a)-6(c) that the reflectivity
and transmittivity of all the individual channels in the selected
spectral span can be made almost uniform by increasing the
physical length of the device (L). This behavior is observed
to be true for all the values of the sampling period. Also, the
reflectivity of each channel is dramatically increased with an
increase in the physical length of the device (L) for both left
and right light incidences. As a special case, the flattening of
the envelope of the spectrum for right incidence is shown in
Fig. 6(d) which confirms that the systems with longer physical
lengths are optimal for generation of a spectrum with uniform
reflectivity peaks which is a highly desired feature in the
perspective of PTSFBG spectra.
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FIG. 7. (a)—(f) Reflection and transmission spectrum of a
PTSFBG under varying duty cycle d with s, = 500 um and ny; =
0.0004. The plots in the left and right panel are simulated at L =
10 mm and 100 mm. (g) Variation in center wavelength (A?) with
changes in the duty cycle (d). Also, the variation in the full width at
half maximum of the zeroth-order mode (wy) is shown in inset.

D. Variations in the duty cycle (d)

To enable an understanding about the role of the duty cycle
on the resulting PTSFBG spectra, the sampling period is kept
at s, = 500 um. The duty cycle is varied between 0.05 and
0.2 for two different lengths of the grating given by L = 10
and 100 mm in the left and right panels of Fig. 7, respectively.
From these figures and Eq. (2), it is very clear that if the
length of the sample (s;) is increased at a fixed value of
sampling period (s, ), it gives rise to an increase in FWHM
of the individual channels as shown in Fig. 7(a) and the inset
of Fig. 7(e). Furthermore, it causes a shift in the spectrum
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FIG. 8. Variations in FWHM of PTSFBG spectrum with changes
in ngatngy = 00004, d= 01, and SA = 500 Mm.

toward longer wavelength sides irrespective of the sampling
period and length of the device as shown in Fig. 7(g). Also, an
increase in the duty cycle leads to an increase in the magnitude
of reflectivity for both left and right incidences besides growth
in the dip of the transmittivity for lower values of length of
the device (L < 60 mm) as depicted in Figs. 7(a), 7(c), and
7(e). Hence, it is proven that the reduction in reflectivity with
a number of channels can be judiciously controlled (at lower
lengths) in multiple ways, via variations in gain and loss,
proper choice of duty cycle, and the device length. However,
for larger values of physical length of the device such as
L = 100 mm, it helps only in shifting the center wavelength
of the spectrum and increasing the full width at half maximum
(wy,) as shown in Figs. 7(b), 7(d), and 7(f).

E. Influence of modulation strength (7,z) on FWHM

Finally, the role of the coupling parameter (k = wng/A)
on the PTSFBG spectrum is illustrated in Fig. 8. The shape
of the stopband of individual channels and the corresponding
FWHM are influenced by different values of the real part
of the modulation strength (n;z). If the individual channels
need to possess a flat stopband and broader width, one can
opt for larger modulation strengths as shown in the inset of
Fig. 8(a). On the other hand, the stopband is tapered at weaker
modulation strengths as shown in Figs. 8(a) and 8(b). As
depicted by Fig. 8(a), the decrease in Ry is not a major issue
here, since there are other degrees of freedom offered by the
PTSFBG to compensate for such a reduction in the reflectivity.
Nevertheless, the reflectivity of the spectrum for left incidence
increases with any increase in njg as shown in the inset of
Fig. 8(b).

F. Application: Tunable RF traversal filter

An optical field from a tunable broadband laser source
can be directed as the input to the PTSFBG via an optical
circulator (OCI); see Fig. 9. The resulting comb spectrum
is modulated by an electro-optic modulator (EOM) [56]. To
impose the desired tap weights, the intensity of each channel
can be judiciously controlled with the aid of programmable
wave shaping devices [54,57,59,60]. The RF input to the EOM
is nothing but the message signal which is modulated on a
desired carrier frequency and must be introduced alongside
the optical combs [54,57]. The EOM generates replicas of RF
inputs to optical outputs [55]. The resulting optical signal is
then passed into a single-mode fiber (SMF) spool of length
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FIG. 9. Schematic showing the generation of optical combs with
a PTSFBG and its application to a tunable RF traversal filter [54-59].
TBL: tunable broadband laser, OCI: optical circulator, OC: opti-
cal coupler, PWS: programmable wave shaper, EOM: electro-optic
modulator, LDE: linear dispersive element (single-mode optical fiber
spool), OSA: optical spectrum analyzer, PD: photodiode, F: filter,
VNA: vector network analyzer, RF: radio frequency.

Ly = 23 or 50 km [55,56]. The SMF offers linear dispersion
characteristics to the input signals and as a result each mod-
ulated comb channel is provided with a precise time delay
(7). The magnitude of the delay is determined by the product
of wavelength separation (A;) between individual channels
of the comb spectrum and the dispersion (D) offered by the
SMF [56]. In the end, the delayed and weighted optical taps
are mixed at the receiver (photodiode and an optical filter)
[54,55]. The resulting RF output signal can then be sent to a
vector network analyzer (VNA). The VNA assists in recording
and analyzing the RF response of the different frequency
channels [54,56]. This kind of RF traversal filter is a potential
candidate to realize any given RF transfer function with ease
by tuning the appropriate tap weights [59].

IV. UNITARY TRANSMISSION POINT DYNAMICS

At this juncture, it is essential to recollect that any type
of PT-symmetric FBG device functioning at the unitary
transmission point (n1g = ny;) will demonstrate ideal light
transmission (7' =1 and R, = 0), if the light is launched
from the front end (left) of the device [39,42,44,46,47]. From
Fig. 10(a), we confirm that reflectionless light transport is
exhibited by the PTSFBG irrespective of the variations in the
sampling length (s;), sampling period (s, ), duty cycle (d),
or the length of the device (L). However, any increase in the
sampling period (s, ) increases the number of channels and
vice versa for the right light incidence as shown in Fig. 10(b).
Moreover, any increase in the duty cycle (d) increases the
reflectivity (Rg) of the channels closer to 1550 nm and
marginally shifts the individual peaks as shown in Fig. 10(c).
In contrast to Fig. 10(b), the reflectivity of each channel is
dramatically increased in Fig. 10(d) when the length of the
device is increased to L = 100 mm. It should be mentioned
that these behaviors can be explored in the creation of comb
filters.
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FIG. 10. (a) Reflectionless wave transport phenomenon in a
PTSFBG operating at the unitary transmission point (ng = n;; =
0.0005). Panel (b) depicts the role of sampling parameter (s,) at
L =10 mm and d = 0.1. Panel (c) portrays the effect of variation
in the duty cycle (d) at s, = 2000 pm; the length (L) is the same as
in (b). Panel (d) illustrates the change in spectrum with device length
L =100 mm at s, = 2000 um and d = 0.1.

V. BROKEN PT-SYMMETRIC REGIME

Any PTFBG will exhibit lasing behavior in its spectrum
under the operating conditions, nj; > njg. Under this con-
dition, sharp variations (exponential increase or decrease) in
the reflectivity and transmittivity of the grating spectrum oc-
cur with variation in the value of ny;. Also, the FWHM of
the spectra in the broken regime is too narrow compared to
the unbroken regime and thus a large amount of reflected
(transmitted) power is concentrated in a narrow spectral span.
For these reasons, the dynamics of the system in the broken
regime is known as lasing behavior. With this note, we directly
present the results pertaining to the lasing behavior exhibited
by a PTSFBG in its spectrum (comb). Throughout this section,
the modulation strength parameter and length are kept con-
stantas njg = 5 x 107* and L = 10 mm, respectively (unless
specified).

A. Impact of ny; on the lasing spectra

Figures 11(a)-11(c) depict the formation of lasing combs
with fewer modes. From these figures, it is very clear that
the value of gain and loss affects the lasing spectrum by
two means: Primarily, with an increase in the value of nyy,
the reflectivity and transmittivity of each mode are intensi-
fied. Second, the FWHM of the individual wavelengths of
the lasing spectrum are reduced with the increase of ny;.
The mode which is closer to the Bragg wavelength (zeroth
order) receives maximum amplification. On either side of
the zeroth-order mode, the first-order lasing modes of the
spectrum appear. As the order of the mode increases, both
reflectivity (Rg and R;) and transmittivity (7) are decreased.
The lasing modes at the edges of the spectrum (scaled to
1547.5 to 1554 nm here) feature lesser amplification and so
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FIG. 11. Lasing spectrum of a PTSFBG of length 10 mm with
a sampling period of s, = 500 um and duty cycle of 0.1 under
variations in ny;. It should be noted that the minimum value of
transmittivity is always greater than unity in the perspective of the
system operating in the broken P7T -symmetric regime.

the peaks corresponding to individual modes are nonidentical
in magnitude. Nevertheless, each mode is equally spaced (A;)
in a given wavelength range.

B. Role of sampling period (s, ) on the number of the modes

In Fig. 11, the number of channels within the available
range is small (four). If additional modes are desired in the
lasing spectra, the obvious choice is to increase the sampling
period as shown in Fig. 12. This also results in a decrease in
the wavelength separation (A;) between the adjacent modes
of the spectra. For instance, seven channels are visible in the
output spectrum for a sampling period of s, = 1000 um. As
mentioned earlier, the reflectivity (transmittivity) of the modes
far away from the Bragg wavelength is not as much as that of
the zeroth-order modes as depicted in Figs. 12(a)-12(c).

C. Variation in the duty cycle (d)

The duty cycle parameter offers two important functionali-
ties over the control of the PTSFBG lasing spectra, namely the
magnitude control and location of the spectrum on the wave-
length axis. As d becomes larger, the comb lasing spectrum
shows growth in reflectivity as well as in transmittivity. Also,
the combs are shifted toward longer wavelengths as shown
in Figs. 13(a)-13(c). Under duty cycle variations, the nonuni-
formity in the magnitude of the comb exists which is mainly
due to the extreme amplification of the zeroth-order mode as
shown in Fig. 13(e). The degree of dissimilarity among the
reflectivity of these spectral modes further builds up with any
increase in the length of the structure as shown in Figs. 13(d)
and 13(f).

D. Comb lasing spectrum with uniform R and T

Unlike the unbroken P77 -symmetric regime, increasing the
length of the overall structure itself cannot make the lasing
spectrum uniform (nearly) as shown in Fig. 13(f) because of
the constraint that extreme amplification of the zeroth-order
mode in the broken regime strongly depends on the sampling
length. In other words, the inherent nature of the sample to
favor stronger amplification of a particular mode must be
cut down. Without managing this effect, the choice of longer
device length will further build up the unevenness among the
reflectivity of the individual channels. From a theoretical per-
spective, different duty cycle values were tested and a value
of d = 0.01 is found to be optimum for generation of a comb
lasing spectrum with nearly uniform reflectivity and transmit-
tivity at a device length of L = 60 mm. It is noteworthy that
such a decrement in the duty cycle is not feasible in the context
of conventional SFBG structures due to the fact that reduction
in the duty cycle adversely decreases the reflectivity of the
device. The role of the sampling period is very much the same
as illustrated previously in Fig. 12 except that the channels are
nearly uniform in amplitude in all the cases. In other words,
if s increases at a fixed value of sampling length s; (sp =
sz + sa), the system can accommodate more channels with a
reduced interchannel separation and vice versa. The variation
in gain and loss brings an increase in R and 7 as shown in
Figs. 14(a)-14(c). Also, the FWHM (w,,) decreases with an
increase in ny; as seen in Fig. 14(d). This confirms that the
magnitude of the reflection spectrum is inversely proportional
to the FWHM of the modes. However, larger values of ny;
bring about nonuniformity in the values of reflectivity and
transmittivity.
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FIG. 12. Variations in the number of modes in the lasing spec-
trum of a PTSFBG for two different sampling periods s, = 1000
and 2000 pm. The length and duty cycle parameters are same as in
Fig. 11.
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FIG. 13. (a)-(c) Simultaneous shifting and increase in reflec-
tivity (transmittivity) with changes in the duty cycle (d) at nj; =
6.5 x 107*and s, = 1000 pm. Also, the effect of variation in length
on the lasing spectrum is shown in (d) at duty cycle value of d = 0.1;
the value of g is the same as in (a). () and (f) Variation in the peak
reflectivity (Rg(m)) with changes in the duty cycle (d) and length (L),
respectively. The values of A? in (f) are the same as mentioned in
Fig. 5.

E. Comb lasing spectrum with an inverted envelope

Another distinct attribute of the gain and loss parameter
is that it gives rise to a comb lasing spectrum with an un-
common envelope shape as shown in Figs. 15(a) and 15(b).
Explicitly, the system facilitates larger amplifications for the
mth-order modes appearing at the edges of the given wave-
length span. For the subsequent order modes, the reflectivity
and transmittivity are lesser than the previously occurring
modes and along these lines, the zeroth-order modes exhibit
lowest amplification as shown in Figs. 15(c) and 15(d). This
is the exact counterpart of the lasing spectrum discussed
in the first three subsections of the broken P7T-symmetric
regime which is characterized by an intense amplification
at the center (zeroth order) and lowest amplification at the
edges (Emth order). As the value of nx is increased in the
range from 1.5 x 1073 to 2 x 1073, this behavior in the lasing
spectrum is observed in a fashion that the stronger ampli-
fication at the higher-order modes is inhibited progressively
with an increase in ny;. But the overall shape of the inverted
envelope is maintained throughout this range of gain and
loss.
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FIG. 14. (a) and (b) Gain and loss induced comb lasing spectrum
of a PTSFBG in the broken P7-symmetric regime with nearly
uniform reflectivity (transmittivity) for all the channels at a sampling
period of s, = 4000 pm, duty cycle of d = 0.01, and L = 60 mm.
(c) Continuous variation of reflectivity [RZ(my Rg( ] and transmittiv-
ity peaks [(T,?) corresponding to m = O] against gain and loss (n;;).
In contrast to the unbroken P77 -symmetric regime, the transmission
spectrum possesses sharp peaks rather than showing dips and hence
they are denoted by 7.7 rather than 7,¢. (d) Variations in the FWHM

m

of the zeroth-order mode with changes in the value of ny;.

F. Comb lasing spectrum with dual mode lasing channels

When ny; > 2 x 1073, we observe the usual lasing spec-
trum with a conventional envelope shape except that each
individual channel demonstrates a dual-mode lasing behavior.
A dip is visible in between two peaks of the individual modes
as shown in Figs. 16(a)-16(c). This dip exactly occurs at
Rumin and T, (or closer to those values) when ny; is less. As
the value of the imaginary part of the modulation strength is
gradually increased, the R and 7" values of individual modes
are also enhanced whereas the depth of penetration of this dip
drops off and finally the dip vanishes for nj; > 3.7 x 1073,
Beyond this, again the comb spectrum with single-mode las-
ing channels appears.

G. Application of PTSFBG in the broken P 7 -symmetric
regime: Tunable laser

From Fig. 14, we infer that it is possible to generate
uniformly spaced lasing modes with uniform intensities and
narrow FWHM with the aid of the proposed system. Since
each mode in the output spectrum represents a distinct wave-
length and the separation between these modes is very narrow,
the device can be effectively used as a tunable multiwave-
length laser source which can simultaneously be fed as inputs
for multiple transmitters. To construct such a tunable laser
source, two PTSFBGs with a gain element should be en-
gineered. It should be noted that wavelength tuning of the
‘P T -symmetric tunable laser (PTTL) requires the two PTSF-
BGs to have different sampling periods [20,61]. The tuning is
based on the principle of the Vernier effect (in the reflection
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FIG. 15. (a) and (b) Comb lasing spectrum of a PTSFBG with
an inverted envelope induced by variations in gain and loss. The
sampling period and duty cycle values are the same as in Fig. 14.
(c) Continuous variation of reflectivity [RZ(m)’ RZ( ] and transmittiv-
ity peaks (7,7) against gain and loss (n;) for the zeroth-order mode
(m = 0). Panel (d) depicts the same dynamics with the same system
parameters as in (c) except the order of the mode is taken to be
m = —17 [mode on the left edge of the spectra in (a) and (b)].

spectra) which occurs as a consequence of variation in the
channel spacing of two dissimilar SFBGs (having different
sampling periods) [61,62]. The Vernier effect states that when
one of these superstructured gratings is tuned, constructive
interference occurs between the pair of modes which are com-
mon to both the gratings, thereby leading to lasing at these
wavelengths and suppression of the other lasing modes whose
center wavelength does not coincide. For instance, consider
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FIG. 16. Comb lasing spectrum of a PTSFBG with dual mode
lasing channels generated by tuning the value of gain and loss. The
sampling period and duty cycle values are the same as in Fig. 14.
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two PTSFBGs having different sampling periods s, = 1000
and 2000 wm. From Fig. 4(e), we infer that A, = 1550.8 nm
is one among the center wavelengths which is common to
both the resulting comb spectra (s, = 1000 and 2000 pum),
whereas A5, = 1550.4 nm is not so. The resulting spectra
from the PTTL will feature a comb mode at A = 1550.8 nm
and its reflectivity will be the product of reflectivities of the
individual PTSFBGs. In a similar fashion, other overlapping
modes are selected and amplified by the PTTL. On the other
hand, the lasing at the nonoverlapping wavelengths is totally
suppressed, for instance A = 1550.4 nm.

It is desirable to acquire replicas of laser output fields
with the same intensities for all the channels [62]. There-
fore, PTSFBGs exhibiting uniform reflectivity across all the
wavelengths (in the given range) must be employed. To flatten
the envelope of the output spectra, many SFBG structures
were investigated in the literature, including chirped SFBGs
[7] and sinc sampled FBGs [12]. In the chirped SFBGs, ei-
ther the grating period, sampling length, sampling period, or
combinations of the above can be chirped [7-10,12,63]. But,
the resolution of the spectrum strongly depends on the litho-
graphic process used for fabrication of these gratings [61].
Alternatively, phase shifted SFBGs were proposed in which
optimization of the number of phase shift regions required is
tedious [8,13,14,27,64].

Here, we demonstrate that it is possible to generate
the same lasing spectrum (with nearly uniform reflectivity)
with P7T -symmetric uniform grating samples. The envelope
formed by reflectivity peaks of different channels widens
with larger duty cycle values in conventional SFBGs [65].
Reducing the duty cycle to smaller values is also not an ideal
way in the perspective of conventional SFBGs as it adversely
decreases the reflectivity [8,20]. One could visualize from
Figs. 14 and 16 that PTSFBGs have two important features:
First, the output spectrum features enhanced reflectivity. Sec-
ond, the envelope is much flatter as a result of smaller duty
cycle values (for example, d = 0.01). Achieving these two
features simultaneously is an exceptional feature of PTSFBG,
thanks to the concepts of gain and loss. It should be recalled
that these structures can be fabricated using an argon laser
with the standard scan-writing technology [54]. The modern
translation stages which hold the phase mask exhibit an in-
finitely small moving precision of the order of 5 nm [62] and
above and thus fabricating a small length of sample should
not be a tough task to our knowledge. We also visualize that
much of the PTSFBG structure is unused as a result of the
larger sampling period at very low duty cycles. These unused
regions can be used to fabricate interleaved samples having
different Bragg wavelengths [10,12]. The period (A) of each
interleaved PTFBG should be different. Otherwise, the comb
spectrum from two different PTSFBGs may impose on one
another. In simpler words, the concept of interleaving refers
to the fabrication of several PTSFBGs on the same fiber with
different periods (A) in such a way that the physical concept
leads to an interleaving effect on the spectrum as well [12].
As theoretical physicists, we believe one of the challenges
remaining now for the experimental realization of these PT -
symmetric devices is to find a suitable dopant material like
Er** and Cr’* for the fabrication of the PTSFBG with gain
and loss regions, respectively [66]. Even though it looks very
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FIG. 17. Schematic showing the generation of tunable multi-
wavelength laser source and its application to the telecommunication
system. LS: laser source, EDF: erbium doped fiber, PTTL: PT-
symmetric tunable laser, OCI: optical circulator, OC: optical coupler,
OSA: optical spectrum analyzer, ATT: attenuator (variable), PWS:
programmable wave shaper, RG: regenerator, TX: transmitter, MUX:
multiplexer, SMF: single-mode fiber, BPF: bandpass filter, DC: dis-
persion compensation, DMUX: demultiplexer, RX: receiver. PPTL
consists of two PTSFBGs of different sampling periods and a gain
medium (EDF). Similarly, EDF amplifiers (EDFAs) are used as
regenerators. SMFs are generally used as transport fibers. Uniform
PTFBGS can be used as BPFs and gain flattening filters. DC consists
of EDFA and chirped PTFBGS [46] for attenuation and dispersion
compensation, respectively. For demultiplexing, phase shifted PTF-
BGs can be employed [47].

simple to achieve phase transitions such as unitary transmis-
sion point and broken symmetry in P7 -symmetric systems
by simply tuning the value of n;;, certain practical challenges
still remain to be addressed by the experimental physicist. One
can think of tuning the value of permittivity of both the gain
medium as well as the lossy medium, simultaneously by the
help of an external pumping source. Another way for achiev-
ing these types of phase transitions is by varying the frequency
of the incident optical field, appropriately. This may lead to
the violation of the causality principle and P7T-symmetric
operation is bound to occur only at isolated frequencies and
not on a continuous interval of frequencies [67]. This type
of violation occurs as a result of Kramers-Kronig relations
which describe the fact that the variation in the imaginary part
of the index can also lead to a change in its real part [68].
Nevertheless, it is to be noted that a continuous tuning of gain
and loss through pumping is still feasible at the resonant fre-
quency [69]. In such a case, it should be remembered that the
amount of pumping should be lesser in the lossy regions and
higher in the gain regions to achieve P77 symmetry [70,71].
As theoretical physicists, we expect the experimentalists to
put forward suitable strategies to address these challenges to
make P77 -symmetric combs more realistic.

Having briefly discussed the principle of operation, exist-
ing structures, experimental feasibility, and the advantages of
the proposed scheme, we look at the operation of the experi-
mental setup illustrated by Fig. 17. The input optical signal to
the PTTL can be pumped from a CW laser. It can be directly
fed to the PTTL with an OCI as shown in the schematic
or the input signal may be amplified with an EDFA and be
passed through a uniform FBG to filter out the EDFA noise
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[72]. The PTTL can be constructed with two PTSFBGs with
comblike reflection spectrum as discussed above. The EDF
in the optical cavity serves as the gain medium alongside the
tuning PTSFBGs and this generates a laser source over its gain
profile [20,62,73,74]. When one of the nonidentical PTSFBGs
is tuned, lasing will take place at a particular channel, if
and only if the comb lines from both the PTSFBGs inter-
sect. In other words, reflectivity multiplies at the overlapping
channels and the lasing at the other wavelengths is inhibited
[20,61,62,75]. Thus, it is possible to obtain multiwavelength
comb lasers with nearly identical intensities with controlled
precision and the same can be visualized via an OSA [62,75].
The variable optical attenuator is used to flatten the envelope
of the comb laser further. In the case of comb lasers with
extreme amplification at the center wavelength, these atten-
uators can be followed by a notch filter which is helpful in
attenuating the power levels of these modes to comparable
levels [72].

The programmable wave shapers separate the comb lines in
wavelength which serve as carrier signals [54]. Also, it is use-
ful to separate the interleaved channels [72]. These carriers are
regenerated by the EDFA before they are fed to the transmit-
ters. In the transmitter side, multiple laser sources are required
to drive each transmitter which makes the system bulky [61].
PTSFBGs are fascinating in the sense that they serve as the
alternative solution to build a compact and reconfigurable
transmitter system, since they serve as the building block to
fabricate a broadband laser source which is then separated in
terms of wavelengths by the PWS according to the number of
transmitters [74]. The new generation transmitters come with
in-built phase modulators and the stream of data from all these
transmitters is multiplexed and sent to the transport fiber [72].
SMFs are generally used as long distance transport fibers. As
the signal travels in the fiber, attenuation and the broadening
mechanism come into the picture, and to compensate these
detrimental effects, EDFA and a chirped PTFBG, respectively,
can be used in the compensation module. The advantages of
chirped PTFBGs is that they can compensate both normal and
anomalous dispersions simply by the concept of reversal of
direction of incidence [46]. We also reported the construction
of demultiplexers with P77 -symmetric phase shifted FBGs in
our previous work which can demultiplex all the data streams
from the multiplexed input signal [47]. At the receivers, all
these signals are demodulated and coherently detected [72].

VI. CONCLUSIONS

In this article, we have presented a complete description of
the comb spectrum of a PTSFBG with uniform sampling. We
first illustrated the role of various device parameters, namely
the sampling period, duty cycle, and gain-loss parameter on
the generation of the comb spectrum in the three differ-
ent P77 -symmetric regimes, namely the unbroken, unitary
transmission point, and broken symmetric regimes. Special
emphasis was given to the generation of uniform amplitude
comb filters with narrow channel spacing in the unbroken
regime. The major highlight of this section is that it provides a
framework toward the generation of a large number channels
with significantly large reflectivity by increasing the sampling
period of the grating. It also confirms that the decrease in

the reflectivity (with increasing number of channels) can be
independently controlled with the aid of gain and loss param-
eter. An architecture which can possibly serve as a tunable
RF traversal filter was proposed at the end of Sec. III. We
then presented a brief analysis on the dependence of the
comb spectrum on the different control parameters for the
case of right light incidence at the unitary transmission point.
Remarkably, the reflectionless wave transport phenomenon
was observed under similar conditions when the direction
of light incidence is reversed. This once again proves that
the concept of unidirectional wave transport is a distinct
feature of any PTFBG system and is unresponsive to any
variation in other device parameters except for evenly bal-
anced values of real and imaginary parts of the modulation
strength.

Further, the analysis required for figuring out the interde-
pendence between the changes in the lasing spectrum against
the variation in the grating parameters in the case of broken
PT-symmetric regime is discussed in Sec. V. We then pro-
posed an optimal way to generate a comb lasing spectrum with
uniform reflectivity across different wavelengths by decreas-
ing the duty cycle of the grating. Such a reduction in the duty
cycle is not feasible in the context of conventional PTSFBGs
due to the dependence of reflectivity on the duty cycle and
coupling coefficient. It was proved that it is possible to obtain
a comb spectrum flattened envelope as well as uniform re-
flectivity for different wavelengths as a result of the interplay
between the reduced duty cycle and large gain-loss parameter.
Surprisingly, the tuning of the gain and loss parameter also
leads to the generation of a lasing spectrum with an uncon-
ventional inverted envelope and dual-mode lasing behavior
in the individual channels. Toward the end, we showed that
a single laser source from a PTSFBG can drive multiple
transmitters in a wavelength division multiplexing network.
The architecture also integrates different modules like the
dispersion compensator and demultiplexer based on PTFBGs.
The physical behavior exploited for the comb application is
reported only from the perspective of FBGs without gain and
loss. This is the first time, to the best of our knowledge, that
these applications have been dealt with from the viewpoint of
P T -symmetric superstructures. From a fundamental perspec-
tive, gain and loss provides an additional degree of freedom
to control the intensity and FWHM of the comb spectra.
From the application perspective, the inclusion of gain and
loss in the form of P7 symmetry opens up an alternative
route to overcome some of the critical problems like regrowth
challenges prevailing in the current hybrid integration optical
technologies to build tunable and reconfigurable devices. With
advancements in light-wave technology, these PTFBG based
devices are expected to be available in the near future, with
their improved spectral features and the number of degrees of
freedom to manipulate them.
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