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Abstract. This work provides a theoretical investigation of how counter-propagating wave interference, together with gain and loss saturation,
affects the output intensities of PT-symmetric structures. A modified transfer matrix approach is employed, enabling a simultaneous examination
of the impact of these nonlinear effects on the longitudinal field distribution. The resulting output intensity, reflectance, and transmittance
characteristics are presented as functions of the input intensity for two cases in which the field distribution intensity is analyzed without and
with taking into account the interference of counter-propagating waves, for different structure lengths, numbers of primitive cells, and saturation
intensity levels. The results demonstrate that interference between counter-propagating waves significantly alters the output intensity, reflectance,
and transmittance characteristics within the intermediate range of incident wave intensities, particularly for structures with small primitive cell
sizes. Moreover, it modifies the bistability effect, causing the hysteresis loop to widen. Furthermore, in some configurations, this interference
suppresses the unidirectional invisibility that would otherwise occur due to gain/loss saturation.
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1. INTRODUCTION

Structures possessing PT (Parity-Time) symmetry have at-
tracted significant interest since the late twentieth century [1]. In
photonic systems, the design of PT-symmetric structures is fun-
damentally linked to the refractive indices of two layers forming
a periodic lattice [2]. These layers are characterized by complex
refractive indices of the form n = nge + iny,, which satisfy the
symmetry relation n(x) = n*(—x), where the asterisk denotes
complex conjugation. This requirement can be considered inde-
pendently for the real and imaginary components of the refrac-
tive index. In particular, the real part obeys nge(x) = nge(—x),
indicating spatial symmetry, whereas the imaginary part fulfills
Aim (X) = —np, (—x), implying antisymmetry. The latter condi-
tion can be realized by combining two optically active materi-
als, one providing gain (ny, < 0) and the other exhibiting loss
(nm > 0).

PT-symmetric structures have attracted considerable attention
due to their distinctive physical phenomena, such as beam refrac-
tion [3], nonreciprocal light propagation [3], unidirectional in-
visibility [4], and coherent perfect absorption [5]. These systems
have been investigated in various implementations, including
photonic crystals [6], coupled PT-symmetric lattices [7], optical
waveguide networks [8, 9], gain-assisted laser media [10, 11],
and PT-symmetric magnetic metamaterial realized as coupled
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split-ring resonator arrays [12]. At the same time, the role of
gain and loss saturation in PT-symmetric systems has been ac-
tively studied, for example, in the time domain [13], in Bragg
gratings [14], in Fabry—Pérot lasers [15], in anti-PT symmet-
ric structures [16], and together with the influence of the Kerr
effect [17].

The interference of two counter-propagating waves produces
a spatial intensity pattern (a standing wave). If the medium
parameters depend nonlinearly on the optical intensity, such as
through gain saturation or saturable absorption, the standing-
wave intensity distribution induces a periodic modulation of the
local gain or loss. This phenomenon is known as spatial hole
burning (SHB) [18]. Such an effect in lasers leads to an uneven
gain profile, which supplies energy to multiple modes, promotes
competition among them, and results in unstable and irregular
lasing behavior [19]. Spatial hole burning is also observed in
DFB lasers [20]. In PT-symmetry lasers in the broken-phase
regime, itis possible to efficiently eliminate spatial hole burning,
thereby providing stable single-mode operation [21].

In this work, a theoretical investigation of how counter-
propagating wave interference, together with gain and loss sat-
uration, affects the output intensities of PT-symmetric non-
laser structures is conducted for the first time. Multilayer PT-
symmetric structures are analyzed using a modified transfer
matrix method [13] that includes gain and loss saturation and
considers incident waves of a specified intensity [15]. The model
also takes into account the longitudinal variation in the field
distribution across subsequent layers. Such an approach offers
a straightforward way to evaluate how interference between
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counter-propagating waves simultaneously influences the out-
put intensities, reflectances, and transmittances of the structure.
Moreover, a simplified optical method is used in the analysis,
eliminating the need for computationally intensive techniques
such as Transmission Line Modeling (TLM) [13].

The paper begins with a description of the procedure used
to determine the refractive indices of PT-symmetric structures.
Linear structural parameters adopted from previous studies [16]
are used as the starting point. The effects of varying the number
of primitive cells and gain/loss saturation parameters on mul-
tilayer PT structures are subsequently investigated. The results
indicate nonlinear and bistable characteristics of the structure.

The theoretical formulation of the PT structure is presented
in the next section, followed by Section 3, which illustrates the
dependence of the output intensity, reflectances, and transmit-
tances on the input intensity for different structural and satura-
tion parameters. Section 4 summarizes the key findings.

2. THEORY

The PT-symmetric periodic structure analyzed here, shown in
Fig. 1, is composed of alternating layers characterized by differ-
ent complex refractive indices and described using a modified
transfer matrix approach [13, 15, 16]. The gain layer is assigned
a refractive index n|, whereas the loss layer is defined by n,.
The surrounding medium is characterized by a refractive index
no. As illustrated in Fig. 1, two configurations are considered:
in the first (setup 1, Fig. 1a), the incident wave first encounters
the gain layer, while in the second (setup 2, Fig. 1b), it initially
interacts with the loss layer.
The following relations define the refractive indices:

i M n NRe +1 M
> 2 = NR, 5 7
1+1,/1 1+ L)1

N1 = NRe (1)
where, for both layers, ng. denotes the real part and nyy, repre-
sents the unsaturated imaginary part of the refractive indices,
Iy and I, are the electromagnetic wave intensities in the gain
and loss layers, respectively. I and I, are the corresponding
saturation intensities of these layers.

The PT-symmetric structure under study consists of primitive
cells, each composed of two layers of equal thickness, denoted
wq (for the gain layer) and wj, (for the loss layer). The total
thickness of a single cell is A = w, +wp,. The overall length of
the structure is defined by the number of primitive cells N and
the cell size A, giving L = NA.

The electric field distributions in the gain layer, E1, (x), and
in the loss layer, Ey,(x), can be represented as superpositions
of two plane waves propagating in opposite directions along the
X-axis (Fig. 1). As shown in [22], the complex amplitudes of
these waves within the n-th cell are given by:

(2a)
(2b)

E1n(x) = apexp (ikonix) + by exp (—ikonix),

E>n(x) = cpexp (ikonax) + dy exp (—ikonox),

where a,, and b,, denote the complex amplitudes of the forward-
and backward-propagating waves in the gain layer, while ¢, and
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Fig. 1. PT-symmetric structures under consideration, with the junction

(J) and propagation (P) matrices indicated [16]. (a) setup 1 — the wave

is incident on the gain layer; (b) setup 2 — the wave is incident on the
loss layer

d, correspond to those in the loss layer. The parameter kg rep-
resents the free-space wave number. The electromagnetic wave
intensities /; and I, are related to the electric field distributions
in the gain and loss layers of the primitive cells, respectively.
Two cases are considered for /; and I,: one in which the field
distribution intensity is analyzed without and with taking into
account the interference of counter-propagating waves and one
in which this interference is included. The first case is desig-
nated 7 = 0, while the second is i = 1, similar to [20]. The
corresponding intensities /; and [, are defined as follows:

I = E1n ()1 = |anl* + b4,
n=0

2 2 2 (33)
L= |E2n(x)| = |Cn| +|dn| s

I = |E1n(x)|2 = |an|2+ |bn|2
+ ayb; exp (ikonix)
+ aybyexp (—ikonx),
L= |E2n(x)|2 = |Cn|2+ |dn|2

+ cnd) exp (ikonax)

+ C;dn exXp (—ik()nzx) .

The wave intensity depends on the layer first encountered
(setup 1 or setup 2). The input intensities Ii(nl) and Ii(nQ), t(he

1)
I

reflected intensities / ) and | (2), and the output intensities
ref ref out

and Iéﬁt) for setup I and setup 2, respectively, are defined as

follows:

I = ldol’, 1) =lana P,

(1) _ 2
Iin - |C0| ’ ref (48.)
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/@

2
19 =1b2, 12 =jen

2
12 =ag, 1C (4b)

In general, the reflectances R("), R(?) and transmittances 7!,
T of the PT structures are expressed in terms of the field
amplitudes:

(1) 2 2) 2
1 d I b
(1) = et _ |9 @ _ et _|bo
R _[')_Co , R _12)_a0 , (5a)
in in
(1) 2) 2
(1 — _Iout = AN+l 72 = Lout _ CN+1 (5b)

The above relations are true for both linear and nonlinear struc-

tures and will be denoted, respectively, Rl(i{ 12D and Tlfrf 12D in

the linear case and R,(lélll’Z}) and Tn((;{nl 21 in the nonlinear case.

During light propagation through the analyzed layer, gain and
loss saturation effects lead to variations in the imaginary part of
the refractive index. This continuous change is approximated by
discretization, in which a stepwise function replaces the smooth
spatial profile of the imaginary component. As a result, each
layer of the PT-symmetric cell is divided into thin slices, as
shown in Fig. 2, where the subscript n denotes the primitive cell
and the superscript (i) indicates the position of a given slice
within the layer.

nth primitive cell
/\
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Fig. 2. Schematic representation of n-th PT cell divided into
Q stripes [16]

The refractive indices in each stripe are given by:

(i) _ NRe—i Nm (i) _ . Nim
! 1+19 /1,

where intensities / l(i) and 12(i) differ for the two setups, without
and with the interference of counter-propagating waves. The
following relations define them:

. 2 2
Ifl>:‘a§lz>| +pOf
n=0 (7a)

. 12 2
1 =l +|a]
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. 12 12
10 < | 4o

+ a"p!* exp (ikonii)x)

+ a* b exp (—ikongi)x) ,

n=1 (7b)
A 2 R

12(’) = +|d,(l’)|

+cDaD exp (ikon;i)x)

e

+ D" al exp (—ikongi)x) )

The accuracy of the calculations depends on the number of
stripes Q per layer of the PT cell. This number must be suffi-
ciently large to ensure that the refractive indices ngi) and néi)
remain approximately constant within each stripe, while the
change in the refractive index between adjacent stripes is much
smaller than the variation between the layers of the PT cell. The
value of Q is determined by test calculations and chosen so that
further increases have no effect on the results. The wave prop-
agation through each stripe of the gain and loss layers, respec-
tively, is described by the matrices Pf') and Pél), see equation
(6) in Ref. [17]. The wave propagation through the boundary
between layers with different refractive indices (i.e., the sur-
rounding medium and the gain or loss layer, and the gain and
loss layers of the primitive cell) is defined by the matrices Jy;
(k=0,1,2and [ =0,1,2), see equation (7) in Ref. [17]. It is im-
portant to note that the equations involving the J matrix, which
describe wave propagation across the interfaces between differ-
ent media, are transcendental. Consequently, only approximate
solutions can be obtained numerically using the so-called self-
consistent method. In this approach, the equations are solved
iteratively, with the resulting field amplitudes fed back into the
J matrices until convergence is achieved. A detailed descrip-
tion of the J and P matrices can be found in the Appendices of
Ref. [16].

The transfer matrices M) and M connect the wave am-
plitudes on the two sides of the structures under study. For the
two setups they are given by:

®)

. ap :M(z) CN+1
by 0

For a single primitive cell (N = 1), the matrices M () and M
are expressed as follows:

o
M :Jol(HPY) J12 (9a)
i=1

i=1

Q .
[ 175" )20

mM®? =Jy Jio- (9b)

i=1

o o
ﬂp;w)h] (ﬂ PO

i=1

In the case of more than one cell (N > 1), the matrices take
the following forms:
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(10a)

i=1

The output wave intensities, reflectances, and transmittances
for both setups, without and with the interference of counter-
propagating waves, are determined using equations (5)—(8), and
(10), with the calculation procedure described in Appendix B
of Ref. [16]. The following section presents the results of the
numerical analysis of the investigated structure, highlighting
the counter-propagating wave interference and gain/loss satura-
tion on the output intensities. Specifically, I(;L) corresponds to
setup 1, where the wave exits the structure through the layer with
refractive index n,, and 1 ) corresponds to sefup 2, where the

out
wave exits through the layer with refractive index n;.

3. RESULTS AND DISCUSSION

The numerical analysis of the output wave intensity, reflectance,
and transmittance of the PT structures requires specifying the
refractive indices. The real part of the refractive index is set
to a constant value of nge = 3.165, corresponding to the semi-
conductor material InP [23], while the imaginary part is set
to nym = 0.1 [10], [14], [24]. The structures are assumed to be
surrounded by air, with a refractive index of ng = 1. The op-
erating wavelength is A = 1.55um, corresponding to the third
telecommunications window.

Next, the size of a primitive cell (grating period A) and the
number of such cells N are determined using a graph of re-
flectance Rl(ifll’Z}) and transmittance TISI’Z} ) (calculated for the
linear PT structure with all saturation effects omitted) as a func-
tion of the number of primitive cells N and the ratio A/A of
the grating period to the wavelength (see Fig. 3 of Ref. [16]).
The graph presents two rows of maxima. Two cases from the
first row were selected for analysis. The first corresponds to the
smallest primitive cell size (N =25 and A/2 =0.157849). The
second corresponds to the highest transmittance (N = 21 and
A/A =1.420474). The analysis included structures character-
ized by the same ratio A/A and a different number of primitive
cells N.

Table 1 contains data obtained from calculations reported in
Ref. [16]. For each row, the following parameters are listed: the
number of primitive cells N, the ratio of the grating period to
the operating wavelength A /A, the overall length of the structure
L, the linear reflectance Rl(i:l) for setup 1, the linear reflectance

Rl(.Z) for setup 2, and the linear transmittances T =72 for
in lin lin

both setups, which are equal to each other [14], [24]. The re-

flectances and transmittances are described by equation (5) in
Ref. [16]. The PT structure parameters that provide maximal
reflectance and transmittance (so-called peaks in the following
text) are highlighted. It is worth noting that in these cases the
reflectances for setup I are significantly higher than those for
setup 2. Data from Table 1 (particularly the number of primitive
cells N and the ratio A/A) serve as the starting point for the
analysis of nonlinear PT structures presented in the following
figures, whose numbers are indicated in the last column (Fig.)
of Table 1.

The nonlinear analysis, incorporating counter-propagating
wave interference and gain/loss saturation effects, is carried out
for both investigated configurations of the nonlinear PT struc-
tures, using equations (5)—(10) from Section 2 of this work and
the procedure described in Appendix B in Ref. [16]. To achieve
sufficient computational accuracy, each layer of the structure is
divided into Q = 10 segments (the value of Q is determined
through test calculations).

({1,2})
Iy , re-

Characteristics showing the output intensities
flectances R,(,({),I,’Z}) and transmittances Tn((;{n]’Z} )
the input wave intensity Ii(n{]’Z}) were obtained for both setups
(indicated by superscripts 1 and 2, respectively) and the struc-
tures listed in Table 1. The saturation intensity values chosen
for this analysis are close to realistic values for InP-based struc-
tures [25]. The output intensity, reflectance, and transmittance
characteristics are presented together because they constitute
complementary characteristics of the same nonlinear response
of the PT-symmetric structure. Their simultaneous analysis
makes it possible to directly relate changes in the output intensity
to the corresponding variations in reflectance and transmittance
under identical physical conditions. This is particularly impor-
tant when the interference of counter-propagating waves is taken
into account, since the resulting modification of the longitudinal
field distribution affects all three characteristics simultaneously.
Additionally, the reflectance and transmittance levels equal to
unity are marked with a black line on the appropriate charts for
all the following characteristics (Figs. 3-6).

as functions of

Table 1
Parameters of analyzed reflectance and transmittance maxima
for the linear PT structures

712D

’ N ‘ AJA ‘ L (um) ‘ R ‘ R ‘ i ‘ Fig. ‘
21| 0.157849 |  5.14 1745 | 1557 1748 | .
25| 0157849 | 6.12 | 7742.04 | 6892.06 | 7305.69 | &
29 | 0.157849 |  7.10 1439 | 12.83 1459 |
17 | 1420474 | 37.43 16.31 6.16 11.02 | &
21| 1420474 | 4624 | 1924970 | 7205.17 | 11778.00 | &
25 | 1.420474 | 55.04 18.36 6.94 1229

Figure 3 shows the dependence of the output intensities, re-
flectances and transmittances on the input intensities for equal
saturation intensities Is; = I; = 10> W/cm? in both config-
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Fig. 3. Output intensities I(Eétl’z} ), reflectances R,(,({);’z}) and transmittances Tn(;nl 2}) as a function of input intensity Ii(n{l’z}) shown for: both

setups, ratio A/A = 0.157849, saturation intensities I = I = 102 W/cm?, without (1 =0) and with (n = 1) taking into account the interference
of counter-propagating waves. The characteristics are plotted for different numbers N: (a), (d) and (g) N = 21; (b), (e) and (h) N =25; (c), (f) and
A N=29

urations, for the ratio A/4 = 0.157849, without (n = 0) and
with (7 = 1) taking into account the interference of counter-
propagating waves, and different primitive cell numbers N: (a),
(d) and (g) N =21; (b), (e) and (h) N =25 (highlighted in Ta-
ble 1); (¢), (f) and (i) N =29. It is worth noting that a change in
the number of primitive cells N results in a change in the length
of the entire structure L (see Table 1).

The presented characteristics behave similarly to those
demonstrated in papers [16] and [17] for the case without taking
into account wave interference (7 = 0) and the case with such

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 6, p. 6593, 2026

interference (7 = 1), but only in the range of small and large
values of the input intensities Ii(n{ 1.2h)

In the range of the medium values of 11(11{1’2}), taking into
account the interference of counter-propagating waves (7 = 1)
causes a slight reduction in the Iéitl’Z}) value. The bistability

effect, observed in the output wave intensities / (()l{"] 21 character-

istics, shifts toward smaller values of Ii(n{l’Z}). It is worth noting
that the hysteresis loops are wider when 1 = 1. The observed

changes in Iéitl’2}> result from changes in the field distribution
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due to the different length of the entire structure (see Fig. 9
in Ref. [26]). This field distribution determines the reflectance
Rr(,({nll’z}) and transmittance Tn(o{nl 2D, Thus, the simultaneous pre-
sentation of these three characteristics facilitates the identifica-
tion of the relationship between the nonlinear output response
and the corresponding changes in reflection and transmission.

For input intensities above I].(n{l’z}) = 102 W/cm?, in the case

of setup 1, the reflectance Rr(l(l)r)1 shows a sharp decrease without
(n =0) and with (n = 1) taking into account the interference

of counter-propagating waves. Moreover, for n = 1, its value

bility effect. For setup 2, taking into account the interference
of counter-propagating waves (7 = 1) slightly increases the re-

flectance RI(KZ,,)1 value compared with the case of = 0.
7UL2h)

In the case of the transmittances T,,,’""’, for an input wave
intensities of about Ii(n{l’z}) =10° W/cm?, a local minimum is
observed, occurring only for setup 2 after taking into consid-
eration the interference (17 = 1). This minimum deepens as the

number of primitive cells N increases.

Figure 4 demonstrates the dependence of the output intensi-
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Fig. 4. Output intensities / gitl,Z}), reflectances Rr(u{nl]’z}) and transmittances Tn(énl’z}) as a function of input intensity Ii(n{l’z}) shown for: both

setups, ratio A/ = 1.420474, saturation intensities Iy = I» = 102 W/cm?2, without (57 = 0) and with (57 = 1) taking into account the interference
of counter-propagating waves. The characteristics are plotted for different numbers N: (a), (d) and (g) N = 17; (b), (e) and (h) N =21; (¢), (f) and
i) N=25

6 Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 6, p. 6593, 2026



Influence of counter-running wave interference on operation of the PT-symmetric structures

on the input intensities Ii(n{l’z]’) for equal saturation intensi-
ties Iy1 = Iy = 102 W/cm? in both configurations, for the ratio
A/A =1.420474, without (n = 0) and with ( = 1) taking into
account the interference of counter-propagating waves, and dif-
ferent primitive cell numbers N: (a), (d) and (g) N = 17; (b), (e)
and (h) N =21 (highlighted in Table 1); (c), (f) and (i) N = 25.
The overall length of the investigated structure L is much larger
than that in the previous case presented in Fig. 3 (see Table 1),
and increases with increasing number N.

As in Fig. 3, the influence of the interference of counter-
propagating waves (17 = 1) is observed for the medium range of

the input intensities Ii(n{l’%) only. Additionally, the differences
in output intensities for both setups are greater than for =0,
and the output intensity I(;L) is higher than I(Eit) .

The reflectances R{(}({)}ll,z}) characteristics are different from the
corresponding characteristics in Fig. 3. In the medium range of
the input intensities Ii(n{l’Z}), where for the case without tak-
ing into account the interference of counter-propagating waves
(n = 0), the unidirectional invisibility is observed, i.e., the re-
flectance R,(Kl)z, tends to zero and the reflectance R,ﬁﬁ,l does
not. When the interference of counter-propagating waves is
taken into account (77 = 1), the unidirectional invisibility effect
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disappears and the reflectance Rr(l(l,r)1 is greater than the reflectance
R,(lﬁ,), This behavior is caused by differences in the longitudinal
field distribution between the two setups. This distribution is

related to the size and number of the primitive cells.

Analogously to Fig. 3, in the medium range of the input inten-

sities I ({1’2}), without considering interference from counter-

in
propagating waves (1 = 0), the transmittances Tn((fnl 21 almost

overlap. Taking into account this interference (1 = 1) results in
the separation of the transmittance curves, and the transmittance
Tn((}n) is greater than Tn(gn) Moreover, the transmittance T,f§3 has
noticeable minimum.

Figure 5 presents the dependence of the output intensities, re-
flectances and transmittances on the input intensities for differ-
ent saturation intensities /5; = 10° W/cm? and I, = 10> W/cm?
in both configurations, for the ratio A/A = 0.157849, without
(7 =0) and with (n = 1) taking into account the interference of
counter-propagating waves, and different primitive cell numbers
N: (a), (d) and (g) N =21; (b), (e) and (h) N =25 (highlighted
in Table 1); (c¢), (f) and (i) N = 29. Note that a variation in the
number of primitive cells N leads to a corresponding change in
the overall length of the structure L (see Table 1).

Introducing a difference in the saturation intensities of the
gain and loss layers makes the influence of the interference on
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the studied characteristics more visible. It is worth emphasizing
that, in this case, the loss layer saturates more quickly, so the
gain layer has a stronger effect on the propagating wave.

Similar to the previous characteristics, the influence of the
interference of counter-propagating waves is visible only in the
middle range of Ii(n{ 121 For the primitive cell number N =21 (a
smaller value than for the peak of reflectance and transmittance
highlighted in Table 1), the interference (17 = 1) causes a decrease
in the values of I(Eitl’z}), R,E({)III’Z}) and T,f(;{,:’Z}) . This decrease
is stronger in setup 2 (where the wave exits the PT structure
through the gain layer), and the bistability effect disappears.

In the case of N =25 primitive cells (at the peak of maximal
reflectance and transmittance for the linear PT structure), taking
into account the interference of counter-propagating waves (17 =
1) results in greater changes of 1553’2}), Rr(u{)rll’Z}) and Tn(o{n1 21
characteristics. For setup 1, the output intensities, reflectances,
and transmittance characteristics almost overlap with those for
(n = 0), respectively. For setup 2, considering interference (17 =
1) shifts the bistability toward smaller input intensities Ii(n{l’Z}).
Furthermore, the new hysteresis loop is wider. Simultaneously,
the Igitl’z}), R,(l({nll’Z}) and Tn(ér} 21 values for n =1 and setup 2
are much larger than for 7 = 0 for both setups, respectively.

A further increase in the number of primitive cells to N =29 (a
larger number of cells than for the reflectance and transmittance
peak) with interference taken into account (77 = 1) causes a small

increase in the output intensities Iéill’Z}), reflectances Rr(l({,rll’z})

and transmittances Tn((fnl 21 above the corresponding values of
Iéétlg}), RS({,A’Z}) and Trf(fnl’Z}) for n = 0. However, despite the
medium’s larger volume, detuning from the peak (N = 25) re-
duces reflectances RI(K{,II;Z}) and transmittances Tn(o{nl 21 for n=1.

Figure 6 shows the dependence of the output intensities

Iéitl’z}), reflectances Rr(l({),l;z}) and transmittances Tnﬁ){nl 2D on

the input intensities Ii(n{m}) for different saturation intensities
Is1 = 10° W/em? and I, = 10> W/em? in both configurations,
for the ratio A /A =1.420474, without ( = 0) and with (7 = 1) tak-
ing into account the interference of counter-propagating waves,
and different primitive cell numbers N: (a), (d) and (g) N =17;
(b), (e) and (h) N =21 (highlighted in Table 1); (c), (f) and (i)
N =25. The total length of the PT structure L is much larger
than for the previous case presented in Fig. 5 (see Table 1), and
increases with increasing number N.

In general, for both setups, taking into account the inter-
ference of counter-propagating waves (n = 1) causes slight
changes in the output intensities 15511’2}), reflectances Rr(l({,rll’z})
and transmittances Tn((fnl 2D only for input intensities around
Ii(n{l’z}) = 10* W/cm? for all investigated numbers of primitive
cells (i.e. N =17,21,25).

In contrast to Fig. 4, introducing a difference in the saturation
intensities of the gain and loss layers (/51 and Ig) causes the
appearance of the bistability effect for the number of primitive
cells equal to N =17 and N = 21 in the range of medium and
small values of the input intensities Ii(n{l’Z}), respectively. Tak-
ing into account the interference of counter-propagating waves
(n = 1) results in noticeable differences in the output intensities

Iél{ltl’z}), reflectances Rr(léli’z}) and transmittances Tn(o{n1 2D com-

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 6, p. 6593, 2026

pared with the corresponding quantities for 7 = 0, but only for the
number of primitive cells equal to N =21 (at the peak of max-
imal reflectance and transmittance for the linear PT structure).
The hysteresis loop widens, especially for the output intensities,
reflectances, and transmittance values for setup 1. The simul-
taneous changes observed in the output intensity, reflectance,
and transmittance are particularly relevant for the interpretation
of the bistable response, since the position and width of the
hysteresis loops are modified together with the corresponding
reflection and transmission characteristics.

For primitive cell number N =25 (a greater value than for the
peak of reflectance and transmittance highlighted in Table 1),

the output intensities I(Eitlg}), reflectances R,(K{,,]q’Z})

mittances Tn(o{,:l} ) characteristics overlap without ( = 0) and

with (7 = 1) taking into account the interference of counter-
propagating waves for both setups.

and trans-

4. CONCLUSIONS

This work presents the output intensities, reflectances, and trans-
mittances of finite nonlinear PT-symmetric structures illumi-
nated by plane waves of specified intensity, taking into account
the interference of counter-propagating waves as well as differ-
ent gain/loss saturation levels. Two configurations are consid-
ered: setup I, in which the incident wave illuminates the gain
layer with refractive index ni, and sefup 2, in which the wave
illuminates the loss layer with refractive index n;.

A modified transfer-matrix method is used for the nonlinear
analysis. This approach requires a self-consistent procedure to
determine the matrices that describe wave propagation across
the interfaces between all layers in the PT structure. Impor-
tantly, the refractive indices of the layers are modulated by both
interference between counter-propagating waves and gain/loss
saturation, which, in turn, influence the longitudinal field distri-
bution in subsequent layers.

The main conclusions from the analyses conducted are sum-
marized below. The influence of counter-propagating wave inter-
ference on the characteristics depends strongly on the size of the
primitive cells and the number of cells forming the PT structure.
Moreover, it modifies the bistability effect, which depends on the
gain/loss saturation intensities. When the saturation intensities
of the gain and loss layers are identical, the interference effect
is stronger in the PT structure with large primitive cell sizes
(the structure exhibits maximal reflectance and transmittance).
In this case, the output intensity and transmittance are higher for
setup 1 than in the case without taking into account the inter-
ference effect. Additionally, the unidirectional invisibility effect
disappears from the reflectance characteristics.

When the saturation intensity of the gain layer is greater than
that of the loss layer, the interference effect is stronger in the PT
structure with small primitive cell sizes, especially for setup 2
and for the structure corresponding to the maximal reflectance
and transmittance in the linear PT structure. In this case, bista-
bility occurs at lower input intensities. The proposed model is
a useful tool for simulating PT structures and can be applied to
a wide range of materials. The obtained results may be relevant
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to the development of nonlinear PT-symmetric photonic devices
for optical switching, tunable light transmission, and optical sig-
nal processing. In particular, the demonstrated sensitivity of the
output characteristics and bistable response to the interference
of counter-propagating waves, the number of primitive cells,
and the gain/loss saturation levels may be useful for designing
tunable all-optical functionalities.
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