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Abstract electromagnetic field behaviour to second order accuracy in
both time and space [24,25]. It is important to note that th
The paper analyses the operation of PT Bragg gratingsTLM method has been successfully implemented to model a
when the dielectric material is considered to be both dispersive and nonlinear dielectric material [22,28]
dispersive and nonlinear and gain and loss are saturableprinciple any time-domain numedtmethod, including the
The paper demonstrates the application of the nonlinear PTFinite Difference Time Domain (FDTD) method could be
Bragg Grating as an optical logic gate and an optical switch. used as a basis for the simulation undertaken.
In our previous work, we have validated the TLM method
1. Introduction to model a linear PT Bragg Grating (PTBG) wition-
A Parity-Time (PT) structure is formed by balancing dispers_ive gain and_ |°$S [4,26]. The impact of gain/loss
inherent loss in a medium by an equal gain in a certainSaturation on the switching performanceadinear PTBG
design The PT-symmetric structures mimic thET- has also b_een demons_trated [4]. In_thls paper we e_xtend_our
symmetric potential system in quantum physics which, Model to include nonlinear and dispersive materials with
under certain conditics) operates in a stable regime. As se_lturable gain :_:md loss. The Kerr nonlinearity is assumed in
optical waveguides have inherent material loss, it is (NS Paper and is controlled by a strong pump beam away
desirable to balance the loss with gain for optimal oM the Bragg frequency of the grating. The performarice o
performance. This is one of the reasons why PT structuresthe gra_tmgl for dl_f'fe_rent pump beam |_ntensmes and d!ﬁerent
have become the subject of increased interest in photonicsSaturation intensities analysed. This is followetly studies
Several kinds of PT-symmetric structures have beenOf the appllcayonsfoa nonlinear PBG asan optical logic
reported so far based on either grafihgd], coupler[5-9], gate and a switch. . .
or lattice [16-12] structures with a range of applications This paper is structured as follows; in the next section
including lasing and absorber cavities [2], switches [4,13] the model of_the_ PTBG st_ructure as implemented in the
and memory [14] PT-structures have been extensively TLM method is given. Section 3 analyses the performance

modelled using coupled-mode theory [3,The transfer- of the nonlinear PTBG for different input intensities and
matrix (T-matrix) method [1,1416] I’:quuet-Bloch different intensity saturation levels. Section 4 demonstrates

theory [11] and Fourier modal analysis [17,18[he practical applications of the nonlinear PTBG and Section 5

inclusion of material nonlinearity has also been reported Outlines the main conclusions of the paper.
with a spe_culatlon that nonlinearity cqmbm_gd wahPT 2 Structure and mode
structure will open a new range of functionalities [+2H.
However, all the reported models have assumed that gainA Parity-Time symmetric material in optics requiras
and loss are frequency and intensity independent. Thecomplex refractive index profile that satisfiig—z) =
important question arises on how a nonlin@arsymmetric 7*(z), wherez denotes the spatial position of the grating
device will perform in a practical situation where gain and and * denotes the complex conjugafée schematic o&
loss are both dispersive and satural#specially wha PT grating is shown in Fig.]1. The grating is embedded in a
medium nonlinearity is also taken into account. medium of background refractive indey as shown i Fig

To consider such a scenario we use a time-domairfi]a), and is made of N periods. A single peribdof the
numerical technique, namely the Transmission Line PTBG is shown ip_Fig.]1(b) representing equal amounts of
Modelling (TLM) method [22,23]. The TLM method is loss and gain per period and with the real refractive index
based upon the analogy between the propagatingvarying ina piecewise constant manner betwagrandny
electromagnetic field and voltage impulses travelling on an (dashed line ih Fig.]1(b)). The Bragg frequerfgys related
interconnected mesh of transmission lines. Successivetg the average refractive index of the structure by

repetitions of a scatter-propagate procedure provide ang, = <, where c is the speed of light in free space.
explicit and stable time-stepping-algorithm that mimics
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imaginary part of refractive index; by |a| =%n;, wy,

—_ denotes the atomic transition angular-frequencys the
il dipole relaxation time parameter amglis the peak value of
Ne Ne e [ : the gain or loss ab,,. In order to quantify the saturation
L level, it is useful to introduce the saturation fa€iatefined
Gain Loss as
NA
(@) (b) o 1
eI (6)
Fig. 1(a) Schematic of the PTBG within a background mategial Is

(b) A single period of PTBG showing gain and loss half-peri

and (dashed line) modulation of the real refractive index. where | is the input beam intensity agds the saturation

intensity. For a fixeds, the saturation factdR varies over
the interval0 < Q <1, with Q=0 denoting a highly
saturated state 1—’5 — o) and Q =1 denoting negligible

saturation (IL—>0). It is emphasised that the model

z (1) described i ) satisfies the Kramers-Kronigs conditions
n(w) ¥ An(2) + nl(z,t) — joa(w, D), z>7 which relates the real and imaginary part of a refractive
index.

The refractive index profile of the nonlinear PT Bragg
grating for one period,; can be expressed as:

n(w) £ An(z) +n,I(z,t) + ja(w, 1), z < 4
ng(z, o,t,1) = z

. L in
Here, n(w) is the base refractive index as a frequency
dependent materiabn(x) is the modulation of the real

refractive. inde.xas a spatia]ly depende'nt fun.cti,omb is the 3. Results and Discussion
Kerr nonlinearity constant,is the input intensity of the field ) ) ) )
and a(w, ) denotes gain or loss in the gratimdiich is In this section, the performance of 200 periods of nonlinear

dispersive and saturable. Equation (1) shows that KerrPTBG based on GaAs material is analysed using the TLM
nonlinearity also contributes to the overall real part ef th Method. The following material parameters are used
refractive index. throughout this papery,, = 7.5, wop = 4614.4rad/ps,

The frequency and intensity dependent dielectric materialand & = 0.0923 rad/ps [30], with the high and low
is modelled in the TLM model using the Duffing equation of refractive index, i.eny andn, obtained respectively from

polarisation [27], the high and low dielectric susceptibilitigs,, = 2.8 and
X 2.5, which form the grating. The Kerr nonlinearity constant
a_PZD + z(saﬁ + w2, Pofp = €oXeowipE (2) isn, =2 x 1077 m*W~1 [31,32] throughout the structure.
ot g The gain and loss parameters are 0.1 ps and wy, =

whereP, andE denote the electric polarisation and fiefld, 2116.5rad/ps [29] while @, depends on the gain/loss
andw,, denote the damping and dielectric resonant angular-given. The periodicity of the PTBG is desighso that the
frequency parameters of the medium respectively, yapd Bragg frequency is at the atomic-transitional frequency, i.e.
denotes the dielectric susceptibility at DC. The nonliheer fz =222, henceA = 122.7 nm. The background material is
implemented with the functiofi, as[28], GaAs withng = 3.626 at the Bragg frequency. The
unidirectional (U) operation of the PTBG occurs when the

fD = e(Pl%' (3) . . _ 1w
gainfloss in the PTBG satisfielg,| = ;2(ny —ny) [4]
_ N2y/XeotXeoot1 which for the chosen material parameters, happens when the

where { = , n, is the Kerr nonlinear

€5(Xeo+Xes)*Mo gain/loss coefficienta,| = 1460.24 cm™!.

constant .., denotes the constant susceptibility at infinite ~ The main characteristic of the linear PT Bragg grating is
frequency andn, is the free-space impedance. It is that transmission is the same regardle$swhether the
emphasised that whey = 1 the Duffing equation reduces grating is excited from the left or right of the grating but the
to the linear model of optical material based on simple reflectances are different. The amount of gain/loss of the
harmonic oscillator with a Lorentzian profile. In this ctse system also influences the operation of the grating in that
refractive index at a given angular frequencis calculated  above a certain threshold point the operation of grating is in

as, anunstable regime. Another characteristic of a linear PTBG
. YeowZp is that the grating exhibits unidirectional invisibility
A% = (1 Xew) + 2jsw+(wip-w?)’ (4) commonly referredo as the U point

In the light of the refractive index profile given in (1),
for the nonlinear PT Bragg grating, we consider a scenario
where an input beam is comprised of two beams, namely a
strong pump beam and a probe beam. The pump beam is a
TW beam and is used to activate the Kerr nonlinearity. The
frequency of the pump beaf}y,.,,,, is set to be far from the
lal(w, 1) = Q(,)< . "‘i 4% ) ) Bragg frequency, i.gfum, = 200 THz. The probe signal is

14j(@ = woe)t 1+ j(w+ woe)t a Gaussian pulse modulated at the Bragg frequgénend

where the gain/loss parametfr| is related with the is low in intensity, with its maximum intensity being 1% of

The implementation and validation of the Duffing equation
to model a realistic dispersive and nonlinear optical
dielectric has been reported[28].

On the other hand, a dispersive and saturable gain/los
model with a Lorentzian profils implemented as [29]




the pump beam intensity. Since the intensity of probe beamthat in this case the change of refractive index and gain/loss
is very low compared to the strong pump beam, its effectin the PTBG induced by the Kerr nonlinearity and
can be seen as a perturbatmfnthe pump beam and hence saturation respectively are negligible. It is noticeable that
the pump beam can be considered as the input beam. compared to the idealised case, the total transmigsieri

In order to investigate the effect of different saturation occurs only at the Bragg frequengy: This result confirms
levels on the performance o nonlinear PTBG the that material dispersion prohibits unidirectional behaviour
saturation intensitys is fixed to a certain level and the at all frequencies as shown in the caserifleal PTBG [4].
saturation factof) is changed by changing the intensity of Furthermore, as the saturation fact@r decreases the
the pump beam. transmittance becoes similar to that of the regular Bragg

shows the frequency response of the noaline grating (RBG), i.e. it loses PT behaviour. This is shown in
PTBG for a saturation intensitig = 5 x 101 Wm~2 atthe  [Fig. 2(a) where the response for= 0.01 overlaps with
U-point. Fora given level of saturation intensity, the effect that of theRBG. By increasing the input beam intensity
of the Kerr nonlinearity is low sinoe,ls = 1 x 107°. Four even furtherQ = 2 x 10™*, the band-gap is shifted to the
different intensities of the input beaihare considered so lower frequency due to the fact that the dominant
that the saturation factofl varies from low to high  modulation mechanism becomes the Kerr nonlinearity.
saturation, i.eQ = 0.99, 0.8, 0.01 and2 x 107°. |Fig. 2
compares results together with the analytical solution 336.85 THz

obtained using the T-matrix method [34]. It is emphasised ~_ 1° : @
here, that the T-matrix method models a linear and % |
dispersive structure, i.e. no Kerr nonlinearity and 2 4 |
gain/loss saturation. With that in mind, the T-matrix method £ |
results are presented more as a reference than for a direc g [ “——T-matrix (line)
comparison. The response of the linear PTBG using the S o :
idealised model of gain/loss [i§ also included ip Fig.]2 for |
comparison. The ideal gain/loss model here is implied to be gl ' ]
frequency and intensity independent By
& 15¢
R § 10 Q=095—_,
] % T-matrix (line)
o) o 5 Q=
1= k5] ,
2 T o .
€ 057 — :
2 b T—matrix (line) [_"I | (c)
= J—a z if | ]
" Q = 0.99 (points) 'S, |
i o |
~, 20} (®) 1 g o5 '
E:L_' § | T-matrix (line)
;5 15+ T-matrix (line) Q=08 3 I
L = |
& ?2—099( oint e O
o qof =0. points) 1 i 5 .
8 ™ i T—matrix RBS 330 335 340 345
3 @=izxil I & 1 Frequency / THz
= \ : Q=001
= ——— —
(1) = = Fig. 3(a)Transmittance (b) reflectance for Bftand (c) rightlz
& T_matixRBS  (©) incident beam for high saturation intensity and different sature
= & factorsQ
S Q=001
g 0.5¢ T-matrix (line) 1 |Fiq. 2|(b) amll Fig. IZ(d) show the reflectance for beams
8 é=099 — incident from the left[}, and rightI;, side of the PTBG
8 ' respectively. For the ideal linear PTBG the reflectdnds
2 9 . zero andT, is amplified, showing the unidirectional
330 335 340 345 behaviour at all frequencies. At low saturation levels
Frequency / THz (Q = 0.99) the reflectanc&, has narrower bandwidth and
the PTBG maintains the unidirectional behaviour arofgnd
Fig. 2(a)Transmittance (b) reflectance for I€ft, and (c) right[%, Furthermore, at low saturatioft,= 0.99, the TLM results
incident for different saturation levels for I, andI, agree very well with results obtained using the

T-matrix method due to the negligible effect of nonlinearity.
model has almost-total transmissiofi ~1 at all Furthtzrer Tcrfa\;er I?r saturr]a?on (Ijeveltsh;:s tgemriﬁflcre]ft?(ncr(ra
frequencies. At low saturation level (= 0.99), the igﬁﬁngari?yo er frequencies due to the domina €

transmittance calculated using the TLM method agrees with .
one calculated with the T-matrix method, due to the fact [Fig. 3(a) shows the response of the nonlinear PTBG

(a) shows that transmittance of the ideal PTBG



under the condition of high saturation intensity, which if it is also included {fFig. 4Ja) and shows that at low intensities
was reached, produces high Kerr nonlinearity.df = 0.5. the transmittance is very low but then switches to total
The grating is operat at the U point witHa,| = 1460.24 transmittance at high intensity. This can be exgldithat
cm™t. Two different input intensities are considered so that by the fact that at high input intensity the band-gap of the
gain/loss saturatiois Q = 0.99 and0.95, corresponding to  nonlinear Bragg grating is shifted to the lower frequency so
low saturation. The induced Kerr modulation for given thatf = 336.85 THz lies outside the band-gap. For the case
intensities isn,I = 0.0051 and 0.0263 respectively. The  of the nonlinear PTBG operating gt = 336.85 THz, the
response of the linear structure (no Kerr nonlinearity and nototal transmissioff = 1 is achieved regardless of the input
gain/loss saturation) calculated using the T-matrix method beam intensity.

is included for comparison] Fig.] 3 shows that as the  Since the NBG is orthogonal (reciprocal and lossless),
intensity and saturation increase the overall responsés for i.e.T +T = 1,b,c) show that at low input intensity
[ and T, shift towards lower frequencies as the Kerr the reflectance is close tq land it is very small at high
nonlinearity increases overall refractive index. It is input intensity. For the case af nonlinear PTBG the
observed that at th¢f; the unidirectional invisibility is reflectancel;, # I’y with I, > I; at low input intensity, i.e.
preservedT ~ 1 andl; — 0, whilst transmittance higher small Kerr effect, but as the input intensity increased'the
than 1 is observed fgf < fz. The reflectance for the left decreases to almost zero and fits with the response of the
incident case[,, decreases and is shifted to a lower NBG. [Fig. 4la,b) show that at high input intensity and for
frequency. On the other hand, theincreases as the input high saturation intensity, total transmittance with both
beam increases and negligible reflectance is observed foll,, Iz — 0 is observed corresponding to a bidirectionally
f>fs transparent grating for frequencis> f;.
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Fig. 4 (a) Transmittance, (b) reflectance for left and (c) reflecte
for right of PTBG at the U operation as a function of input inten
at f = 336.85 THz. The gain/loss has high saturation inten:
n,ls = 0.5. Results for the NBG(, = 0) at the Bragg frequenc
fz = 336.85 THz are included for reference.

Fig. 5(a) Transmittance, (b) reflectance for left and (c) reflecta
for right incidence of PTBG at the U operation as a functior
input intensity at f =336.85 THz. The gain/loss has lov
saturation intensity,Is = 0.0005 . Results for the NBGaf, = 0)

at the Bragg frequency = 336.85THz are included for

shows the response of the nonlinear PTBG as areference
function of input beam intensity, when the gain/loss

intensity saturation is higlin,Is = 0.5). The grating is . : ; . o
operated at the U point witlf = 336.85 THz. The the non!lnegr PTBG as a fpnct!on of input beam intensity is
. shown in[ Fig. b The grating is operated #t= 336.85
frequency f = 336.85 THz is the Bragg frequency of the - ; - o L
linear aratina. The response for the nonlinear Bra ratin THz, similarly as in[_Fig. #. The saturation intensity is low
grafing. P 99 9raling g set td; = 2.5 x 10> Wm™2, correspondingo a low

(NBG) at f = 336.85 THz , with no gain and losstg = 0) Kerr nonlinearityof n,I; = 0.0005. The PTBG operates at

The impact of gain/loss saturatiom the performance of




the U point with|a,| = 1460.24 cm™!.[Fig. 5(a) shows
almost total transmittance at low input intensity but

[Fig. 6lcompares the performance of the NBG and PTBG
where| Fig. 6(b) shows the transmitted probe beam of a

gradually decreases and fits with the response of the NBGNBG structure ¢, = 0) when excited from the left side

as the input intensity is increased.

|Fi§. 5(b) and (c) depict the reflectance for the Igfand
right T; incidence respectively. At low input intensity
I, >Ty, butit gradually decreases and fits with the
response of the NBG as the input intensity is increfiSed]

The transmitted probe beam of the NBG is very low when
the pump beam is turned off or operated &tI,. However,
when the pump beam is switched to operatd, dbtal
transmitted power is observed. On the other Hand, Fiy. 6(c
shows the output of the PTBG when the grating is excited

[Sla-c) show the impact of the gain/loss saturation, that it from the left. It can be seen that when the pump beam is off
effectively reduces the gain/loss in the system to athe probe beam is totally transmittBd= 1. Increase in the
negligible level at high input intensity, and hence inhibits pump beam intensity t reduces the transmitted probe
the interplay of Kerr nonlinearity and PT behaviour as is beam intensityA subsequent further increase of the pump

observed ih Figd]

4. Applications

In this section two potential applications afnonlinear

beam tol, increases the transmitted probe beam to total
transmittance Although( Fig. 6(b) anf_Fig. |6(c) show that
NBG and PTBG have similar switching operation, the
PTBG achieves switching at lower pump intensity with the
default ON state fof = 0 and OFF state dt= 1.

PTBG based on GaAs are investigated, namely an optical

logic gate anda switch. The input beam comprises af

probe beam and a strong pump beam. The probe beam is a

CW operated at the Bragg frequengy,,. = 336.85 THz

and has a low intensity which is kept constant throughout

the simulation with = 1 x 10 Wm™2. The pump beam is

a CW signal operated far from the Bragg frequency at
foump = 200 THz. The intensities of the pump beam are

switched between two different values, i.B.=1 X
10 Wm~2 andl, = 1 x 10'*Wm™2 as marked ih_Fig.]5

5. Conclusion

The performance of a nonlinear PT Bragg grating that has
dispersive material and a saturable gain/loss model is
analysed and compared with the performance of an
idealised PT Bragg grating aradnonlinear Bragg grating

with no gain/loss. It is shown that material dispersion limits
the unidirectional behaviour of the PTBG to a narrowband
region around the Bragg frequency. The interplay of

where the pump beam intensity is shown against time. Thegatyration and nonlinearity is important as low saturation

pump beamis initially turned off and then turned on to

intensity can prohibit the impact of Kerr nonlinearity in a

intensity/; for a duration of 10 ps, followed by an increase nonlinear PTBG. At high saturation intensity the impact of
to intensityl, for another 10 ps. The pattern is then repeated nonlinearity contributes to bidirectional invisibility for

as seen 6).

_4} “~Pump beam

NBG o) =0

|

Electric field / Vm™
X 1()4

PTBG at U point

x 10*

0 10 20 30 40 50 60 70
Time / ps
Fig. 6 Comparison of switching operation between the

NBG and (c) PTBG for the pump beam intensity pro
shown in (a).

frequencies above the Bragg frequency. The operation of
the PTBG as an optical switch and logic gate confirms that
the switching operation can be achieved at lower pump
intensities than is the case for the nonlinear Bragg grating
with no gain and loss.
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