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PT-symmetry and Waveguides/ (3) Waveguides & Bragg structures

Course 3 : 
• Bragg with gain/loss (complex ) modulation 

• Unidirectionality of plane-wave coupling

• History of gain-modulation (1970’s  & 1990’s)

• Kulishov’s proposals : 
single-sided mirrors, strange cavities, memories

• WGM lasers

• Fano & EIT
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Another view of modulation : scattering

• Band & coupling picture

• Scattering picture [1] real index

Re

Δ

incident E field

induced polarization

retardation Δ ℓ

weak refl ∝ Δ ℓ

fwd scatt

bwd scatt
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Another view of modulation : scattering

• Band & coupling picture

• Scattering picture [1] real index…. Second half period

Re

Δ

incident E field

induced polarization

retardation Δ ℓ

weak refl ∝ Δ ℓ

fwd scatt

bwd scatt
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retardation ~0

4	 weak refl ∝ 4 Δ ℓ
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bwd scatt

Scattering and Bragg
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Re

Δ

incident E field

retardation ~0

4	 	weak refl ∝ 4 Δ ℓ

fwd scatt

bwd scatt

Scattering and Bragg (real part)

+π/2

+π/2

+π

0

2π

Δ

• Bragg period = 

• Each half-period is a    
« radiator »

• Eigenmodes invariant  
@   symmetry planes
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Another view of modulation : scattering of abs/gain layer

• Scattering picture: [2] imaginary index

Δ

incident E field

induced polarization

• No retardation

• Weak refl ≅
ℓ 

fwd scattbwd scatt

abs

gain

αℓ

ℓ ℓ 

• Attenuation	 1 αℓ ≅ 1
ℓ Now in quadrature
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Bragg scattering of abs/gain layers

incident E field

retardation ~0
fwd scatt

bwd scatt

ℓ′ αℓ 

+π/2

+π/2

1

0

2π

 Both half-period + phase ref @ x=0

x=0

abs

gain

αℓ αℓ

ℓ′ αℓ 

Δ Δ

• Weak refl ≅ αℓ

• ~No Attenuation (gain loss compensation)
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Comparison of Re and Im scattering

retardation ~0 retardation ~0

• |t| ~1 @ 1st order, 
• Only phase of changes 

… What if we devise some
clever combination ???

fwd scatt

bwd scatt bwd scatt

fwd scatt
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PT-symmetry and Waveguides / (3) Waveguides & Bragg structures

Course 3 : 
• Bragg with gain/loss (complex ) modulation 

• Unidirectionality of plane-wave coupling

• History of gain-modulation (1970’s  & 1990’s)

• Kulishov’s proposals : 
single-sided mirrors, strange cavities, memories

• WGM lasers

• Fano & EIT
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One-sided cancellation of Re and Im scattering

retardation ~0 retardation ~0

bwd scatt

bwd scatt

Back-scattering ~0  !

+
@ reference plane

≡ + by position shift & round-trip

≡ + Position shift
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bwd scatt

bwd scatt

Back-scattering ~0  !

+
@ reference plane

≡ + by position shift & round-trip

≡ + Position shift

« Single-sided scattering » 

Re
+Δ ℓ

Δ ′ℓ′ Δ ℓ

+Δ ℓ

Δ ′ℓ′ Δ ℓ

x=0
Im

ℓ′ 

αℓ
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« Single-sided scattering » 

Re
+Δ ℓ

x=0
Im

ℓ′αℓ

Δ ′ℓ′

Back-scattering cancellation

Back-scattering enhancement

Re

x=0
Im

ℓ′αℓ

+Δ ℓΔ ′ℓ′

bwd scatt

bwd scatt
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« Single-sided scattering »  in Fourier language

• Usual coupling constant of index grating:   

≡ 	Δ 	 	
	

Δ cos 	 	 ≡ Δ

Hence same coupling, = 

• In more generality, coupling is complex but …

≡ 	Δ 	 	 Δ cos 	 Δ ∓

phase here only means shift of grating position   ̶   usual Fourier manipulation 

• Single sided band means : 

	 	 Δ cos sin 	 	 	 Δ 	 	 Δ

• But

	 	 Δ cos sin 	 	 	 Δ 	 	 0
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This is PT symmetry … in the basic case

Re +Δ ℓ

x=0
Im

αℓ

Δ ℓ

What about PT symmetry …
• In our basic implementation
Re is symmetric and Im antisymmetric

αℓ



IAS PT Symmetry Course 3– Benisty 2016
15

This is PT symmetry … in more general case

What about PT symmetry …
• In a more general case
Think of same Fourier rules as for signal processing

k

0
If x=0 is symm plane (to be checked)
All vectors should be in the same plane
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This is PT symmetry … broken or not ?

Re

Im

Broken

Unbroken

	 since	 	from	on	side at Bragg frequency ?
 only for exact balance of and 	 (cf. scattering picture).
 This is fully analogous to the case of merging eigenvalues

Broken

Unbroken
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Broken

Unbroken

	

	

	

	

Behaviour expected around symmetry-breaking point 

• From dip to peak in )

• Changes in group velocity
	 )

• Passing through
Rzero(one side) or Rmax
(other side)

	 )

IAS PT Symmetry Course 3– Benisty 2016
18

« Single-sided scattering »  in (radio) Fourier language

ω

usual AM signal

ω

(carrier ≡ 
background ε)

Single-side band signal
(no redundant energy)
(beating like)
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Practical implementation

• Requires four different layers in layered materials
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• … or two different gratings

• … possible a « shape » and a « material » grating (for Re and Im resp.)
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Practical implementation with tolerances

Re +Δ ℓ

Im
always <0

Δ ℓ

All ideal PT-Sym systems can be multiplied by
exp	 	 average	loss 	z to lower Im in negative-only territory

(~ "Passive PT systems")
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PT-symmetry coupled waveguides PT-symmetry Bragg grating waveguide

Transverse PT	-symmetry Longitudinal PT	-symmetry

ε"(‒ x) = ‒ ε "(x)
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Examples

•	Waveguide based

•	Just	planar

PT-symmetry and Waveguides / (3) Waveguides & Bragg structures
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Reminder : Ruter First (non-passive PT) demonstration is transverse PT 
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NATURE MATERIALS j VOL 12 j FEBRUARY 2013

NATURE MATERIALS j VOL 12 j FEBRUARY 2013
p.108

Liang Feng1*(, Ye-Long Xu2(,William S. Fegadolli1,3,4(, Ming-Hui Lu2*, José E. B. Oliveira3,
Vilson R. Almeida3,4, Yan-Feng Chen2 and Axel Scherer1

Experimental demonstration of a unidirectional reflectionless parity-time 
metamaterial at optical frequencies
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forbiddenallowed

-K K

q

q

 Transition between

two dispersion branches

-K    -K-q

K    K-q

No -q! ω
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Passive PT Symmetry in Organic Composite Films via
Complex Refractive Index Modulation
Yixin Yan and Noel C. Giebink *

Adv. Optical Mater. 2014,
DOI: 10.1002/adom.201400021

Multilayer passive PT
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Multilayer passive PT
Sliica/ SI structures ! 
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Temporal version of PT symmetry
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PT-symmetry and Waveguides / (3) Waveguides & Bragg structures

Course 3 : 
• Bragg with gain/loss (complex ) modulation 

• Unidirectionality of plane-wave coupling

• History of gain-modulation (1970’s  & 1990’s)

• Kulishov’s proposals : 
single-sided mirrors, strange cavities, memories

• WGM lasers

• Fano & EIT
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Historical 1972 Kogelnik&Shank CMT paper : already gain DFB is there
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And single mode lasing is obtained
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Gain-coupled DFB the 90s’ come-back (ca. 1990 : Nakano (NTT), Makino (ATT),..)
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DFB laser with (some) gain periodic coupling
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PT-symmetry and Waveguides / (3) Waveguides & Bragg structures

Course 3 : 
• Bragg with gain/loss (complex ) modulation 

• Unidirectionality of plane-wave coupling

• History of gain-modulation (1970’s  & 1990’s)

• Kulishov’s proposals : 
single-sided mirrors, strange cavities, memories

• WGM lasers
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First clear (theoretical) occurrence of Bragg nonreciprocal grating in optics
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Use of Four-port devices, with memory in a loop



IAS PT Symmetry Course 3– Benisty 2016
41

http://arxiv.org/ftp/arxiv/papers/1505/1505.01391.pdf

New cavity concept : PT mirrors from inside …
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http://arxiv.org/ftp/arxiv/papers/1505/1505.01391.pdf

Angular study of more complex gratings…
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PT-symmetry and Waveguides / (1) Waveguides & Bragg structures

Course 3 : 
• Bragg with gain/loss (complex ) modulation 

• Unidirectionality of plane-wave coupling

• History of gain-modulation (1970’s  & 1990’s)

• Kulishov’s proposals : 
single-sided mirrors, strange cavities, memories

• WGM lasers

• Fano & EIT
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Coupled Laser	studies related to	PT	symmetry

Bell Lab patent 1965
Tsang 1984
C3 laser
(Coupled cavity laser)

(beyond the	caveat « infinite transmission »)
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Conceptually, the simplest case of PT-symmetry !?

Symmetry-breaking scanned by means of Variable Coupling
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PT-symmetry and Waveguides / (1) Waveguides & Bragg structures

Course 3 : 
• Bragg with gain/loss (complex ) modulation 

• Unidirectionality of plane-wave coupling

• History of gain-modulation (1970’s  & 1990’s)

• Kulishov’s proposals : 
single-sided mirrors, strange cavities, memories

• WGM lasers

• Fano & EIT
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(a)

…
Perfect 100% mirror

Partial lossless mirror

incident wave
reflected wave

incident wave

straight guide
ring resonator
(nearly lossless)

coupling zone ≡ partial mirror
outgoing wave

(b)

FP with 100% mirror ≡ Gires-Tournois interferometer

Guide + ring (c)

Re(z)

Im(z)

dz/dφ

z = 1 ‒ r1r2e
iφ

z=
1 ‒ r1r2e

iφ
(1+r1r2)

2

1

(e)(d)

φ

arg(tring)

0

2π

π

Δφ <<2 π

quick phase evolution
at resonance

quick

slow

slow

quick

slow

slow

Re(tring)

Im(tring)

 Airy function

0

Airy function
denominator

The all-pass filter, aka « Gire-Tournois etalon »,…
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Fano = 3 continuum ports + 1 resonance

straight guide

ring resonator

beam splitter
50/50

path 1 

path 2

beam splitter
50/50

resonant
phase shift
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Fano   Resonant waveguide grating

exc

trans

refl
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Pietroy et al. OE ,  15, 9831, 2007 

Fano, Poles picture and CMT Bridging pole and coupled wave formalisms
for grating waveguide resonance
analysis and design synthesis



IAS PT Symmetry Course 3– Benisty 2016
51

EIT (Electromagnetically Induced Transparency)

incident wave

straight guide

ring resonator with large losses
(e.g. absorbing, over coupled,…)

outgoing wave

High Q ring

(historically: a linear phenomenon of atom physics
…albeit a nonlinear optical phenomenon : lasers intensities are coupling constants for atoms)

KEY ?  equal transfers across lossy resonator: =
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PT-symmetry and Waveguides / (3) Waveguides & Bragg structures

 Microscopic view of Reflectivity-asymmetry in 
basic PT-symmetric Bragg structures

Conclusion

 Many possible implementations investigated
(planar, guided, organics, semiconductors)

 Trove of concepts 
-from « PT outsiders », (e.g. Kulishov)
- from metamaterials (here e.g. Jensen Li)
- Around lasing and coupled lasers

(thus good scientific « friction »)


