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ABSTRACT   

A method based on optical heterodyning is proposed for measuring relative optical phases of pulses circulating in a 
synthetic photonic lattices. The knowledge of the phases can be further used for qualitative reconstruction of an 
eigenmode excitation spectrum in the synthetic photonic lattice.  
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1. INTRODUCTION  
Light propagation in periodic structures is the object of everyone's attention over the years1.This area of research is 
exploring the dynamics of light, which cannot be observed in a continuous medium. An example of such systems are 
Bragg grating structures or structures consisting of optical waveguides. The latter are a special class of periodic systems, 
opening are range of possibilities for controlling light. 

Structures consisting of optical waveguides can serve as a platform for observations of a wide variety of physical 
phenomena. For example, in the work2 optical analogue of the Bloch oscillations in the structure of the heat-sensitive 
waveguide was observed. These oscillations are manifested as a change in the width of the wave packet. Linear law for 
the propagation constant is achieved by creating a temperature gradient in a direction perpendicular to the light 
propagation. The propagation of light in waveguide arrays is described by the nonlinear Schrödinger equation. Therefore, 
optical solitons can be observed in such systems. This phenomenon has been experimentally demonstrated in 19883 
along with a discrete self-focusing of wave packets. In the paper4 authors studied and realized an optical analogue of 
Rabi oscillations. The oscillations were observed between their modes of photonic lattice. This effect was achieved by 
periodic modulation of the refractive index in light propagation direction. In addition, in the paper5 dynamic localization 
of the wave packet has been obtained, both in one and in two-dimensional photonic lattices. 

Recently more and more attention is given to photonic lattices implemented by means of optical fibers. The main 
representatives of this class are mesh and synthetic photonic lattices (SPL). The first one is a network of a number of 
optical couplers, and has some practical limitations. The second one consists of two fiber rings of different lengths, 
connected through the 50/50 fiber coupler (see Fig.1, left panel). Optical losses are vanished due to optical amplifiers 
inserted into the system. A sequence of light pulses circulates through the system, with the number of pulse, phase and 
amplitude of each pulse varying. Phase of the pulses can be altered by means of phase modulator, inserted into one of the 
loops. It can be shown that pulse evolution in both systems is governed by the same equation set6. Though, use of SPL 
opens new fields for research because of huge experimental possibilities. For example, in the work7 an evolution of 
pulses in a system with the introduction of various kinds of local inhomogeneities was studied. It was shown that the 
controlled phase shift of each pulse plays a role of quantum potential, while the envelope of the pulse chain plays a role 
of a wave function of the quantum particle. For example, in the absence of phase shifts train of the pulses circulates in 
the two rings, with the number of pulses gradually increasing. This can be considered as spreading of the wave function. 
But if the phase shifts are applied randomly for different pulses, the effect of Anderson localization can be observed in 
synthetic photonic lattices8,9. Indeed, implementing the phase shift for each of the pulses in random fashion is like to 
obtain an analogue of a random potential in quantum systems. In the absence of phase shifts a pulse chain increases in 
time from roundtrip to roundtrip, whereas when the random phase shift is applied, the number of pulses in the chain can 
reach the steady-state level that analogues to the analogue Anderson localization (see Fig. 2). 
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3. EIGENMODE STRUCTURE 
Equation set governing a SPL can be easily obtained6 from the basic principles = √ ( + )= √ ( + )                                                                      (1) 

Equations (1) are valid if the coupling ratio is 50%. Here  and  are complex amplitudes of the pulses in long and short 
loop respectively, situated at the nth position in the pulse train at the mth roundtrip. 
In case phase is randomly distributed along the coordinate n and is constant along the coordinate m, function φ is, 
obviously, becomes independent of m and eigenmodes structure of such system can be found. Eigenmodes of such 
system can be written in the form of functions, similar to Bloch functions: 	= 	 	 ( ) - for a long loop, 	= 	 	 ( ) - for a short loop, where β – propagation constant. 
Then, considering assumption about the eigenmodes form, system of the equations for the two loops system with a 
random phase shift in each loop and an arbitrary coefficient of the fiber coupler can be written as follows: 

	 ∗ ⋮
⋮

= ⋮
⋮

= ∗ ⋮
⋮

																																																																	(2) 
here matrices UU, UV, VU, VV – are defined as follows: 

= 0cos	( )exp	( )0⋮0
00cos	( )exp	( )⋮⋯

0⋯0⋱0
⋯⋯⋯⋱cos	( )exp	( )

cos	( )exp	( )00⋮0  

 

= 0sin( )exp	( )0⋮0
00sin( )exp	( )⋮⋯

0⋯0⋱0
⋯⋯⋯⋱sin( )exp	( )

sin( )exp	( )00⋮0  

 

= 00⋮0sin( )exp	( )
sin( )exp	( )0⋮⋮0

0sin( )exp	( )0⋮⋯
⋯⋯⋱⋱0

0⋮0sin( )exp	( )0  

 

( )  

0⋮0os	( )exp	(0
) ⋯⋯⋱⋱0 c

0( )exp	(0⋮⋯
) cos	

 

os	( )exp	(0⋮⋮0	( )
c00⋮0cos	( )exp=

Proc. of SPIE Vol. 9894  98941L-3



L
a
t
t
i
c
e
 
s
i
t
e

ó
o

8

:a
ua

m
:: 

-
°

o

16
{I

N
16

S
1!

°°
°

°-

r 
r.

 L
I

irr
.1

7 
6

°°
I er
rr

.s
ti0

1:
o

°
°

...
...

..:
:°

°°
°°

°u
ó sP.: wr=

l
.._11101111111115+

1!E
!

sasim
ill1116.6.11

beta -Re, lm

60

Mode number

!mode U12

-
1
1
1
1
1
1

:
7

0
1
1
1
0

0
1
u
c

[
1
:

1
0
u
 
n
 
n
 
u
 
D
I

_
1

1
1

1
 
1

1
 
_

1
1
 
J
 
[
 
I

1
 
E

1
1

1
 
]

1
1
1
0
 
_
1
1
1
0
 
_
1
1

i
u

1
1
1
1

1
1
1
1

r
i
r

I
'
_
'
1
=
1
1
 
_
 
5
'
1
=
1
"
 
I

i

ffi

§.

120

x104

5

10

5

100

 

 

where θ depe
Thereby, solv
constants 	
To present sy
be periodic. T

Figure 3.E
different m

Knowledge o
find the relati
For phase ext
the SPL inter
to be closed w
the formula 

ends on couple
ving the mat= log( )/  f

ystem (1) as a 
To demonstrat

Eigenmode spec
modes (lower) f

of both phase 
ive phases of t
traction hetero
rferes at the p
with the frequ

er ratio (and is
trix equation 
form a dispers
matrix equati
te the structur

ctrum (propaga
for the syntheti

4.

Figure 4. Hete

and intensity
the pulses in t
odyne method
hotodiode wit

uency of outpu

s equal to π/4 
(2) eigenval

sion curve. Eig
on (2) it was n
e of eigenmod

ation constant β
c photonic latti

. DERIVI

erodyning schem

y of the pulse 
the pulse train
d was propose
th a CW signa
ut signal. The 

для 50% cou
ues and eige
genvalue and 
necessary to e
des, we calcul

 versus mode n
ce without phas

ING OPTIC

me used for der

train means t
n. 
d. In this meth
al of local osc
result of sum

pling ratio). 
envectors of t
corresponding

enter the boun
lated it in case

number) (upper)
se shifts. 

CAL PHAS

riving the optica

the SPL is co

hod, the pulse
cillator (LO). 

mmation of the

this system c
g eigenvector 

ndary condition
e of no phase s

) and correspon

SE 

al pulses phase.

mpletely desc

e chain from th
Wavelength o
 signal and LO

can be found
form an eigen
ns which are c
shifts applied 

nding spatial for

 
. 

cribed. So it’s

he output port
of local oscill
O waves can b

d. Propagation
nmode. 
considered to 
(Fig.3). 

 

rms of 

s of interest to

t coupler from
lator is chosen
be found from

n 

o 

m 
n 

m 

Proc. of SPIE Vol. 9894  98941L-4



 

 

 
Here I is resu
As can be se
local oscillato
expression. φ
evolution of t
arrive to the 
appears. Thu
calculate over

here ( ) a
found numer
equal to φm1-
caluclate all p
information a

We 
the matrix of
derived straig
The techniqu
coherence of 
chain. Δ
synthetic pho
requirement f

Knowledge o
an easy way t
After constru
can calculate 
Fourier transf
the all slots s
chosen the SP
Calculated in
analytically u
Fig. 6). The 
directly repro
 

Figure 5. 
(right) wit

ulting intensity
een from the f
or frequency 
m varies from 
the synthetic p

photodiode 
us, this phase 
rlap integral, u

and ( ) are
ically and is 

- φm2. Thus, it
phases in the 
about the evolu
simulate an e
f complex pu
ghtforwardly f
ue is due to b
the local osci
 is proportion

otonic lattice
for the local o

5. RECO
of both phase 
to qualitativel

ucting a matrix
the Fourier t

form is findin
summarizes a
PL with rando

ntensity of the 
using methods
structure of s

oduced in Four

Comparing mo
th random distr

=
y at the photod
formula (3) th
and the main
pulse to puls

photonic lattic
at different t
should be sub
using measure

e measured in
reached when
t’s possible to
pulse train. T
ution of the li

experimental h
ulse amplitude
from the equat
be proved ex
illator should 
nal to the roun
s demonstrat
scillator band

ONSTRUC
and intensity 
y reconstruct 
x of complex 
transform (β
ng all the eige
all eigenmode
omly distribut
image <| (β

s described in 
spectrum with
rier transform

ode excitation sp
ribution of pote

= | | + |
diode, Us and 
he resulting in
n signal Δω=
e (for exampl
ce one should
times, additio
btracted to re
ed time traces( ) =
ntensities for t
n	 , that deter
o derive relati
Together with 
ight in a synth
heterodyning 
es U(m,n). Th
tion set (1). 

xperimentally
be no less tha

ndtrip time mu
ed up to dat

dwidth. 

CTING EIG
of the pulse tr
the eigenmod
pulse amplitu

β,n) over the “
enmodes contr
s involved in 
ted phase shif
,n)|2>n indeed
section 3 (see

h the maxima
m calculated fr

pectrum (left) a
ntial with value

| + 2
ALO are fields

ntensity is pro
ωs-ωLO. We i
le, upper and l

d know differe
nal phase Δω

eveal φm. To d
s of two adjace= ( )
two adjacent o
rmines positio
ive phase betw
knowledge of

hetic photonic 
technique usi
he phase deriv

though. To m
an the time du
ultiplied by th
tes Δ  is

GENMODE
rain means th

de excitation s
udes U(m,n) b
“time” coordi
ributing to the

the particula
fts as a testbe

d has the form
e Fig. 5). Sim
a at the edge 
om the compl

and result of Fou
e of π/2. 

(1 + cos(Δ
s of the signal
oportional to t
include an in
lower signal p

ence between 
ωΔτ correspon
derive the latt
ent pulses as a( + )
output heterod
on of one of 
ween two adj
f amplitudes o
lattice.  
ng equation s
ved by this m

make the het
uration Δ
he number of s
s about of se

E EXCITA
he SPL becom
pectrum using

by means of op
inate m. Acco
e evolution at 
ar realization o
ed, i.e. in case

m similar to the
milarity is prese

of the bandg
lex amplitude 

urier transform

+ ))  

l and local osc
the cosine of 
itial phase of
pulses on Fig.
adjacent pulse
nding to diff
ter, the follow
a function of p

  
dyned pulses.
the pulses rel
acent pulses i
of the pulse tr

set (1) and equ
method exactl

terodyning me
 between firs

steps over the 
everal millise

ATION SPE
mes completely

g this knowled
ptical heterod

ording to defin
the nth slot. A
of a synthetic

e when Ander
e eigenmode e
erved for diffe

gap, typical fo
U(m,n). 

m of complex pu

 

cillator corresp
the differenc

f the main sig
. 4). In fact, to
es. Because d
ference in arr
wing techniqu
phase differen

 
 Maximum of
lative to the s
in the pulse t
rain, this prov

uations (3,4), 
ly reproduced

easurements p
st and last puls
“time” coordi

econds, thus 

ECTRUM 
y described. W
dge. 

dyning discuss
nition of an ei
Averaging 
c photonic lat
son localizati
excitation spe

ferent levels of
or localization

 
ulse amplitude o

 (3

pondingly. 
e between the
gnal φm in the
o construct the
ifferent pulses
rival times Δτ
ue is used. We
nce : 

 (4
f ( ) can be
second one, is
train, and then
vides complete

and construc
d pulse phases

possible, time
se in the pulse
inate m. In the
making stric

We have found

sed above, one
igenmode, the

(β,n)>n over
ttice. We have
on is realized

ectrum derived
f disorder (see

n processes, is

over m  

) 

e 
e 
e 
s 
τ 
e 

) 
e 
s 
n 
e 

ct 
s 

e 
e 
e 

ct 

d 

e 
e 
r 
e 

d. 
d 
e 
s 

Proc. of SPIE Vol. 9894  98941L-5



 

 

Figure 6. 
different l

We propose 
technique is b
the synthetic
spectrum, us
transform int
excitation spe

 

[1]  Joann
2nd e

[2]  Pertsc
Wave

[3]  Chris
Lett. 

[4]  Shand
“Exp

[5]  Schw
dimen

[6]  Regen
“Obs
(2013

[7]  Regen
Propa
23390

[8]  Schre
Quan

[9]  Vatni
Lattic

 

Comparison of 
levels of potent

a technique o
based on optic

c photonic lat
ing measurem
tensity of the
ectrum. 

nopoulos, J. D
ed. (2008). 
ch, T., Dannb
eguide Arrays
stodoulides, D
13, 794 (1988
darova, K., Rü
erimental Obs

wartz, T., Barta
nsional photon
nsburger, A., 
ervation of De
3). 
nsburger, A., 
agation in a D
02 (2011). 
eiber, A., Cass
ntum Walks: F
ik, I., Tikan, A
ces,” CLEO 2

f  mode excitatio
tial disorder. 

of measuring 
cal heterodyn
ttices. One o
ments of outp
e complex am

D., Johnson, S.

erg, P., Elflein
s,” Rev. Lett. 8

D. N.., Joseph, 
8). 
üter, C. E., Ki
servation of R
al, G., Fishma
nic lattices,” N
Miri, M., Ber
efect States in

Bersch, C., H
Discrete Fiber N

semiro, K. N.,
From Ballistic 
A. M., Churkin
015, FTh3D.1

on spectrum (le

6. C
relative optic
ing and make
f the sequenc
put pulse trai
mplitude over

R

. G., Winn, J.

n, W., Bruer, 
83, 4752 (199
R. I., “Discre

ip, D., Makris
Rabi Oscillatio
an, S.., Segev, 
Nature 446(71
rsch, C., Näge
n PT-Symmetr

Hinrichs, B., O
Network: An 

, Potoček, V., 
Spread to Lo

n, D. V.., Suk
1, OSA, Wash

eft) and result o

CONCLUS
cal phases of 
es it possible t
ces is the po
in phases and
r roundtrip nu

REFERENCE

N.., Meade, R

A.., Lederer, 
99). 
ete self-focusin

s, K. G., Chris
ons in Photoni

M., “Transpo
131), 52–55 (2
er, J., Onishchu
ric Optical La

Onishchukov, G
Interplay of C

Gábris, A., Je
calization,” P

khorukov, A. A
hington, D.C. 

of Fourier transf

SION 
pulses circul

to obtain com
ossibility of r
d intensities
umber m has

ES 

R. D., Photoni

F., “Optical B

ng in nonlinea

todoulides, D
ic Lattices,” P
ort and Anders
2007). 
ukov, G., Chr

attices,” Optic

G., Schreiber,
Coherence and

ex, I.., Silberh
hys. Rev. Lett

A., “Anderson
(2015). 

form of evolutio

ating in synth
mplete knowled
reconstructing
only. We de

s a shape sim

c Crystals: M

Bloch Oscillati

ar arrays of co

D. N., Peleg, O
hys. Rev. Lett
son localizatio

ristodoulides, 
s; Quantum P

 A., Silberhor
d Losses,” Phy

horn, C., “Dec
t. 106(18), 18

n Localization

on of the SPL (

hetic photonic
dge about ligh

g the eigenmo
monstrate tha

milar to that 

Molding the Flo

ions in Tempe

oupled wavegu

O.., Segev, M.,
t. 102(12), 12
on in disorder

D. N.., Pesche
hysics, Arxiv 

rn, C.., Pesche
ys. Rev. Lett. 

coherence and
0403 (2011). 

n in Synthetic 

 
(right) for 

c lattices. The
ht evolution in
ode excitation
at the Fourier
of eigenmode

ow of Light, 

erature Tuned

uides,” Opt. 

 
3905 (2009).

red two-

el, U., 
Prepr. 

el, U., “Photon
107(23), 

 Disorder in 

Photonic 

e 
n 
n 
r 
e 

d 

n 

Proc. of SPIE Vol. 9894  98941L-6


