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O P T I C S

Observation of photonic constant-intensity  
waves and induced transparency in tailored  
non-Hermitian lattices
Andrea Steinfurth1, Ivor Krešić2,3, Sebastian Weidemann1, Mark Kremer1,  
Konstantinos G. Makris4,5, Matthias Heinrich1, Stefan Rotter2*, Alexander Szameit1*

Light propagation is strongly affected by scattering due to imperfections in the complex medium. It has been 
recently theoretically predicted that a scattering-free transport through an inhomogeneous medium is achievable 
by non-Hermitian tailoring of the complex refractive index. Here, we implement photonic constant-intensity 
waves in an inhomogeneous, linear, discrete mesh lattice. By extending the existing theoretical framework, we 
experimentally show that a driven non-Hermitian tailoring allows us to control the propagation and diffraction of 
light even in highly disordered systems. In this vein, we demonstrate the transmission of shape-preserving beams 
and the seemingly undistorted propagation of light excitations across a strongly inhomogeneous non-Hermitian 
photonic lattice that can be realized by coupled optical fiber loops. Our results lead to a deeper understanding of 
non-Hermitian wave control and further contribute to the development of non-Hermitian photonics.

INTRODUCTION
Steering the flow of light by controlling the underlying propagation 
medium lies at the heart of photonics. The enormous impact of a 
medium’s spatial structure and material properties on the light 
evolution is, on the one hand, a nuisance because undesired scattering, 
diffraction, or absorption can severely distort the propagation. On 
the other hand, faithfully tailoring the propagation medium allows 
one to fully control the light evolution such that the precise index 
engineering of media has become a popular research topic.

One established and well-investigated way of shaping the proper-
ties of a medium is called metamaterial (1). With the use of subwave-
length structures, certain objects can be made invisible by cloaking 
them (2), or exotic parameters such as a negative refractive index can 
be achieved (3). In the past years, another methodology was devel-
oped to design an optical medium by using a complex refractive 
index involving gain and loss. Whereas losses have generally been 
considered an undesirable but inherent feature, the introduction 
of parity-time (PT) symmetry enhanced the richness of dynamics 
in non-Hermitian photonics by combining losses with gain (4). 
Faithfully controlling the spatial distribution of gain and loss led to 
many groundbreaking experiments that demonstrate a huge variety 
of fascinating properties, for example, branch points, spontaneous 
PT symmetry breaking and power oscillations (4–6), structures that 
exhibit exceptional points (7), optical solitons, and Bloch oscillations 
in PT-symmetric lattices (8, 9) as well as PT symmetry breaking (10). 
Research in non-Hermitian photonics has lead, for example, to the 
invention of lasing media that act as a perfect absorber at the 
same time (11–15), lasing induced by loss (16, 17), and topological 
lasers in photonic crystals (18, 19). Attention was also attracted by 
the creation of potentials that are unidirectionally invisible and, in 

this context, enable reflectionless propagation or perfect transmis-
sion (20–27).

On the basis of the idea of fully controlling the complex refrac-
tive index distribution, the concept of constant-intensity waves has 
recently been introduced (28). This approach provides a systematic 
method to construct a complex medium such that an optical field 
can propagate through that medium with a desired intensity profile. 
Originally, this concept was put forward for infinitely extended 
waves, whose intensity was shown to remain constant all over space 
even in the presence of a highly nonuniform but appropriately 
engineered non-Hermitian dielectric design medium (28–30). Such 
constant-intensity waves do not necessarily require any nonlinear 
effects, as for solitons or solitary waves. Moreover, no underlying 
symmetries, like PT symmetry, are required to realize constant-
intensity waves. Further studies of such tailored non-Hermitian 
potentials have transferred this idea also to discrete systems (29, 31, 32) 
or predicted pulsed light (33) as well as Gaussian-shaped beams 
(34, 35) and showed that it is possible to construct finite wave 
packets that propagate in such inhomogeneous media with the 
same intensity distribution as in free space. Constant-intensity waves 
were also shown to have strong connections to the de Broglie-Bohm 
theory of quantum mechanics (36) and to the Jackiw-Rebbi modes 
of the Dirac equation (37). An experimental realization of these 
special waves has first been achieved in the field of acoustics in the 
form of constant-pressure sound waves (38). However, a photonic 
implementation of constant-intensity waves and their generaliza-
tions is still missing. Furthermore, an experimental verification of 
free-space beam diffraction in a disordered system (34, 35) remains 
an entirely open problem, in particular in the field of non-Hermitian 
photonics.

In this work, we present the photonic realization of constant-
intensity waves in a linear inhomogeneous discrete optical mesh 
lattice and extend this concept to the general tailoring of light 
diffraction in such systems. Our experiments are realized in coupled 
fiber loops (9, 39), which have been used for experiments in many 
fields, ranging from Bloch oscillations (40) to optical solitons (8, 41) 
and topological effects (42, 43). Our results demonstrate that the 
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non-Hermitian tailoring of a discrete propagation medium can be 
effectively used to realize optical constant-intensity waves in purely 
linear systems without PT symmetry and, more generally, to over-
come the scattering induced by inhomogeneities.

RESULTS
As a starting point, we consider a beam that is launched into an 
inhomogeneous optical mesh lattice. Because of diffraction, scatter-
ing, and absorption in the medium, the output beam can develop 
strong intensity variations and will deviate considerably from its 
initial shape at the output (Fig. 1A). The crucial question that we 
address here is how the initial beam intensity can be maintained for 
any desired input beam. In linear Hermitian systems like perfectly 
straight waveguides or multimode fibers, such a feature could be 
naturally achieved by exciting a transverse eigenstate of the system. 
However, in non-Hermitian systems, the intensity of eigenstates is 
usually not conserved because of the nonvanishing imaginary 
part of the corresponding eigenvalue. Whereas in the presence of 
non-Hermitian symmetries, like unbroken PT symmetry, even 
non-Hermitian systems can exhibit a purely real eigenvalue spec-
trum, in inhomogeneous media without such symmetries, the spec-
tra are in general complex. However, as recently predicted (28), it is 
possible to achieve propagation that preserves the constant intensity 
profile of an incoming wave even in non-Hermitian systems without 

PT symmetry, by tailoring the real and imaginary part of the poten-
tial of the propagation medium, i.e., its complex wave impedance. 
Here, we generalize this constant-intensity wave concept to the case 
of a Gaussian-shaped incoming beam with a spatially peaked inten-
sity profile that propagates without any intensity distortions due to 
scattering or due to homogeneous lattice diffraction (Fig.  1B). In 
other words, the beam maintains both its Gaussian shape and its 
width throughout the entire propagation distance across the dis-
crete tailored non-Hermitian lattice. Alternatively, an appropriate 
modification of the tailoring also allows us to suppress scattering 
while maintaining the homogeneous-lattice diffraction [see Fig. 1C 
and (34, 35)]. The intensity distribution of a propagating single-site 
excitation in this case equals that of a perfectly homogeneous lattice, 
while the phase difference with respect to the homogeneous lattice 
propagation remains space dependent (see section S5). Our meth-
odology for non-Hermitian tailoring is adapted to the respective 
input beam, which opens up the opportunity to realize an opaque 
lattice that becomes transparent for a certain spatial input distribu-
tion of amplitude and phase (see section S7). In the following, we 
will describe the underlying theoretical framework for such optical 
fiber loop lattices and experimentally implement both of the dis-
cussed cases in these photonic systems.

Our experimental system consists of two optical fibers with 
slightly different length that are connected by a beam splitter 
(Fig. 2A; see Materials and Methods for experimental details). Light 
pulses propagating through this system perform a one-dimensional 
(1D) discrete-time quantum walk of a single quantum particle (39). 
The resulting dynamics of the corresponding wave function mani-
fests in the pulse evolution in the fiber loops, which can be mapped 
onto the 1 + 1D photonic lattice (Fig. 2C) with time steps m and 
spatial positions n. The governing equations for the discrete ampli-
tudes in the fibers are

	​​
​u​n​ m+1​  = ​  1 ─ 

​√ 
_

 2 ​
 ​(​u​n+1​ m  ​ + ​iv​n+1​ m  ​ ) ​G​n​ m​ ​e​​ i​φ​n​ m​​

​   
​v​n​ m+1​  = ​  1 ─ 

​√ 
_

 2 ​
 ​(​v​n−1​ m  ​ + ​iu​n−1​ m  ​ ) ​F​n​ m​ ​e​​ i​​n​ m​​

 ​​	  (1)

where ​​u​n​ m​​ and ​​v​n​ m​​ are the left and right traveling complex amplitudes 
in the lattice at time step m and position step n, respectively. Ampli-
tude modulators allow us to introduce controlled gain-loss modula-
tions ​​F​n​ m​, ​G​n​ m​​ of the lattice, i.e., the imaginary part of the underlying 
lattice potential for amplitude modulation. Additional phase 
modulators (PMs) are used to induce phase shifts ​​φ​n​ m​, ​​n​ m​​ represent-
ing the real part of the lattice potential. Both modulations allow us 
to fully control the complex wave impedance of the emulated 
discrete medium that, for instance, can correspond to its complex 
refractive index. A single-site excitation

	​​
​u​n​ 0 ​  =  0

​ 
​v​n​ 0 ​  = ​ ​ n0​​

​​	 (2)

of the homogeneous lattice with parameters ​​F​n​ m​  = ​ G​n​ m​  =  1 ​and ​​
φ​n​ m​  = ​ ​n​ m​  =  0​ results in the characteristic discrete diffraction 
pattern of the 1D discrete-time quantum walk (Fig. 2B).

Shape-preserving beam transmission
In our first set of experiments, we derive static lattice parameters 
that lead to a shape-preserving propagation for a desired input 
beam that we then implement experimentally. To this end, we use 

Inhomogeneous medium

Shape-preserving wave Induced transparency

A

B C

Non-Hermitian tailoring

Fig. 1. Illustration of the concept: Shape-preserving waves and induced trans-
parency in non-Hermitian tailored media. (A) A light wave propagating through 
a general inhomogeneous medium can acquire strong distortions of the initial 
intensity distribution due to undesired scattering or absorption. By tailoring the 
real and the imaginary part of the refractive index of the medium based on the 
input waveform, one can fully suppress the undesired distortions at will. This 
non-Hermitian tailoring can, for example, be applied to realize shape-preserving 
waves (B), in which the intensity profile of certain input beams remains unchanged 
along propagation inside the medium. The non-Hermitian tailoring can further be 
used to create any desired diffraction pattern, for instance, the diffraction inside a 
perfectly homogeneous medium, although the underlying medium is highly 
inhomogeneous (C). This induced transparency only occurs for a certain distribution 
of phase and amplitude of the input beam. In both cases (B) and (C), the tailoring 
can be adapted to any desired input beam.
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the straightforward ansatz of a time-independent amplitude and 
phase distribution in each loop

	​​
​u​n​ m​  = ​ A​ n​​ ​e​​ i​​ n​​​

​ 
​v​n​ m​  = ​ B​ n​​ ​e​​ i​​ n​​​

 ​​	 (3)

with the amplitudes An, Bn that can be chosen freely to fit any 
desired intensity distribution of an input beam. As we aim to 
control merely the wave’s intensity, there are no restrictions for the 
spatial phase distributions n, n, which remain as additional de-
grees of freedom. As a general example, we have chosen a Gaussian 
input beam

	​​ A​ n​​  = ​ B​ n​​  = ​ e​​ − ​​(n−​n​ 0​​)​​ 2​ _ 
2​​​ 2​

 ​ ​​	 (4)

with center position n0 and width , as this is a very common pulse 
profile, which has also been theoretically considered in related works 
(32, 34, 35). By inserting the ansatz of Eq. 3 with the Gaussian am-
plitude distribution of Eq. 4 into Eq. 1, we derive the distribution for 

the parameters of the lattice with the initial phase distributions n, n 
as additional degrees of freedom. The derivation is given in details in 
section S1. The resulting solution for the lattice parameters reads

	​​ 

tan(​φ​ n​​ ) = ​ sin(​​ n+1​​ − ​​ n​​ ) + cos(​​ n+1​​ − ​​ n​​)   ────────────────   sin(​​ n+1​​ − ​​ n​​ ) − cos(​​ n+1​​ − ​​ n​​) ​

​    
tan(​​ n​​ ) = ​ cos(​​ n−1​​ − ​​ n​​ ) + sin(​​ n−1​​ − ​​ n​​)   ────────────────   sin(​​ n−1​​ − ​​ n​​ ) − cos(​​ n−1​​ − ​​ n​​) ​

​    
​G​ n​​  = ​   ​√ 

_
 2 ​ ​e​​ ​

2(n−​n​ 0​​)+1 _ 
2​​​ 2​

 ​ ​  ──────────────────────    cos(​​ n+1​​ + ​φ​ n​​ − ​​ n​​ ) − sin(​​ n+1​​ + ​φ​ n​​ − ​​ n​​) ​
​    

​F​ n​​  = ​   ​√ 
_

 2 ​ ​e​​ ​
1−2(n−​n​ 0​​) _ 

2​​​ 2​
 ​ ​  ─────────────────────    cos(​​ n−1​​ + ​​ n​​ − ​​ n​​ ) − sin(​​ n−1​​ + ​​ n​​ − ​​ n​​) ​

 ​​	 (5)

In a next step, we experimentally implement the non-Hermitian 
tailored lattice described by Eq. 5 for a Gaussian excitation with a 
width of  = 30 and center n0 = 0. Details on the generation of the 
Gaussian amplitude distribution are provided in the Supplementary 
Materials. To further benchmark the model and verify its universality, 
we choose the phase distribution for the initial Gaussian to be ran-
domly perturbed along space. In Fig. 3, we compare the experimental 
propagation of a Gaussian-shaped beam in the appropriately tailored 
lattice (Fig. 3A) to the evolution of the beam upon exciting a general 
inhomogeneous lattice that does not satisfy Eq. 5, shown in Fig. 3B.  
Without a suitable tailoring, one can clearly see that the Gaussian 
shape is severely distorted after only a few time steps. In contrast, in 
the tailored non-Hermitian lattice, both the Gaussian shape and the 
beam width are well preserved for a much higher number of time 
steps. In Fig. 3B, there is a noticeable branching of the light flow 
(44). The duration from m = 0 to the appearance of the first “cusp” 
is approximately 10 time steps, while in the tailored non-Hermitian 
lattice the Gaussian propagates unmodulated for several times this 
distance. Moreover, we choose both lattices of Fig. 3 such that 
the only difference between their lattice parameters is the gain/loss 
modulation of Eq. 5, as the gain/loss modulation is added only in 
the non-Hermitian tailored system. Therefore, our results further 
show that a suitable distribution of the imaginary part of the refrac-
tive index can completely compensate the scattering effects that are 
induced by the real part of the refractive index. Note that the weak 
intensity variations in the tailored system are a result of the limited 
experimental accuracy with which we can match the Gaussian input 
shape as well as the lattice parameters. For ideally matched param-
eters, one also observes an ideal shape-preserving beam propagation 
(as demonstrated in section S2). In our experimental setup, the 
modulators are electrically controlled and the relation between 
applied voltage and actual modulation has been benchmarked in the 
setup. We estimate the error between the desired and applied modula-
tion to be less than 4%. In addition, because of fluctuations and envi-
ronmental influences on the experiment, also the initial intensity 
distribution is slightly perturbed. These errors slowly accumulate during 
ongoing propagation. Although the tailoring of shape-preserving 
beam transmission requires a high accuracy, we could obtain a clear 
Gaussian beam shape for an extended propagation length.

Non-Hermitian–induced transparency
In a second set of experiments, we explore how an appropriate 
dynamic tailoring that changes in time allows the implementation 
of any desired evolution pattern of the beam—an effect that was 
theoretically suggested only recently (34).
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Fig. 2. Experimental implementation of non-Hermitian tailored photonic 
lattices. (A) The simplified experimental setup consists of two unequally long 
optical fiber loops, which are connected by a 50/50 beam splitter (BS). In each loop, 
an acousto-optic modulator (AOM) can modulate the amplitude of the propagating 
light and therefore emulate gain/loss modulations ​​F​n​ m​, ​G​n​ m​​ in the lattice, corresponding 
to the imaginary part of the refractive index. In a similar way, a phase modulator (PM) 
in each loop controls the real part of the lattice potential via ​​φ​n​ m​, ​​n​ m​​, corresponding 
to the real part of the refractive index. (B) Upon injecting a laser pulse into the 
loops, the developing pulse dynamics, detected by photodiodes, can be mapped 
onto a 1 + 1D discrete lattice, as is shown, for example, for the homogeneous case ​​
F​n​ m​, ​G​n​ m​  =  1​ and ​​φ​n​ m​, ​​n​ m​  =  0​ based on Eq. 1. The depicted intensities are the pulse 
intensities in the shorter loop. The evolution shows a discrete diffraction pattern, 
known from discrete-time quantum walks (39). (C) A part of the emulated mesh 
lattice is shown. The propagation in the fiber loops maps onto a mesh lattice of 
beam splitters and modulators (see the “Implementation of a 1 + 1D time bin–
encoded optical mesh lattice” section in Materials and Methods for details), which 
are here depicted as capsules.
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In our experiments, we pick as an example a non-Hermitian 
modulation that completely suppresses the impact of scattering and 
restores diffraction of a single-pulse initial excitation that would 
occur in a homogeneous optical mesh lattice. As a result, the tailored 
lattice becomes fully transparent for the desired input beam with a 
specific phase and amplitude distribution (Fig. 2B), while the lattice 
would be highly opaque for other beams (see section S7). To derive 
the required modulation of the non-Hermitian potential, we modify 
the previous propagation condition given by Eq. 3 by introducing the 
desired time-dependent amplitude distributions ​​I​n​ m​, ​J​n​ m​​. To test the 
versatility of this extended model, we choose the time-independent 
phase distributions n, n that contain random perturbations along 
the position n. The corresponding approach reads

	​​
​u​n​ m​  = ​ iI​n​ m​ ​e​​ i​​ n​​​

​ 
​v​n​ m​  = ​ J​n​ m​ ​e​​ i​​ n​​​

 ​​	  (6)

To emulate the transmission of a discrete propagation pattern in 
homogeneous lattices, as shown in Fig. 2B, we use the same single-
site excitation of Eq. 2. The amplitudes ​​I​n​ m​, ​J​n​ m​​ of the discrete diffrac-
tion pattern that develop upon the single-site excitation of the 
homogeneous lattice can be derived analytically (see sections S4 and 
S5), and this solution is then used in Eq. 6 to determine the lattice 
tailoring, which then reads

	​​ 

tan(​φ​n​ m​ ) = ​ 
​I​n+1​ m  ​ sin(​​ n​​ − ​​ n+1​​ ) + ​J​n+1​ m  ​ sin(​​ n​​ − ​​ n+1​​)

   ─────────────────────   
​I​n+1​ m  ​ cos(​​ n+1​​ − ​​ n​​ ) + ​J​n+1​ m  ​ cos(​​ n+1​​ − ​​ n​​)

 ​

​    
tan(​​n​ m​ ) = ​ 

​I​n−1​ m  ​ sin(​​ n−1​​ − ​​ n​​ ) − ​J​n−1​ m  ​ sin(​​ n−1​​ − ​​ n​​)
   ─────────────────────   

​J​n−1​ m  ​ cos(​​ n−1​​ − ​​ n​​ ) − ​I​n−1​ m  ​ cos(​​ n−1​​ − ​​ n​​)
 ​
​    

​G​n​ m​  = ​   ​√ 
_

 2 ​ ​I​n​ m+1​   ───────────────────────────    
​I​n+1​ m  ​ cos(​​ n+1​​ + ​φ​n​ m​ − ​​ n​​ ) + ​J​n+1​ m  ​ cos(​​ n+1​​ + ​φ​n​ m​ − ​​ n​​)

 ​
​     

​F​n​ m​  = ​   ​√ 
_

 2 ​ ​J​n​ m+1​   ──────────────────────────    
​J​n−1​ m  ​ cos(​​ n−1​​ + ​​n​ m​ − ​​ n​​ ) − ​I​n−1​ m  ​ cos(​​ n−1​​ + ​​n​ m​ − ​​ n​​)

 ​

 ​​	 (7)

In the same fashion as before, we also compare for this experi-
ment the fully tailored non-Hermitian potential with a lattice that 
lacks the gain/loss modulation and, therefore, only satisfies the first 
two equation of Eq. 7. The resulting propagation of a single-site 
excitation is illustrated in Fig. 4. The fully tailored non-Hermitian 
system successfully shows a high similarity to the discrete diffrac-
tion pattern of Fig. 2B even up to a high number of propagation 
steps (see Fig. 4A). In the absence of the non-Hermitian modulation, 
the single-site excitation is scattered at the inhomogeneous lattice 
potential (see Fig. 4B). Again, the limited experimental accuracy of 
the lattice parameters leads to residual deviations in the intensity, 
which can be quantified by the normalized sum of squared differ-
ences (SSD)

 ​​SSD = ​ ∑ n,m​ ​​ ​(​∣​u​n​ m,exp​∣​​ 2​ − ​∣​u​n​ m,sim​∣​​ 
2
​)​​ 

2
​ / ​(​​2 ​√ 

_______________________

   ​∑ n,m​​ ​(​∣​u​n​ m,exp​∣​​ 2​ ​∣​u​n​ m,sim​∣​​ 
2
​)​​ 
2
​​ ​​)​​​​	 (8)

where the sum covers the space displayed in the figures. The SSD 
quantifies the discrepancy of the experimentally measured intensity 
distributions in Fig. 4 (A and B) (“exp”) from the simulated ideal 
unscattered Hermitian case (“sim”; see also Fig. 2B) ranging from 0 
(best case) to 1 (worst case). For the calculation of the SSD, the data 
have been prepared according to the “Calculation of the deviations 
between experiment and simulation for induced transparency” 
section in Materials and Methods, which includes normalization to 
the sum of each time step. The SSD for the tailored non-Hermitian 
case has the value of 0.133, while, for the Hermitian case, it is 0.246. 
The difference from the optimal value of 0  in the non-Hermitian 
case is a consequence of the above-stated experimental imperfec-
tions. For a better comparison, we have also calculated the SSD for 
random intensity distributions taking only lattice sites into account 
that can actually be reached after the single-site excitation of the 
simulated propagation (same sublattice), which leads to an average 
of 0.313. For more details, see the “Calculation of the deviations 
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between experiment and simulation for induced transparency” 
section in Materials and Methods. The high similarity of strong 
interference contrasts in Fig.  4A to the unperturbed setting in 
Fig.  2B indicates many correct phase relations that have been 
achieved. Furthermore, we numerically verified that when we 
perfectly match the parameters in Eq. 7, the light follows the ideal 
discrete diffraction pattern (see section S6).

DISCUSSION
We have experimentally demonstrated non-Hermitian tailoring of 
an inhomogeneous optical mesh lattice in a photonic system. This 
non-Hermitian engineering can either be static, to realize shape-
preserving beam transmission, or dynamic, to implement non-
Hermitian–induced transparency. We anticipate our results to 
provide diverse routes for controlling the flow of light based on 
non-Hermitian photonics. In particular, the tailoring of the discrete 
lattice is precisely adjusted to the specific characteristics of the input 
excitation beam. This opens the way to designs where the transmission 
properties of the tailored medium are highly selective and thus may 
find application in secure data channeling.

MATERIALS AND METHODS
Implementation of a 1 + 1D time bin–encoded optical 
mesh lattice
The main principle of the creation of a photonic lattice by coupled 
fiber loops is similar to (9, 39, 45). Reduced to a minimum of com-
ponents, this simplified setup consists of two loops of optical fiber 
and a beam splitter, which couples both loops. As the fiber loops 
differ in length, light propagating through that system has a different 
round trip time for each loop, T + T for the longer loop and T − T 
for the shorter one (T > T). If a short light pulse t < T is inserted 

into this setup, then the evolution is the same as the propagation 
in a beam splitter pyramid (see fig. S1), which is a discrete-time 
quantum walk. Thus, the pulse dynamics can be mapped onto a 
1 + 1D lattice. Thereby, every lattice site (m, n) encodes the arrival 
time m ∙ T + n ∙ T of the corresponding pulse at the beam splitter. 
The number of whole round-trip times corresponds to the time step 
m, and the position n indicates which combination of long and 
short loop has been passed. A step to the right (green path) or left 
(yellow path) corresponds to a round trip through the longer or 
shorter loop, respectively. Pulses at the same lattice sites interfere, as 
they arrive the beam splitter at the same time. In this vein, the accu-
mulated phase during the propagation through the loops does not 
have an influence because interfering pulses had propagated through 
a permutation of long/short loop, which means that the relative 
phase is not affected. In the same manner, every component added 
in the loops, for example, for phase or intensity modulation, is passed 
in every round trip, and thus, an exact copy of this component can 
be added to every lattice site in the lattice.

Detailed experimental setup and parameter value ranges
The main principle of this setup has been explained in the previous 
section. The setup that we will describe in the following resembles 
the setup of earlier work with a coupled fiber loops; see, for 
example, (8, 42).

The setup is composed of two optical fiber loops, which are 
connected by a beam splitter with variable splitting ratio (Agiltron 
NanoSpeed) and thus creates a changeable coupling in the corre-
sponding photonic lattice. In each loop, there is an acousto-optic 
modulator (AOM) (Brimrose Corp.) for the modulation of the 
amplitudes of the pulses (via the parameters G and F in Eq. 1) and a 
PM (iXblue Photonics) for modulating their phases (via the parameters 
φ and  in Eq. 1). The light is inserted into the loops by fiber 
couplers, which also couple part of the light out to reach photo-
detectors (Thorlabs). To be able to emulate gain and loss, the operat-
ing point of the AOMs is set to 50% of their maximal attenuation. 
An erbium-doped fiber amplifier (Thorlabs) in each loop compen-
sates this suppression and other losses occurring during a round 
trip, for example, due to coupling light out for detection. In the 
following, a variation of the suppression level of the AOMs then can 
result in both gain and loss. The possible modulation parameters lie 
in the following ranges: G2 ∈ [0.49, 2.05]; F2 ∈ [0.68, 1.46]. Wave-
length division multiplexers (AC Photonics) couple a distributed 
feedback (DFB) laser (JDS Uniphase) at a wavelength of 1538 nm to 
the amplifiers for optical gain clamping. This light is then removed 
from the system by a band-pass filter (WL Photonics). In addition, 
optical isolators (AC Photonics) take care of a unidirectional propa-
gation and make sure that possible back reflections are suppressed.

The round-trip time is extended to roughly 24 s by spools of 
optical single-mode fiber (SMF) (Corning Vascade LEAF EP). The 
difference between the loops of approximately 100 ns is inserted by 
an additional section of SMF (we used a standard SMF of SMF28 
or comparable). Moreover, all fiber components are designed for a 
wavelength of 1550 nm. Some components operate in a polariza-
tion-dependent fashion (as, e.g., the PMs), mechanical polariza-
tion controllers are used for the alignment as indicated by three circles 
in fig. S2.

The signal that is inserted into the setup for excitation is a rectan-
gular pulse of 60 ns. For this purpose, the continuous wave signal of 
the 1550 nm DFB laser (JDS Uniphase) is cut by a Mach-Zehnder 
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Fig. 4. Photonic realization of non-Hermitian–induced transparency. The 
experimental propagation data in the tailored lattice are compared to a general 
inhomogeneous lattice, upon a single-site excitation, i.e., a highly localized beam 
at m = 0. (A) When the real and imaginary part of the complex refractive index is 
tailored to fulfill the solution Eq. 7, the discrete diffraction pattern of a homogeneous 
lattice develops. In accordance to the solution (Eq. 7), such non-Hermitian trans-
parency is induced only for a specific excitation. For deviating excitations, the 
lattice will be strongly opaque as shown in (B), where the lattice is not suitably 
tailored (see section S7). Remaining deviations can be explained by the experimentally 
limited accuracy. As before, the intensities in the shorter loop (called u) are depicted 
and normalized to the maximum of each time step. Note that the modulation of 
the complex potential now varies in time (or propagation direction). The full modulation 
patterns are presented in detail in section S6.
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intensity modulator (SDL Integrated Optics Limited) to a rectangular 
pulse shape. An additional AOM is used here to further enhance the 
ratio between pulse plateau and ground level by lowering the latter 
and transmitting the pulse signal. All signals for the control of 
electro-optical devices are produced by arbitrary waveform generators 
(Keysight Technologies, 33622A).

An oscilloscope (Rohde & Schwarz, RTE1000) samples the 
detected and logarithmically amplified signal (logarithmic voltage 
amplifier) (Femto) in the loops after each round trip. The signal 
processing was performed in MATLAB, where the arrival times at 
the detector are translated into the according lattice sites with time 
step m and position n and matched the corresponding pulse height 
to get the propagation in the photonic lattice.

Calculation of the deviations between experiment 
and simulation for induced transparency
To support the visual comparison of the induced transparency 
images to the corresponding Hermitian ones, the difference between 
the experimental realizations (see Fig. 4, A and B) and the simula-
tion of the ideal unscattered Hermitian case (see Fig. 2B) is calculated. 
To this end, the SSD is used with the normalization defined in 
Eq. 8. Before the calculation of the SSD, the data are prepared in two 
steps. First, the area ∣n∣ > m is discarded, as this region cannot be 
reached by the spreading light pulses after a single-site excitation 
due to the discrete evolution protocol. Containing exclusively noise, 
it does, therefore, not carry any information about the performance 
of the setting. Second, the data are subsequently normalized to the 
sum of each time step. The normalization to the maximum of each 
time step (as has been done in Fig. 4) is beneficial for displaying the 
propagation but less suitable for quantitative calculations as broad 
intensity distributions would be weighed substantially higher than 
narrow ones. The prepared matrices are displayed in fig. S9 (A to C).

The SSD without normalization is a simple and commonly used 
method for image comparison and template matching (46–48), but 
also normalized variations have been used (49–52). For our specific 
purpose, we have used the L2-norm of both compared matrices, 
which takes into account that the matrices are not necessarily 
Hermitian, and a scaling factor of 1/2 so that the SSD lies in 
the range between 0 (signifying a perfect match) and 1 (denoting 
the worst case of entirely nonoverlapping matrices). In our case, the 
latter would, e.g., occur for two uniform distributions (prepared 
according to the steps above) residing on different sublattices 
(see fig. S9, F and G). For further benchmarks within this range, we 
have calculated the normalized SSD for random matrices of the same 
size (prepared according to the steps above) compared with the 
simulation and averaged over 1000 different realizations. For the 
random distributions without further restrictions, we find a val-
ue of 0.505, and 0.313 for distributions solely on the same sublattice 
as the simulation [see fig. S9 (D and E) for examples of the random 
matrices].

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl7412
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