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ABSTRACT

We present a novel method to achieve the decoupling between the trans-
mission  and  reflection  waves  of  non-Hermitian  doped  epsilon-near-zero
(ENZ)  media  by  inserting  a  dielectric  slit  into  the  structure.  Our  method
also  allows  for  independent  control  over  the  amplitude  and  the  phase  of
both the transmission and reflection waves through few dopants, enabling
us to achieve various optical effects, such as perfect absorption, high-gain
reflection without transmission, reflectionless high-gain transmission and
reflectionless  total  transmission  with  different  phases.  By  manipulating
the permittivity of dopants with extremely low loss or gain, we can realize
these  effects  in  the  same  configuration.  We  also  extend  this  principle  to
multi-port  doped ENZ structures  and design a  highly  reconfigurable  and
reflectionless signal distributor and generator that can split, amplify, decay
and phase-shift the input signal in any desired way. Our method overcomes
limitations  of  optical  manipulation  in  doped  ENZ  caused  by  the  interde-
pendent nature of the transmission and reflection, and has potential appli-
cations in novel photonic devices.

Keywords  photonic  doping, non-Hermitian, epsilon-near-zero  media,
transmission-reflection decoupling

 1   Introduction

The  ability  to  freely  manipulate  electromagnetic  waves
or light waves, an important carrier of energy and infor-
mation, has always been a hot research topic. However,
most  optical  media  and  systems  exhibit  coupled  trans-
mission  and  the  reflection  performances,  and  their
amplitude  and  phase  of  transmission/reflection  waves
are also interdependent. Tuning one or more parameters
of  an  optical  medium  or  configuration  usually  leads  to
simultaneous changes in the power, amplitude and phase
of  the  transmission  and  reflection  waves,  which  limits

the  degree  of  freedom  in  optical  manipulation  and  the
information capacity of light. Recently, to overcome this
bottleneck,  some  composite  metasurfaces  have  been
developed,  which  consist  of  arrays  of  artificial
microstructures that can manipulate light in both trans-
mission  and  reflection  spaces  [1–4],  and  even  achieve
simultaneous  control  of  phase  and  amplitude  [5, 6].
However,  these  metasurfaces  are  usually  composed  of
large  numbers  of  complex  microstructures.  To  achieve
specific  functions,  it  is  inevitable  to  adjust  numerous
unit cells. Moreover, the characteristics of most metasur-
faces are geometrically dependent, which pose a challenge
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for integration.
On  the  other  hand,  epsilon-near-zero  media  (ENZ)

have attracted much interest due to their robust optical
characteristics against geometric transformations [7–10].
In ENZ, the vanishing permittivity leads to a near-zero
wavenumber,  a  wavelength  much  greater  than  its  scale
and  the  out-of-plane  magnetic  fields  static  in  space.
These features enable the control of the radiating direction
[11, 12], phase distribution [13, 14], transmission perfor-
mance  [15, 16],  and  energy  distribution  [17]  of  light.
More interestingly, ENZs exhibit extremely stable trans-
mission  performance  irrespective  of  their  geometric
shape for  TM polarized waves [15].  The spatially  static
magnetic fields also enable the photonic doping effect of
ENZ such that the optical properties of the whole structure
are  tunable  through  one  or  few  macroscopic  dopants
embedded  in  any  position  of  the  ENZ  host  [18–36].
These unconventional features make doped ENZs useful
for engineering applications enabling the design of various
doped-ENZ-based  devices  [37],  such  as  power  divider
[38], antenna [12, 39], and filter [40]. Recently, increasing
researchers  are  interested  in  non-Hermitian  photonic
doping  ENZ  with  tailored  loss  and/or  gain.  With  the
introduction  of  optical  non-Hermiticity  in  some compo-
nents, the reconfigurability of doped ENZ is significantly
improved  [41],  which  brings  more  interesting  effects,
such  as  the  enhancement  of  optical  attenuation  or
amplification  [42],  coherent  absorption  [43, 44],  and
nonreciprocal  transmission  [42, 45].  Doping  of  ENZ
provides a more convenient way for optical manipulation.
Optical devices based on doped ENZ are convenient for
integration and are expected to be applied in more fields,
for  their  relatively  simple  structures  and  geometrically
insensitive  optical  properties.  However,  out-of-plane
fields with a constant amplitude in ENZ further intensify
the  correlation  among  the  power,  amplitude  and  phase
of transmission and reflection waves.

Inspired  by  composite  metasurfaces,  we  propose  a
novel  method  to  break  the  correlation  between  the
transmission  and  reflection  waves  of  non-Hermitian

doped  ENZ  by  inserting  a  narrow  dielectric  slit.  We
demonstrate that both the amplitude and phase of both
the reflection and transmission waves can be tuned inde-
pendently through few dopants. Utilizing the amplification
effect of loss or gain of dopants induced by resonance [42,
43],  the  adjustable  range  increases  significantly.  More-
over,  we  show  that  our  method  can  be  exploited  to
design  a  highly  reconfigurable  reflectionless  signal
distributor  and  generator  based  on  a  three-port  doped
ENZ waveguide structure.

 2   Theories and analyses
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We investigate the scattering properties of an arbitrarily
shaped ENZ structure connecting two ports, as shown in
Fig.  1(a).  The  structure  consists  of  two  ENZ  regions
(region 1 and region 2 with cross areas  and  respec-
tively)  separated  by  a  dielectric  slit  with  width ,
thickness  and  relative  permittivity .  The  ENZ
regions are connected to two ports with the same width

 and  relative  permittivity .  Each  ENZ  region
contains  a  cylindrical  dopant  ( )  with radius 
and relative permittivity  to control the reflection and
transmission performance of the structure. The dopants
are nonmagnetic and may exhibit dielectric loss or gain.
The  structure  is  bounded  by  perfect  electric  conductor
(PEC)  walls.  We  assume  that  a  transverse  magnetic
polarized  (TM)  plane  wave  with  angular  frequency 
normally incident from the input port (the left port). If
the time factor  is omitted, the magnetic field inside
the  input  port,  the  slit  and  the  output  port  (the  right
port) are expressed as 

Hi = H0(eikpx + re−ikpx)ez, (1a)
 

Hs = H0[aeiks(x−l1) + be−iks(x−l1)]ez, (1b)
 

Ho = H0teiko(x−l1−d−l2)ez, (1c)

 
m1

R t0 m1

m2 T r0

Fig. 1  (a) Diagrammatic sketch of the doped ENZ structure with two ports. (b) Diagram of the solutions of  on the
complex plane for a given reflectance  when the transmission coefficient is fixed as . (c) Diagram of the solutions of 
and corresponding  on the complex plane for a given transmittance  when the reflection coefficient is fixed as .
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where  and  are wavenumbers in the
two ports and the slit, respectively;  is the angular
wavenumber in vacuum; and  is the velocity of light in
vacuum;  is  the  complex  amplitude  of  the  incident
wave.  and  are  the  transmission  coefficient  and  the
reflection  coefficient  of  the  doped  ENZ  respectively. 
and  are  the  complex  amplitudes  of  the  forward  and
backward  waves  in  the  slit  normalized  by .  Corre-
spondingly,  the  electric  fields  in  these  regions  are
derived from  as 

Ei = z0zpH0(eikpx − re−ikpx)ey, (2a)
 

Es = z0zsH0[aeiks(x−l1) − be−iks(x−l1)]ey, (2b)
 

Eo = z0zpH0teiko(x−l1−d−l2)ey. (2c)

zp = 1/
√
εp zs = 1/

√
εs

z0
r a b t

M(r, a, b, t)T = (1, 1, 0, 0)T

 and  are the relative impedances of
the  two  ports  and  the  slit,  respectively,  and  is  the
impedance in  vacuum. We can calculate , , ,  from
continuous boundary condition and the integral form of
Faraday’s  law  of  electromagnetic  induction  as

 where 

M =


−1 1 1 0
1 α− im1 −α− im1 0
0 D+ D− −1
0 −αD+ αD− 1− im2

 ;

(3)
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,  and . Here
the  homogenized  effective  magnetic  permeability  is
calculated  with 

 according to the theory of photo-
nic doping [18], which is commonly used to describe the
transmission  and  reflection  properties  of  doped  ENZs.
However,  alone is not enough to capture the effects
of other physical quantities that influence the transmission
and  reflection  properties,  such  as , , ,  and .
Therefore,  we  adopt  the  dimensionless  parameter 
that combines  and these quantities in a simple way.
This parameter can characterize the ENZ region  more
comprehensively and simplify our analysis.  It is easy to
see that  dominates both the transmission and reflection
performance  of  the  ENZ  in  region .  In  this  work,  we
name  as  the  transmission-reflection  main  control
(TRMC) parameter of the ENZ in region , and use 
as the variable to describe the ENZ in region . We can
obtain expressions for the reflection coefficient  and the
transmission coefficient  as a function of  and , by
inverting  matrix .  The  correlation  between  and 
depends on their Jacobian determinant calculated by 

det
[

∂(r, t)

∂(m1,m2)

]
=

4γ2(zpwpzsws)
3[m2 − (η − i)]

det3(M)
, (4)

det(M) = −2iαγ[η(m1 +m2 + 2i)− (m1 + i)(m2 + i)+where 

α2] γ = −sin(ksd)/α η = αcot(ksd) ksd ̸= nπ

n = 0, ±1, ±2,… m2 ̸= η − i det(M)

|det(M)|3 |γ2(m2 − η − i)|

r t t

t0 r

m1 m2

,  and .  When 
( ),  and  is  convergent  or
both  and  are small quantities of
the  same  order,  the  Jacobian  determinant  is  nonzero,
which means  and  are independent. When  is fixed as

,  can be expressed as a univalent complex function of
 or  

r = − m1 − (η + γ−1t0 + i)
m1 − (η − i)

= γt0[m2 − (η − i)]− 1. (5)
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On the  complex  plane  of ,  there  are  a  zero  point  at
 and  a  pole  point  at  of  the  reflection

coefficient . This means that the reflection wave disappears
when  and  diverges  when .
The transmission coefficient  determines the location of
the  reflection  zero  point,  but  not  the  unique  value  of
reflection coefficient . Figure 1(b) shows the diagram of
how  varies  with .  We  represent  as  the  negative
ratio of the vector  and , where  is the vector from
the zero point to  and  is the vector from the pole
point  to .  Any  reflectance  from near  zero  to
near infinity is achievable by tuning . Accordingly, to
ensure  the  permanent ,  should  also  be  tuned  to
meet  Eq.  (5).  On  the  complex  plane  of ,  the  zero
point  maps  to  which  is  also  determined by

.  The pole  point  maps  to  the  point  of  infinity.  Based
on the resonance properties of dopants, a wide range of
TRMC  parameters  and ,  including  near-infinite
values, is available by doping the proper materials with
low loss or gain. In this way, without affecting the trans-
mission coefficient ,  the reflectance is  broadly tunable
from near zero to near infinity by adjusting the parameters
of the dopants embedded in both ENZ regions unless the
zero  point  and  the  pole  point  coincide  or  both  are  at
infinity.  Both  the  transmission  and  reflection  waves  of
the  doped  ENZ  structure  can  be  controlled  indepen-
dently. Fig. 1(b) also illustrates that the contour of the
amplitude  of  any  reflection  coefficient  (  or )
forms an Apollonius circle around the zero point or the
pole  point  of .  The  reflection  phase  is
represented  as  the  angle  between  vectors  and .
When  moves along a contour of ,  changes from

 to .  We  can  achieve  any  reflection  phase  for  any
given .  The  argument  principle  also  supports  this
interpretation. Thus, the correlation between the ampli-
tude and phase of the reflection wave is broken.

r = r0
t m1 m2

Similarly, for a determined reflection coefficient ,
 is a univalent complex function of  or  

t = γ(1 + r0)[m1 − (η + κi)] =
1 + r0

γ[m2 − (η − i)]
, (6)

κ = (1− r0)/(1 + r0) m1

t η + κi
t

where .  On the complex plane of ,
the  transmission  coefficient  vanishes  at  and
diverges at the point of infinity. While, if  is expressed
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as  a  function of ,  it  vanishes  at  the point  of  infinity
and diverges  at .  The reflection coefficient  affect
the  location  of  the  transmission  zero  point  but  it  does
not determine  uniquely. As illustrated in Fig. 1(c), on
the  plane  of ,  the  contour  of  constant  amplitude 
(  or )  forms  a  circle  with  the  zero  point  as  the
center  and a  radius  proportional  to .  On the  plane of

, the corresponding contour mapped by Eq. (6) forms
another  circle  with  the  pole  point  as  the  center  and  a
radius inversely proportional to . Based on the resonance
effect, it is not difficult to obtain the TRMC parameter

 or  with a value close to infinity by doping. Hence,
when the reflection coefficient is fixed, the transmittance

 can  also  be  tailored  in  a  wide  range  from  near
zero to near infinity in theory. Meanwhile, the argument
principle  also  enables  the  full  angle  tunability  of  the
transmission  phase  for  any  given  non-zero  and  non-
divergent . From the perspective of vector geometry in
Fig. 1(c),  is related to , which is the angle of
the vector from the zero (pole) point to the corresponding
contour  of .  They  satisfy .
When  and  are determined,  can be tuned in any
angle by changing . Therefore, the amplitude and the
phase of transmission wave are no longer interrelated.

ksd = nπ

n = 0, ±1, ±2,…

1 + r = ±t
n = 0

ksd ̸= nπ

We further discuss the physical mechanism behind the
decoupling  of  transmission  and  reflection.  The  incident
and reflection  waves  superpose  in  ENZ region  1,  which
means the reflected waves depend on the magnetic field
in  ENZ  region  1.  Moreover,  the  transmitted  wave  is
determined by the magnetic field in ENZ region 2. The
magnetic fields in the two ENZ regions interact through
the dielectric slit between them. The modes of magnetic
fields  in  the  dielectric  slit  paly  a  critical  role  in  the
correlation between the transmitted and reflected waves.
If the single-pass phase shift in the slit satisfies 
( ),  the magnetic fields in the slit and two
ENZ  regions  are  symmetric  or  antisymmetric  with
respect  to  the  central  axis  of  the  slit,  which  cannot  be
changed  by  any  photonic  doping.  Such  symmetry  of
magnetic modes requires the transmission and reflection
coefficients  to  be  rigidly  constrained  by .  Of
course, this covers the case of  in which no slits are
introduced  in  the  doped  ENZ.  Thus,  the  coupling  of
transmission  and  reflection  waves  of  a  doped  ENZ
mainly originates from the symmetry of magnetic fields
between the input and output ports. Reasonably, intro-
ducing  the  dielectric  slit  whose  parameters  satisfy

 is  an  effective  way  to  break  this  symmetry  of
magnetic  fields.  In  addition,  non-Hermitian  dopants
embedded in ENZ regions also play an important role in
the  decoupling  of  transmission  and  reflection,  because
they can overcome the other limitation for transmission
and  reflection  waves  brought  by  the  law  of  energy
conservation. Furthermore, these non-Hermitian dopants
provide  enough  degrees  of  freedom  to  tune  both  the
amplitude and phase of both transmission and reflection

waves. Hence, we achieve the decoupling of transmission
and  reflection  in  the  ENZ  structure  by  introducing  a
proper  dielectric  slit  and  non-Hermitian  dopants.  The
desired  transmission  and  reflection  waves  can  be
obtained  simultaneously  through  in  proposed  structure
as demonstrated in Figs. 1(b) and (c).

ksd = nπ m2 = η − i

−2iγ
m1

π

r t

r

t0 t

r0 r t

Nevertheless,  there  are  some  noteworthy  cases  in
which  the  decoupling  of  transmission  and  reflection  is
not valid, other than . Firstly, when ,
the zero point and the pole point of the reflection coefficient
coincide.  In  this  case,  the  transmission  and  reflection
coefficients are fixed as  and –1 respectively regardless
of .  This  means  that  the  magnetic  field  always
vanishes in ENZ region 1 and the photonic doping effect
in  ENZ  region  1  is  completely  invalid.  This  strange
phenomenon is caused by the reflection features of gain-
based  ENZ in  region  2.  The  reflection  wave  from ENZ
region  2  is  amplified  to  match  the  amplitude  of  the
corresponding incident wave. Coincidentally, its reflection
phase  cancels  out  the  round-trip  phase  shift  in  the  slit
and  produces  an  extra  phase  shift  of .  These  lead  to
destructive  interference  of  light  in  ENZ  region  1,  irre-
spective of the properties of ENZ region 1. Secondly, the
transmission-reflection  decoupling  makes  sense  only
when both  and  are  convergent.  From Eqs.  (3),  (5),
and (6) we can easily prove that divergent  will result
in  the  divergent ,  and  divergent  will  lead  to  the
divergent . In fact, the divergence of  and  corresponds
precisely to the laser mode induced by the constructive
interference of multiple reflected and amplified waves in
non-Hermitian optical media [46–50].

 3   Results and discussion

 3.1   Reconfigurability of reflection wave without
transmission

r

m1 m2 t0
m2 m1

r = −1

m2 η + i
η − i

wp = λ0 ws = 2λ0 d = 0.1λ0 A1 = 2.5048λ2
0 A2 = 2.4411λ2

0

R1 = R2 = 0.35λ0 εs = 1

εd2 = 1.196 m2 = −12122

ε′d1
ε′′d1

We numerically analyze two specific cases in the section:
near-zero transmission and near-zero reflection. First, we
investigate  how reflection  wave  of  the  structure  can  be
reconfigured when the transmittance vanishes. According
to  Eq.  (5),  the  reflection  coefficient  depends  on  the
divergence  of  TRMC  parameters  and  when 
tends to zero. If  is convergent,  must be divergent
and .  ENZ  region  1  acts  as  a  perfect  magnetic
conductor.  If  diverges,  the reflection zero point 
and the pole point  are symmetrical with respect to
the  real  axis.  We  assume  the  following  parameters:

, , , , ,
,  and .  To  block  the  transmission

wave,  the  permittivity  of  dopant  2  is  set  to  close  to  a
state  of  resonance  reflection.  In  our  calculation,

 gives a large . Figures 2(a) and (b)
show  the  calculation  results  of  the  reflectance  and  the
transmittance as a function of the real part  and the
imaginary  part  (the  loss  factor)  of  the  relative

FRONTIERS OF PHYSICS RESEARCH ARTICLE

33206-4   Yongxing Wang, et al., Front. Phys. 19(3), 33206 (2024)

 



6.11× 10−9 1.64× 108 ε′d1 ε′′d1

εd1

10−3, 10−2, 10−1, 1,

101, 102 103

permittivity of dopant 1. The reflectance varies continu-
ously  from  to  with  and .  In
our  calculation  domain,  there  is  a  reflection  zero  point
and a reflection pole point symmetrically distributed on
both sides of the real axis. In the most cases, waves are
prevented  from  transmitting  through  the  output  port.
When  approaches the reflection pole point, the trans-
mittance  increases  to  12.89.  As  parameters  get  close  to
satisfying the laser mode condition, the resonant dopant
2 cannot block the transmission wave effectively, but the
transmittance  is  still  negligible  compared  with  the
reflectance. Hence, we obtain a wide range of reflectance
from  near-zero  to  near-infinity  by  adjusting  dopant  2
with  the  near-zero  transmittance.  Moreover, Fig.  2(c)
shows the distribution of the reflection phase near some
specific  reflectance  values  including 

 and , which demonstrate the reconfigurability
of the reflection phase. Any determined reflectance with
any reflection phase is achievable by choosing the proper

ε′d1 ε′′d1

εd1 = 6.485 + 0.017i εd1 = 6.485− 0.017i

H0

0.001H0 εd1 = 6.485− 0.017i
101H0

combination of  and . We chose two values of the
relative permittivity of dopant 1 close to the zero point

 and the  pole  point 
to conduct simulations using COMSOL Mutiphysics,  as
shown in Fig. 3. When the transmission wave is blocked,
the zero reflection means that the energy of the incident
wave is totally absorbed, as shown by the magnetic field
distribution illustrated in Fig. 3(a). Figure 3(b) plots the
amplitude  of  the  magnetic  fields  distributed  along  the
gray  dashed  line  in  (a).  Clearly,  in  the  input  port,  the
incident  wave  with  amplitude  is  almost  unaffected,
which  means  that  there  are  almost  no  reflection  waves
in  the  doped  ENZ  structure.  Meanwhile,  in  the  other
port, the amplitude of the transmission wave is less than

. When , the reflection wave is
amplified to about , which interferes with the incident
wave.  Because  the  amplitude  of  the  reflection  wave  is
much greater than that of the incident wave, the inter-
ference  effect  is  not  significant  [Figs.  3(c)  and  (d)].

 
R T

ε′d1 ε′′d1 εd2 = 1.196

R = 10−3 ± 4× 10−5 R = 10−2 ± 2× 10−4 R = 10−1 ± 1× 10−3 R = 1± 1× 10−2 R = 101 ± 1× 10−1

R = 102 ± 2 R = 103 ± 4× 101

Fig. 2  Calculation results of (a) reflectance  and (b) transmittance  versus the real part of the relative permittivity of
dopant 1  and the imaginary part of the relative permittivity of dopant 1  when . (c) Calculation results of
the  reflection  phase  for , , , , ,

 and .

 
Fig. 3  (a) Simulation results of the distribution of magnetic fields in the ENZ structure for perfect absorption. (b) The
corresponding distribution of the amplitude of magnetic fields along the gray dashed line in (a). (c) Simulation results of the
distribution of magnetic fields in the ENZ structure for amplified reflection with extremely low transmission. (d) The corresponding
distribution of the amplitude of magnetic fields along the gray dashed line in (c).
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0.028H0

Although  the  amplitude  of  the  transmission  wave  is
enhanced  to ,  the  impact  is  still  trivial.  By
changing  the  permittivity  of  dopant  1,  we  achieved
perfect  absorption  and  amplified  reflection  waves  with
near-zero transmission.

 3.2   Reconfigurability of transmission wave without
reflection

[m1 − (η + i)][m2 − (η − i)] = γ−2

εd1 T (εd1)

T (εd1)

Next, we numerically analyze how the transmission wave
can  be  reconfigured  without  reflection.  To  obtain  the
near-zero reflectance, dopants in both regions should be
tuned to satisfy ,  which is
different  from  the  case  of  near-zero  transmission.  In
Fig. 4(a), we calculated the transmittance of the doped
ENZ  structure  as  a  function  of , ,  when  the
reflectance is close to zero. We use the same parameters
as in Figs. 2 and 3 except for the permittivity of dopants.
In  the  calculation  domain,  is  tunable  in  a  wide

εd1 = 6.485 + 0.017i
εd2 = 1.196

m1 εd1

εd2

εd2 = 6.301

εd1 = 6.492− 0.019i
T (εd2)

T (εd1)

εd2 T (εd2)

T (εd1) εd1

εd1 = 6.202− 0.046i T (εd1) = 71.24

T (εd1) = T (εd2) φt(εd1) = φt(εd2)

εd2 = 6.500− 0.0175i

range.  The  transmission  zero  point  is  near
, which agrees with the above calculation

for the case of . Due to the resonance effect of
dopant  1,  the  transmission  pole  point  is  mapped  from
the infinity point of  to a point on the real axis of 
near 6.301. Correspondingly, if we express the reflectionless
transmittance as a function of , the transmission zero
point is mapped to near  and the pole point is
mapped to near , as shown in Fig. 4(b).
Near  the  transmission  pole  point,  varies  more
sharply than , which requires a higher accuracy for

. In contrast, near the transmission zero point, 
varies  more  gently  than ,  which  means  that 
must  be  more  accurate. Figures  5(a)  and  (b)  show the
simulation results of the amplification of the transmission
wave  with  extremely  low  reflection.  We  choose

 to  obtain .  Based  on
 and ,  we  find  the  corre-

sponding  dopant  2  with  from  the

 
T

R = 0

T = 1± 0.01

Fig. 4  Calculation results of the transmittance  versus (a) the real part and imaginary part of the relative permittivity of
dopant 1 and (b) that of dopant 2 for reflectance . (c) Distributions of phase as a function of the real part and imaginary
part of the relative permittivity of dopant 1 depicted by the red coordinate system and that of dopant 2 depicted by the blue
coordinate system when the transmittance .

 

π

Fig. 5  (a) Simulation  results  of  the  distribution  of  magnetic  fields  in  the  ENZ structure  for  the  amplified  transmission
with extremely low reflection. (b) The corresponding distribution of the amplitude of magnetic fields along the gray dashed
line in (a). Simulation results of the distribution of magnetic fields in the ENZ structure for the reflectionless total transmission
with (c) near-zero phase advance and (d) a -phase advance.

FRONTIERS OF PHYSICS RESEARCH ARTICLE

33206-6   Yongxing Wang, et al., Front. Phys. 19(3), 33206 (2024)

 



8.45H0

calculation  results.  The  simulated  amplitude  of  the
transmission  wave  is  approximately ,  which
matches  the  calculation  results.  The  reflection  wave  is
effectively  suppressed.  We  implement  a  cascadable
signal  amplifier  that  can be  useful  for  signal  processing
using  the  doped  ENZ structure.  As  a  result,  the  trans-
mittance and reflectance are decoupled, which allows the
transmittance  to  be  tuned  in  a  very  broad  range  by
adjusting  two  dopants  while  maintaining  a  negligible
reflectance.

εd1 εd2

T

εd1 εd2

εd1 φt(εd1) εd2 φt(εd2)

T ≈ 1 R ≈ 0

−π π εd1
εd2

εd1 = 6.441 + 0.0099i εd2 = 6.446− 0.0105i

εd1 = 6.568 + 0.036i
εd2 = 6.583− 0.040i

In  addition,  for  any  given  transmittance  other  than
the  zero  point  and  the  pole  point  in  the  calculation
domain, all the conforming  and corresponding  are
respectively  on  a  curve  enclosing  the  zero  or  the  pole
point. On any curve with a constant , different values
of  or  indicate  different  transmission  phases.  In
Fig. 4(c), we show the calculation results of the transmission
phase as a function of , , and that of , ,
when  with . One can obtain any transmission
phase ranging from  to  by simultaneously tuning 
and .  For  example,  when  we  want  the  transmission
wave  to  be  in  phase  with  the  incident  wave,  we  find
from  the  calculation  results  that  we  need

 and .  Conversely,
if  we  want  the  transmission  wave  to  be  out  of  phase
with the incident wave,  we need  and

. Figures 5(c) and (d) demonstrate the
simulation results of magnetic field of the ENZ structure
when the transmission wave is in and out of phase with
the incident wave respectively. By proper doping, reflec-
tionless  total  transmission  with  the  expected  phase  is
obtained. These results show that the amplitude and the
phase of the transmission wave are also decoupled.

εd1 = 6.444 εd2 = 6.448 m1 = m2 = −0.47

εd1 = 6.567 εd2 = 6.582 m1 = m2 = −5.99

m1 m2

εd1 ε⋆d2

Specifically, in our calculation domain, we notice that
there are two time-reversal symmetric reflectionless total
transmission modes where both dopants are pure dielectric
with ,  ( )  or

,  ( ).  They  are  two
discrete  resonance  total  transmission  modes  formed  by
destructive interference of multiple reflection waves [35].
Other  reflectionless  total  transmission  modes  without
time-reversal  symmetry,  in  addition  to  the  interference
effect,  involves  energy  exchanges  due  to  the  balanced
loss and gain of dopants, which requires  and  to be
PT symmetrical  [42, 45, 46].  In  our  calculations,  the
difference  between  and  is  compensated  by  the
geometric  asymmetry.  The  total  transmission  modes
induced  by  resonance  can  be  regarded  as  some  special
cases  of  the PT symmetrical  total  transmission.  In  the
non-Hermitian  system,  reflectionless  total  transmission
modes  degenerated  by  their  transmission  phases  are
continuous, which can be extended to other reflectionless
modes with any fixed transmittance. Due to the periodicity
of  the  resonance  states  of  electromagnetic  fields  in
dopants,  these  continuous  modes  will  recur  outside  our
calculation domains.

 4   Applications in reflectionless signal
distributor and generator

j = 1, 2, 3

S11 S21

S31

S11 = 0

One can generalize the principle of transmission-reflection
decoupling  and  the  reconfigurability  of  amplitudes  and
phases to structures of doped ENZ with multiple ports.
Since  the  number  of  ports  does  not  affect  its  physical
essence, we expect that the S-parameters of non-Hermitian
doped ENZ with multiple ports will be uncorrelated and
reconfigurable  in  their  amplitude  and  phase  when
several  slits  are  introduced.  To  demonstrate  this,  we
propose  a  scheme  to  realize  a  highly  reconfigurable
signal distributor and generator using a structure of non-
Hermitian  doped  ENZ  with  slits  as  illustrated  in
Fig.  6(a).  The  structure  is  composed  of  three  ENZ
regions labeled by . They are separated by two
slits.  Each ENZ region contains  a  dopant  and connects
to a port. Port 1 connecting to region 1 is the input port.
Ports  2  and  3  connecting  to  regions  2  and  3  are  two
output  ports.  denotes  the  reflection  coefficient. 
and  are the transmission coefficients of ports 2 and 3
respectively. According to the universal expression of S-
parameters  of  doped ENZ with multiple  ports  and slits
[36]. We find that when the reflection coefficient ,
the two transmission coefficients can be simplified into a
very concise form similar to Eq. (6): 

Sj1 =
1

γj [mj − (ηj − i)]
, j = 2, 3, (7a)

with 

m1 = i−
∑3

j=2
[(mj + i) cos(ksjdj)] +

zsjwsj

zp1wp1
sin(ksjdj),

(7b)

mj = k0µeffjAj/(zpjwpj) µeffj Aj

j zpj wpj

j zsj ksj wsj dj

j

γj=−zpjwpj sin(ksjdj)/(zsjwsj) η=zsjwsj cot(ksjdj)/
(zpjwpj)

εpj = z−2
pj εsj = z−2

sj

j j

εdj
Rj

Sj1 mj

S21 S31

where ;  and  are the effective
permeability and the cross-sectional area of ENZ region
,  respectively;  and  are  the  relative  impedance

and the width of port , respectively; , ,  and 
are  the  relative  impedance,  wavenumber,  width  and
thickness  of  the  slit  between  regions  1  and ,  respec-
tively; ; 

.  Since  these  ports  and  slits  are  nonmagnetic,
their  relative  permittivites  are  and ,
respectively. The dopant in region , dopant  with relative
permittivity , exhibits a circular cross section with the
radius . As shown in Eq. (7a), the transmission coefficient

 is  expressed as a univalent function of .  One can
obtain any designed transmission coefficients  and 
by  choosing  suitable  dopants  2  and  3  respectively,  and
then find a matched dopant 1 to eliminate the reflection
wave  according  to  Eq.  (7b).  The  incident  wave  can  be
split, amplified, decayed and phase shifted by any means
with  near-zero  reflection  through  the  signal  distributor
and generator.

Further, we construct this ENZ-based signal distributor

RESEARCH ARTICLE FRONTIERS OF PHYSICS

Yongxing Wang, et al., Front. Phys. 19(3), 33206 (2024)   33206-7

 



TE10

TE10 εeff = εf − (cπ/ωh)2

εf h

εf = 1

cπ/(ωh) = 1

TE10

εpj + 1 εsj + 1

εdj + 1

εpj εsj εdj TE10

and  generator  through  several  interconnected  three-
dimensional  metal  waveguides  that  work  at  mode
[18, 32–34], as shown in Fig. 6(b). The top metal wall of
the waveguide structure is removed. The effective relative
permittivity  for  mode  is ,  where

 is  the  relative  permittivity  of  the  filler  and  is  the
height  of  the  waveguide.  We  fill  the  three  irregular-
shaped regions with air  ( )  and set the height and
frequency  to  satisfy ,  creating  lossless  ENZ
host  media  at  the  cutoff  frequency  of  mode.  We
also fill media with relative permittivities , 
and  in  corresponding  regions  of  ports,  slits  and
dopants,  respectively,  to  achieve  the  desired  effective
relative permittivities ,  and  for  mode.  To
prevent  higher  order  modes  from interfering,  some thin
metal rods are inserted near interfaces between different
media.

TE10

wp1 = wp2 = wp3 = λ0

λ0

ws2 = ws3 = 1.2λ0 d1 = d2 = 0.1λ0 h = cπ/ω = 0.5λ0

We  numerically  simulate  three  cases  with  different
transmission  requirements  of  the  signal  distributor  and
generator  constructed  by  the  waveguide  structure
using  the  following  parameters: ,
where  is  the  working  wavelength  in  vacuum;

; ; ;

R1 = R2 = R3 = 0.4λ0 A1 = 2.986λ2
0 A2 = A3 = 1.667λ2

0

zp1 = zp2 = zp3 = zs2 = zs3 = 1 ks2 = ks3 = k0

7.854×10−5λ2
0

εd2 = 4.991− 0.014i εd3 = 5.140− 0.0507i
εd1 = 4.951 + 0.0081i

√
2H0

H0

π

φ21 = π/2

εd1 = 4.951− 0.0084i εd2 = 5.042 + 0.0251i εd3 = 4.824

; ; ;
; .  We  use

PECs  to  simulate  metal  sidewalls  of  the  waveguide
structure  and  introduce  a  total  of  104  thin  PEC  rods
with  cross  section  area  near  interfaces
between  different  media.  In  the  first  case,  we  split  the
incident  wave  into  two  output  ports  with  equal  power
and  opposite  phases.  We  achieve  this  by  using

 and  for dopants 2
and 3, and  for dopant 1 to eliminate
reflection. Figure  6(c)  shows  the  simulated  magnetic
field  distribution  for  this  case.  The  transmission  waves
in ports  2  and 3 have the same amplitude  where

 is the incident wave amplitude. The phase difference
between port 1 and port 2 is zero, while the phase difference
between port 1 and port 3 is . Meanwhile, there almost
no  reflection  from port  1.  In  the  second  case,  we  want
total  transmission  through  port  2  with  a  phase  shift

, no transmission through port 3 and no reflection
through  port  1.  We  achieve  this  by  using

,  and 
for  dopants  1,  2  and  3.  Such  function  is  demonstrated
by the simulated magnetic field distribution in Fig. 6(d).

 

φ21 = π/2

Fig. 6  Plane (a) and three-dimensional (b) diagrammatic sketch of the highly reconfigurable reflectionless signal distributor
and  generator.  Simulation  results  of  the  magnetic  field  distribution  in  the  signal  distributor  and  generator  when (c) the
power of the incident wave is equally distributed into two output ports with opposite transmission phases, (d) when the incident
wave is totally distributed into one output port with  and (e) when the incident wave is amplified in one output
port and decayed in another output port with the same phase.
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εd1 = 4.923− 0.0049i
εd2 = 5.015− 0.0183i εd3 = 4.993− 0.0143i

1.5H0

0.75H0

Interestingly, by choosing proper dopants, the structure
can even generate an amplified and a decayed reflectionless
transmission signal simultaneously. In the third case, we
amplify the incident wave in port 2 and decay it in port
3. By using dopants 1, 2 and 3 with ,

 and , the amplitude
of the transmission wave in port 2 is amplified to 
and that in port 3 decays to  [Fig. 6(e)]. In port 1,
the  reflection  wave  is  also  blocked  effectively.  The
designed signal distributor and generator exhibits ultrahigh
reconfigurability and potential applications in transmission
and processing of optical signals.

 5   Conclusion

We  have  demonstrated  a  novel  way  of  manipulating
optical waves by exploiting the properties of non-Hermitian
doped ENZ structures with slits. We have shown that a
dielectric slit in the ENZ structure can break the correlation
between  the  transmission  and  reflection  waves  and
allows us to control their amplitude and phase indepen-
dently by adjusting the permittivity of few dopants. We
have  achieved  various  optical  effects  such  as  perfect
absorption,  high-gain  reflection  without  transmission,
reflectionless high-gain transmission and total transmission
with  phase  modulation,  by  choosing  appropriate  values
of permittivity with tailored low loss or gain for dopants.
We  have  also  extended  our  approach  to  doped  ENZ
structures with multiple slits and ports, and designed a
highly reconfigurable and reflectionless signal distributor
and  generator  based  on  a  three-port  ENZ  waveguide
structure. This device can distribute, amplify and phase-
shift  the  incident  wave  in  any  desired  way,  which  is
useful for various applications such as optical communi-
cation  and  signal  processing.  Our  work  overcomes  the
restrictions  of  doped  ENZ  imposed  by  the  correlation
between the transmission and reflection waves as well as
that  between  amplitudes  and  phases  for  freer  optical
manipulation,  opening  up  a  new  avenue  for  designing
novel  optical  devices  based  on  non-Hermitian  doped
ENZ structures.
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