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The problem of inverse design is rooted to the classical problem of inverse scattering. In general, these
highly nonlinear and often ill-posed problems are solved via extensive optimization techniques. In this
paper, we suggest an optimization-free method for the inverse design of a one-dimensional medium with
spatially inhomogeneous dielectric constant ε(z). In addition, we derive the governing equation of an ana-
log problem—a time-dependent homogeneous medium—and use the same technique for inverse design of
the temporal profile ε(t) of a spatially homogeneous medium that is required to achieve a desired frequency
response in k-space. Lastly, we use this optimization-free inversion approach to demonstrate the design of
the reflection response such that the reflected wave undergoes a desired filtering, such as of Tchebychev
type, differentiator, and a matched filter for chirp signal detection over additive Gaussian noise, which is
of high potential significance in chirp radar and sonar applications.
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I. INTRODUCTION

The behavior of electromagnetic waves in spatially [1,2]
and temporally [3–5] varying media has been studied for
a long time. Specifically, the propagation of waves in
a homogeneous time-dependent medium shares similari-
ties with steady-state wave propagation in inhomogeneous
media, and has attracted a lot of interest in recent years,
due to the added degree of freedom that the time variation
allows. Time-dependent metamaterials have been reported
to give rise to unique wave phenomena, such as nonre-
ciprocal wave transfer [6–8], temporal photonic crystals
[9,10], wideband impedance matching [11], electromag-
netic isolators [12,13], unitary energy transfer [14], and
exotic wave reflection phenomena [15,16]. In many cases,
however, it is of interest to solve the inverse problem.
For example, if the material’s properties are unknown,
or if specific behavior of the waves is desired. Previ-
ous studies addressed the inverse scattering problem in
space, i.e., in the presence of spatial inhomogeneities, and
used frequency-domain or time-domain reflection infor-
mation to reconstruct the profile. For one-dimensional
inversion problems, this has been done through iterative
methods [17,18] or mathematical approximations of the
local reflection coefficient [19,20].

In contrast, in this paper we suggest a direct,
optimization-free technique that is based simply on an
inverse Fourier transform over an algebraic manipula-
tion of the local reflection coefficient, to reconstruct the
dielectric profile of a one-dimensional material from the
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reflection coefficient spectrum. Furthermore, we derive an
analog model of a spatially homogeneous but temporally
varying medium that shows very similar behavior, and use
essentially the same approach to reconstruct the tempo-
ral profile from k-space measurements of the reflection.
Lastly, we show how each of these models can be used to
design a desired frequency response. The temporal switch-
ing adds a degree of freedom that together with spatial
nonhomogeneity can allow high flexibility for the design
of analog computing devices. As an example we design
a few analog filters, including a matched filter for chirp
signal detection over noise, which is common in radar
applications due to its sharp response.

II. THEORY

A. Reflection in a one-dimensional spatially
inhomogeneous medium

When an electromagnetic wave travels in a medium
with spatially varying dielectric and magnetic properties,
the inhomogeneity will cause reflections. For example,
a time-harmonic transverse electromagnetic (TEM) wave
that is propagating in a tapered transmission line along the
z axis will be comprised of a superposition of forward-
and backward-propagating waves [see Fig. 1(a)]. The total
voltage on the line can be represented using the local
reflection coefficient �(z):

V(z) = V+(z)ej (ωt−β(z)z) [1 + �(z)] . (1)
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FIG. 1. (a) A transmission line with an inhomogeneous
dielectric profile will support forward-traveling and backward-
traveling time-harmonic waves. (b) A transmission line with
a spatially homogeneous but time-varying dielectric and/or
magnetic profile will support forward-traveling and backward-
traveling space-harmonic waves.

The local reflection coefficient �(z) is subject to Riccati’s
equation [1]:

d�

dz
= 2j β� − 1

2
(
1 − �2) d(ln Z)

dz
, (2)

where β is the propagation constant in the transmis-
sion line, β(z) = ω

√
μ(z)ε(z), and Z is its characteristic

impedance: Z(z) = √
μ(z)/ε(z). Note that this equation

is valid under any continuous variation in the material’s
permittivity or permeability.

B. Reflection in a temporally varying spatially
homogeneous medium

Riccati’s equation, Eq. (2), governs the reflection coeffi-
cient of a time-harmonic TEM wave in an inhomogeneous
medium. In this section we derive the governing equation
for an analog problem—a space-harmonic TEM wave
in a time-varying and spatially homogeneous medium.
Again, we resort back to the convenient transmission-line
model. Consider a TEM wave propagating in an infinite
transmission line containing a homogeneous medium with
permittivity ε1 and permeability μ1:

V = V1 ej (kz−ωt), I = V1

Z1
ej (kz−ωt). (3)

At time t the parameters of the line are switched to ε2 and
μ2. This changes the phase velocity of the wave from c1
to c2, and the characteristic impedance of the line from
Z1 to Z2. The continuity of the electric displacement field
D = εiEi and the magnetic field B = μiHi before and after
switching (i = 1, 2) renders the appearance of a reflected
wave, with reflection and transmission coefficients [11]:

�s = 1
2

(
c2

c1

) (
Z2

Z1
+ 1

)
, Ts = 1

2

(
c2

c1

) (
Z2

Z1
− 1

)
.

(4)

For the reflection and transmission dynamics under soft
temporal switching, the reader is encouraged to refer to
Ref. [21], and also to Ref. [22] that presents analogous
results. In a transmission line with a homogeneous medium
that changes with respect to time [see Fig. 1(b)], we can
express the voltage at time point i as Vi = V0i ej (kz−ωit),
which is convenient to represent using the voltage space
phasor:

V(z, t) = Re
{
V(t) ejkz} , (5)

where V(t) is a superposition of transmitted and reflected
waves:

V(t) = V+(t) + V−(t) = V+
0 e−j ω(t)t + V−

0 ej ω(t)t. (6)

Thus we define the time-dependent reflection coefficient:

�(t) = V−(t)
V+(t)

. (7)

Upon a small change in the medium parameters, we may
apply symmetry considerations and the superposition prin-
ciple to obtain after switching

V(t + dt) = [
TsV+

0 +�sV−
0

]
e−j ω(t)t + [

TsV−
0 +�sV+

0

]
ej ω(t)t.

(8)

From this equation we can express the change in � over a
short time interval dt:

�(t + dt) = �s + �(t)Ts

Ts + �(t)�s
e2j ω(t)dt, (9)

and moreover,

e2j ωdt ≈ 1 + 2j ωdt. (10)

Assuming the change in parameters is small, the temporal
reflection will be much weaker than the transmission, Ts �
�s. Thus,

1
Ts + �(t)�s

≈ 1
Ts

(
1 − �(t)

�s

Ts

)
. (11)

Substituting in Eq. (9) and neglecting second order terms:

�(t + dt) = �s

Ts
+ �(t) − �2(t)

�s

Ts
+ 2j ω�(t)dt. (12)

Next, upon a small change in the characteristic impedance
of the line, we obtain from Eq. (4) that

�s

Ts
= 1

2
d ln(Z). (13)
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And, finally obtaining

d�

dt
= 2j ω� + 1

2
(1 − �2)

d(ln Z)

dt
. (14)

Equation (14) is essentially identical in its form to Eq.
(2). Thus, the behavior of the time-dependent reflection
coefficient in a spatially homogeneous medium that under-
goes temporal variation is very similar to the behavior of
the space-dependent time-harmonic reflection coefficient
in a spatially inhomogeneous medium. That being said,
an important difference is in the definition of the reflec-
tion coefficient itself, which is related to the causality of
the problems. In the spatially inhomogeneous problem,
the reflection is defined with respect to the impinging
wave, while in the temporally inhomogeneous one the
reflection is defined with respect to the transmitted wave
during the temporal switching time interval. In the follow-
ing, we use approximations of the governing Eqs. (2) and
(14) to reconstruct a dielectric profile (spatial or temporal)
from the reflection spectrum and design desired frequency
responses.

C. Spatial profile reconstruction

Let us assume a transmission line defined between z = 0
and z = L, connected to a load impedance. The normalized
characteristic impedance of the line Z and the propaga-
tion constant β are both functions of space: Z = Z(z), β =
β(z). Riccati’s Eq. (2) that governs the reflection coeffi-
cient along the line has no known analytical solution in its
general form. However, assuming small spatial variations
along the line we may assume a small reflection coefficient
(|�|2 � 1), obtaining the approximated equation for �:

d�

dz
= 2j β� − 1

2
d(ln Z)

dz
. (15)

This equation has a closed-form solution. Assuming the
line is matched in the end, i.e., Z(z = L) = ZL, the reflec-
tion coefficient at the entrance �i = �(z = 0) can be
formulated according to [1]

�i = 1
2

∫ θL

0
e−j θ d

dθ
ln(Z) dθ , (16)

where

θ =
∫ z

0
2β(z)dz, θL =

∫ L

0
2β(z)dz. (17)

As observed from the last equation, the normalization of
the impedance is arbitrary and does not affect the reflection
coefficient. For convenience we choose to normalize by the
impedance of the load so that ZL = 1.

In the following we assume that the material inside the
line is nonmagnetic with permeability μ0 and an unknown

permittivity profile ε(z). In the following we formulate a
reconstruction the unknown profile ε(z) from the spectrum
of the reflection coefficient at the line input �i(ω). Using
integration by parts and since Z

∣∣∣
θ=θL

= ZL = 1,

�i = 1
2

[
− ln(Z0) + j

∫ θL

0
e−j θ ln(Z) dθ

]
, (18)

where Z0 is the normalized characteristic impedance at z =
0. We define τ = ω−1θ , and through change of variables

�i(ω) = 1
2

[
− ln(Z0) + j ω

∫ τL

0
e−j ωτ ln(Z) dτ

]
, (19)

where τL = 2c−1
0

∫ L
0 n−1(z′)dz′ is the accumulated time

delay for propagation along the line in the WKB approx-
imation, c0 is the speed of light in vacuum, and n is the
refractive index, n = √

εr.
We note that the integral on the right-hand side of Eq.

(19) is the Fourier transform in the variable τ of the nat-
ural logarithm of the characteristic impedance multiplied
by a window function. Also, in light of Eq. (19), obvi-
ously �i(0) = − 1

2 ln(Z0). Therefore, some rearrangement
renders

2[�i(ω) − �i(0)]
j ω

=
∫ τL

0
e−j ωτ ln(Z) dτ . (20)

Equation (20) shows that we can obtain the dielectric pro-
file of the line from the spectrum of �i by simply using the
inverse Fourier transform on its left-hand side. This pro-
file, however, is known in terms of τ , so ε(z) should be
estimated from ε(τ ). For that we use

dz = (2c0n)−1dτ . (21)

Note that z = 0 corresponds to τ = 0, and thus we con-
struct the z axis using this differential relationship until
Z = L.

D. Temporal profile reconstruction

Now let us consider a dual problem. We consider an
infinite transmission line filled with homogeneous medium
with permittivity and permeability ε and μ. At time t =
0, we start changing the parameters of the medium, and
at time t = T the variation stops. We assume that the
material has only dielectric properties; thus ε = ε(t), 0 <

t < T, μ = μ0. As before, for slow changes, we assume
|�|2 � 1 and approximate the exact differential equation
that governs the reflection coefficient [Eq. (14)] according
to

d�

dt
= 2j ω� + 1

2
d(ln Z)

dt
. (22)

Here the impedance is normalized by the impedance at
time t = 0. We may follow the same process as before,

014047-3



OHAD SILBIGER and YAKIR HADAD PHYS. REV. APPLIED 19, 014047 (2023)

while defining ξ = 2c0
∫ t

0 n(t′)dt′ and ξT = 2c0
∫ T

0 n(t′)dt′,
and obtain for � at time T:

2[�T(k) − �T(0)]
jk

=
∫ ξT

0
e−jk(ξ−ξT) ln(Z) dξ . (23)

See also Ref. [23]. The frequency shift here arises from
the initial condition, i.e., assuming �(t = 0) = 0, meaning
there is only a forward-propagating wave at t = 0. Simi-
larly to Eq. (20), which can be used to estimate the spatial
profile ε(z) from the spectrum of the reflection coefficient
at the entrance �i(ω), Eq. (23) can be used to estimate the
temporal profile ε(t) from the k-space measurements of the
reflection coefficient at time T, �T(k).

III. TEMPORAL AND SPATIAL FILTER INVERSE
DESIGN

Equations (20) and (23) allow us to reconstruct the
dielectric profile in space (time) from the measurements
of the temporal (spatial) reflection spectrum �(ω) [�(k)].
However, this ability can be also applied to desired reflec-
tion coefficients � that we synthesize artificially in order
to get a particular spatial or temporal functionality, such
as band-pass filter or matched filter. Obviously, not every
function can be obtained using this scheme; however, this
method gives a direct solution that requires no optimization
process on the selection of the profile, and thus provides
a significant advantage in that respect over optimization-
based techniques that are often computationally demand-
ing. In the following, we demonstrate how the theory
outlined above can be used to construct several temporal
and spatial analog filters. In the following, several exam-
ples are discussed: Tchebychev low-pass filter of orders 3

( )

( )

( )

( )

(a) (b)

(c) (d)

FIG. 2. Spatial profiles of the dielectric constant εr(z)
designed to formulate desired frequency responses: (a) low-
pass Chebyshev filter (order 3); (b) temporal differentiator; (c)
low-pass Chebyshev filter (order 8); (d) band-pass filter.

and 8, differentiator, and band-pass filter (see Figs. 2
and 4). We conclude with the design of a matched filter for
chirp signal that is commonly used in radar applications
[24].

The design process is as follows. For a spatially inho-
mogeneous transmission line, the left-hand side of Eq. (20)
is calculated from the desired frequency response �(ω) to
give ln[Z(ξ)]. The impedance profile is then inverted, and
Eq. (21) is used to reconstruct the profile ε(z). It should
be noted that Eq. (20) assumes an approximate solution of
�, and, therefore, the exact reflection coefficient obtained
from the reconstructed profile ε(z) will be slightly different
from the desired reflection spectrum �(ω) that is fed into
Eq. (20).

Figure 3 shows the reflected fields obtained after a TEM
wave propagates through a number of filters, generated by
the dielectric spatial profiles in Fig 2. The incident field
is a Gaussian pulse (black), and its width is different for
each case, to contain the frequencies affected by each fil-
ter. The reflected field at the line entrance is calculated
using two methods: (1; blue) finite-difference time-domain
(FDTD) simulation of the fields in the line and (2; orange)
Runge-Kutta numerical calculation of the reflection coef-
ficient �(ω) according to Eq. (14). The latter method
gives the exact reflection coefficient, so the predicted
spectrum of the reflection coefficient is slightly different
from the desired frequency responses that are fed into Eq.
(20) to obtain the profiles. The spectrum of the reflected
field is then calculated according to Er(ω) = �(ω)Ei(ω),
and the temporal profile of the field, Er(t), is calculated
using the inverse Fourier transform. Figure 3 shows good
agreement of the reflected signal with both methods, sug-
gesting that the frequency response can be tailored with
high precision. As the reflections in these examples are
small (|�| � 1), the amplitudes of the electric fields are
normalized.

To obtain a desired spatial reflection spectrum, the pro-
cess outlined above is repeated using Eq. (23). In the
spatially nonhomogeneous medium, at the entrance to the
line, Et = Ei, and therefore � = Et/Ei = Er/Ei. In this
case, however, this relationship is true only for time t = 0
(and not t = T), so we may relate the reflection coeffi-
cient only to the transmitted field. However, in a regime
of slow and continuous temporal changes, we may assume
the reflection is weak compared with the transmission,
and with good approximation: �(t) ≈ Er(t)/Ei(t). Figure
5 shows the spatial profile of the reflected electric fields
generated by the temporal switching profiles in Fig. 4.
Here we use Er(k) = �(k)Et(k) before using the inverse
Fourier transform to obtain Er(t). In this case as well, the
FDTD simulation is in good agreement with the results
obtained from the calculation of the reflection spectrum
with Eq. (14).

As a last example, in the following we design using the
suggested optimization-free approach a matched filter for
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(a) (b)
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/ 0/ 0

/ 0 (d)(c)

FIG. 3. Simulation results of a TEM field propagating through
a nonhomogeneous medium—here only the electric field is
shown. The results in (a)–(d) correspond to the spatial dielec-
tric profiles in Fig. 2: (a) low-pass Chebyshev filter (order 3); (b)
temporal differentiator; (c) low-pass Chebyshev filter (order 8);
(d) band-pass filter. The time axis is normalized by T0 = L/c0,
where c0 is the speed of light in vacuum.

chirp signal. Given an input electric field signal on the
line Ei(z), we are interested that the reflected signal will
be shaped as the autocorrelation of the input, or in other
words, the reflected signal should be convoluted with itself
after space reversal:

Er(z) = Ei(z) ∗ Ei(−z), (24)

where ∗ denotes spatial convolution. In the spatial fre-
quency domain, this is equivalent to

Er(k) = Ei(k)Ei(k)∗. (25)

( )( )

( )( )

(a) (b)

(c) (d)

FIG. 4. Temporal profiles of the dielectric constant εr(t)
designed to formulate desired spatial frequency responses: (a)
low-pass Chebyshev filter (order 3); (b) temporal differentiator;
(c) low-pass Chebyshev filter (order 8); (d) band-pass filter.

/ 0

/ 0/ 0

/ 0

(a)

(c)

(b)

(d)

FIG. 5. Simulation results of a TEM field propagating through
a homogeneous medium with temporal switching—here only the
electric field is shown. The results in (a)–(d) correspond to the
temporal dielectric profiles in Fig. 4: (a) low-pass Chebyshev fil-
ter (order 3); (b) temporal differentiator; (c) low-pass Chebyshev
filter (order 8); (d) band-pass filter. The z axis is normalized by
L0 = c0T, where c0 is the speed of light in vacuum.

Thus, we require that

�(k) = Ei(k)∗. (26)

We use this as an input to Eq. (23) and perform the detailed
algorithm discussed above to construct the required tempo-
ral switching profile of the dielectric constant. To demon-
strate this, we calculate the required temporal profile for a
chirped pulse:

Ei(z) = sin(k2z2), (27)

where k = 2(1/m) in this example. Figure 6 shows a
comparison between the theoretically required output cal-
culated by autocorrelation of the chirp signal in Eq. (27),

( )

( )

( )

(a) (b)

E
r

(a
rb

. u
ni

ts
)

E
i
(a

rb
. u

ni
ts

)

FIG. 6. Synthesis of a matched filter for chirp signal. (a) The
incoming chirp signal without noise (black line) and with addi-
tive Gaussian noise (yellow line), SNR = 10. In the inset is
shown the temporal profile of the dielectric constant that is
required to implement this specific filter. (b) The total field after
the temporal profile is activated, calculated by brute-force FDTD
simulation. Again, the noiseless case is shown in black, with the
noisy case in yellow. Note the reflected wave to which the manip-
ulation has been designed. In the inset a comparison between the
noisy case, noiseless case, and ideal autocorrelation (blue line) is
shown, indicating an excellent agreement in the sharp peak that
is expected for this signal type.
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and the actual reflection that is obtained by a full-wave
FDTD simulation for the designed ε(t) profile and with
the impinging chirp signal. To strengthen this example fur-
ther, we consider the case of detection of a noisy chirp
signal. Specifically, we introduce additive Gaussian noise
with SNR = 10. In this case, the output signal after the
matched filter provides a much clearer signature of the
signal with respect to the output signal with noise. Inter-
estingly, this matched filter is not fixed but it is inherently
tunable. Fast rate temporal variations are challenging in rf
and surely in optical frequencies; however, in acoustics due
to the relatively low frequencies that are used, electronic
manipulation of acoustic metamaterials for matched fil-
ter detection seems quite plausible with various important
applications in sonar systems.

IV. CONCLUSIONS

In this paper, we show the similarity of the scatter-
ing problem between a temporally steady-state inhomoge-
neous material and a homogeneous time-dependent mate-
rial. In both cases, the reflection coefficient is governed
by Ricatti’s equation, and in both cases its approximated
linearization allows a direct solution of the inverse scat-
tering problem for a varying dielectric constant. We also
show how solving the inverse scattering problem allows
the inverse design of a wide range of desired frequency
responses in time (through spatial inhomogeneities) and
space (through temporal variation). This optimization-free
technique can be used as a direct method for the design
of various analog devices. In particular, we emphasize its
potential in the design and implementation of tunable ana-
log matched filters, with important applications in radar
and sonar systems.

ACKNOWLEDGMENTS

This research is supported by the Israel Science Founda-
tion (Grant No. 1353/19).

[1] R. E. Collin, Foundations for Microwave Engineering
(New Jersey, Wiley and Sons, 2001), 2nd ed.

[2] L. R. Walker and N. Wax, Non-uniform transmission lines
and reflection coefficients, J. Appl. Phys. 17, 1043 (1946).

[3] F. R. Morgenthaler, Velocity modulation of electromagnetic
waves, IEEE Trans. Microw. Theory Tech. 6, 167 (1958).

[4] L. Felsen and G. Whitman, Wave propagation in time-
varying media, IEEE Trans. Antennas Propag. 18, 242
(1970).

[5] R. Fante, Transmission of electromagnetic waves into time-
varying media, IEEE Trans. Antennas Propag. 19, 417
(1971).

[6] A. Shaltout, A. Kildishev, and V. Shalaev, Time-varying
metasurfaces and Lorentz non-reciprocity, Opt. Mater.
Express 5, 2459 (2015).

[7] Y. Hadad, J. Soric, and A. Alú, Breaking temporal sym-
metries for emission and absorption, PNAS 113, 3471
(2016).

[8] D. L. Sounas and A. Alú, Non-reciprocal photonics
based on time modulation, Nat. Photonics 11, 774
(2017).

[9] J. R. Zurita-Sánchez, P. Halevi, and J. C. Cervantes-
González, Reflection and transmission of a wave incident
on a slab with a time-periodic dielectric function ε(t), Phys.
Rev. A 79, 053821 (2009).

[10] J. S Martínez-Romero, O. M. Becerra-Fuentes, and P.
Halevi, Temporal photonic crystals with modulations of
both permittivity and permeability, Phys. Rev. A 93,
063813 (2016).

[11] A. Shlivinski and Y. Hadad, Beyond the Bode-Fano Bound:
Wideband Impedance Matching for Short Pulses Using
Temporal Switching of Transmission-Line Parameters,
Phys. Rev. Lett. 121, 204301 (2018).

[12] S. Taravati, N. Chamanara, and C. Caloz, Nonreciprocal
electromagnetic scattering from a periodically space-time
modulated slab and application to a quasisonic isolator,
Phys. Rev. B 96, 165144 (2017).

[13] H. Lira, Z. Yu, S. Fan, and M. Lipson, Electrically Driven
Nonreciprocity Induced by Interband Photonic Transi-
tion on a Silicon Chip, Phys. Rev. Lett. 109, 033901
(2012).

[14] Y. Mazor, M. Cotrufo, and A. Alú, Unitary Excita-
tion Transfer between Coupled Cavities Using Temporal
Switching, Phys. Rev. Lett. 127, 013902 (2021).

[15] V. Bacot, M. Labousse, A. Eddi, M. Fink, and E. Fort, Time
reversal and holography with spacetime transformations,
Nat. Phys. 12, 972 (2016).

[16] V. Pacheco-Peña and N. Engheta, Temporal equivalent of
the Brewster angle, Phys. Rev. B 104, 214308 (2021).

[17] A. G. Tijhuis and C. Van der Worm, Iterative approach
to the frequency-domain solution of the inverse-scattering
problem for an inhomogeneous lossless dielectric slab,
IEEE Trans. Antennas Propag. 32, 711 (1984).

[18] Y. M. Wang and W. C. Chew, An iterative solution of the
two-dimensional electromagnetic inverse scattering prob-
lem, Int. J. Imaging Syst. Technol. 1, 100 (1989).

[19] W. Tabbara, Reconstruction of permittivity profiles from a
spectral analysis of the reflection coefficient, IEEE Trans.
Antennas Propag. 27, 241 (1979).

[20] G. Mazzarella and G. Panariello, Reconstruction of one-
dimensional dielectric profiles, J. Opt. Soc. Am. 8, 1622
(1991).

[21] Y. Hadad and A. Shlivinski, Soft temporal switching
of transmission line parameters: Wave-field, energy bal-
ance, and applications, IEEE Trans. Ant. Prop. 68, 1643
(2020).

[22] E. Galiffi, S. Yin, and A. Alù, Tapered photonic switching,
Nanophotonics 11, 3575 (2022).

[23] O. Silbiger and Y. Hadad, Optimization-Free Design of
Spatial Analog Filters by Temporal Variation, ” The Sev-
enteenth International Congress on Artificial Materials for
Novel Wave Phenomena – Metamaterials, (Siena, Italy,
September 12-17, 2022).

[24] J. R. Klauder, A. C. Price, S. Darlington, and W. J. Alber-
sheim, The theory and design of chirp radars, Bell Syst.
Tech. J. 39, 745 (1960).

014047-6

https://doi.org/10.1063/1.1707673
https://doi.org/10.1109/TMTT.1958.1124533
https://doi.org/10.1109/TAP.1970.1139657
https://doi.org/10.1109/TAP.1971.1139931
https://doi.org/10.1364/OME.5.002459
https://doi.org/10.1073/pnas.1517363113
https://doi.org/10.1038/s41566-017-0051-x
https://doi.org/10.1103/PhysRevA.79.053821
https://doi.org/10.1103/PhysRevA.93.063813
https://doi.org/10.1103/PhysRevLett.121.204301
https://doi.org/10.1103/PhysRevB.96.165144
https://doi.org/10.1103/PhysRevLett.109.033901
https://doi.org/10.1103/PhysRevLett.127.013902
https://doi.org/10.1038/nphys3810
https://doi.org/10.1103/PhysRevB.104.214308
https://doi.org/10.1109/TAP.1984.1143410
https://doi.org/10.1002/ima.1850010111
https://doi.org/10.1109/TAP.1979.1142070
https://doi.org/10.1364/JOSAA.8.001622
https://doi.org/10.1109/TAP.2020.2967302
https://doi.org/10.1515/nanoph-2022-0200
https://doi.org/10.1002/j.1538-7305.1960.tb03942.x

	I. INTRODUCTION
	II. THEORY
	A. Reflection in a one-dimensional spatially inhomogeneous medium
	B. Reflection in a temporally varying spatially homogeneous medium
	C. Spatial profile reconstruction
	D. Temporal profile reconstruction

	III. TEMPORAL AND SPATIAL FILTER INVERSE DESIGN
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


