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Temporally modulated 
one‑dimensional leaky‑wave 
holograms
Amrollah Amini1,2 & Homayoon Oraizi1,2*

Spatio-temporally modulated impedance surfaces can be good candidates for generation of radiating 
waves with arbitrary eigenstates by breaking momentum and energy conservations. Here, we 
present a theoretical framework based on the holographic technique and generalized Floquet-wave 
expansion to analyze spatio-temporally modulated impedance surfaces. The holographic technique 
estimates the required impedance distribution to achieve the desired momentum. Injecting temporal 
modulation deviates the eigenvalues and changes the radiation frequency. Using the proposed 
analytical model, the eigenvalues can be calculated accurately in the presence of space and time 
modulations. Consequently, it is possible to predict the propagation mechanism of bounded and 
radiation states. It has been shown that, imposition of temporal modulation causes the Doppler-shift 
effect and nonreciprocal responses in the hologram. By plotting the antenna dispersion diagram, and 
observing the asymmetric displacement of dispersion curve due to temporal modulation, the system 
nonreciprocity can be verified. The beam scanning properties of these structures have also been 
investigated.

Recently, planar nonreciprocal devices without the use of bulky ferromagnetic materials have received much 
attention1,2 due to their subwavelength thicknesses and low-cost manufacturing processes. A suitable solution for 
implementing such devices is to exploit spatio-temporally modulated structures. This method can cover a wide 
range of frequencies from microwaves3 to optical4,5 regimes. The use of spatio-temporally modulated structures 
is not limited to electromagnetic devices, but can also be applied to manipulate acoustic waves6. A wide variety 
of potential applications can be envisaged for space-time structures, such as isolators7, frequency translators8, 
circulators9, and nonreciprocal phase shifters10. In the context of antenna engineering several works have also 
been proposed to realize nonreciprocal radiators11–13. A mixer-duplexer leaky-wave antenna is presented in the 
literature using temporally modulated microstrip lines12. An array of varactors incorporated in transmission 
lines was used to inject temporal modulation. A silicon-compatible leaky-wave antenna has been designed based 
on graphene impedance surfaces13. Nonreciprocity and Doppler-shift effects are obtained by applying temporal 
modulation through gating pads located adjacent to graphene surfaces. These structures can be used for bio-
sensing, imaging, and inter-chip communication applications13.

An appropriate approach to implement spatio-temporally modulated structures is to use dynamic metasur-
faces, which have several advantages such as ultra-thin thicknesses, low cost and high flexibility. Metasurfaces are 
mainly exploited in transmissive14–20, reflective21–25, or leaky-wave26,27 modes. The main drawback of microwave 
metareflectors and transmitarrays is their protruded feeds which make them unsuitable for low-profile integrated 
systems. This shortcoming can be resolved by using leaky-wave metasurfaces which are generally fed by embed-
ded monopole structures. Owing to the above-mentioned attractive features, various methods have been recently 
proposed for the design and analysis of leaky-wave metasurfaces. The holographic technique28–30, aperture field 
estimation (AFE) method31–33, Floquet-wave expansion model34,35 and the method of moments (MoM)36,37 are 
among the proposed methods of designing metasurface-based leaky-wave antennas. The holographic and AFE 
techniques can be considered as synthesis methods for the estimation of arrangement of meta-atoms to achieve 
the desired wavefronts, whereas the MoM and Floquet-wave expansion are analysis frameworks for the deter-
mination of exact solutions of leaky-wave modes generated by the synthesized metasurfaces. Therefore, for a 
comprehensive study of leaky-wave metasurfaces, we need to combine the analysis and synthesis methods.

In this paper, the combination of holographic technique and generalized Floquet-wave expansion is proposed 
to analyze the temporally modulated one-dimensional leaky-wave metasurfaces. The scalar impedance boundary 
condition is used to model the proposed hologram. The generalized Floquet-wave expansion was first proposed 
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by Cassedy38 to attain the mode characteristics of temporally modulated surface waveguides. In our work, this 
method is used for impedance surfaces to explain the radiation mode and the leakage mechanism in the presence 
of space-time modulation. Due to the nonreciprocity of temporal modulation, the antenna responds differently in 
the transmission and reception modes. Note that, in the transmission mode, the surface wave (slow wave) excited 
by the launcher leaks energy to the radiation mode (fast mode). In the reception mode, this process occurs in the 
reverse direction. That is, the radiation mode (fast wave) is converted to the surface slow wave. As an example, 
using the holographic technique, the surface impedance is designed to radiate in the direction of 30° at 18 GHz. 
The effect of temporal injection is studied and the radiation characteristics of antenna in the transmission and 
reception modes have been investigated.

Spatio‑temporally modulated impedance surfaces
A convenient way to implement holographic metasurfaces in the microwave regime is to modulate impedance 
surfaces. For an impedance surface located at z = 0 (see Fig. 1), the tangential components of electric ( �Et ) and 
magnetic ( �Ht ) fields are related through the impedance boundary condition as follows39:

where Z
s
 is the tensorial impedance indicating anisotropic boundary conditions and ẑ denotes the unit vector 

along the z-axis. For scalar (isotropic) impedance surfaces, the boundary condition is simplified as:

Figure 1 shows the conceptual representation of an impedance boundary condition. For spatially modulated 
surfaces, dielectric slabs covered by periodic subwavelength patches can be used for the realization of imped-
ance boundary conditions. Generally, impedance surfaces support both TM and TE surface modes. Note that 
for the TM (TE) mode the surface wave has transverse magnetic (electric) field components in both propagation 
and ẑ directions. In40 it has been shown that if the surface impedance is modulated sinusoidally in the propaga-
tion direction, the power will leak from the surface at a certain angle which is proportional to the impedance 
periodicity. In this case, the surface impedance acts as a leaky-wave antenna. However, this structure has several 
characteristics such as linearity and reciprocity. These properties may be rectified by adding temporal varia-
tions to the impedance surface. In spatio-temporally modulated surfaces, the impedance boundary condition 
changes simultaneously in space and time domains. In the general case, the impedance boundary condition can 
be expressed as follows:

where Ks is the modulation phase and represents the local periodic variations in the impedance boundary condi-
tion. The coefficient Zn can be a complex number and determines the variation depth of surface impedance. For 
a monochromatic modulation, equation (3) is simplified as:

In this case we may define the modulation frequencies in space and time domains, which are indeed the spatial 
and temporal derivatives of Ks(x, y; t), respectively:

     The frequencies �βp and ωp are actually space and time domain pumping frequencies, respectively, that cause 
power to be coupled from surface mode to higher order Floquet modes. If the pumping frequencies are equal 
to zero, the power coupling will not take place and we will have a pure surface mode. Note that, Ks can be an 

(1)�Et(x, y) = Z
s
(x, y) · ẑ × �Ht(x, y)

(2)�Et(x, y) = Zs(x, y)ẑ × �Ht(x, y)

(3)Zs(x, y; t) =
∑

n

Zne
−jnKs(x,y;t)

(4)Zs(x, y; t) = Z0 + Z−1e
jKs(x,y;t) + Z+1e

−jKs(x,y;t)

(5)�βp =∇x,yKs(x, y; t) =
∂

∂x
Ks(x, y; t)x̂ +

∂

∂y
Ks(x, y; t)ŷ

(6)ωp =−
∂

∂t
Ks(x, y; t)

Figure 1.   Surface impedance boundary condition implemented on a grounded dielectric slab. The propagation 
direction is assumed to be along the x-axis.
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arbitrary function of (x, y) in the cartesian coordinate system. In this paper, we assume that Ks varies only along 
the x̂ direction and is constant along the ŷ axis. Figure 2 shows an example of spatio-temporally modulated 
impedance surface in different time slots for Ks(x; t) = βpx − ωpt and Z−1 = Z+1 . In the next section, we will 
see that the impedance synthesized by the holographic method will be similar to that presented in Fig. 2. The 
progressive wave-like surface pattern travels with speed of νp = −∂tKs(x)/(∇xKs(x).x̂) = ωp/βp along the x̂ 
axis. Note that, since the boundary condition of the problem varies with time, we must use the wave equation 
in the time domain to analyze such structures. Thus, for the half-space above the surface the wave equation can 
be written as:

where c is the speed of light in vacuum. Note that, for a single frequency system without time modulation, assum-
ing that the wave function depends on ejωt , the wave equation results in the Helmholtz equation. However, in the 
presence of a time-varying boundary condition and the effects of higher order Floquet harmonics, the Helmholtz 
equation is not valid. The periodicity of boundary condition in both the time and space domains requires that 
the generalized Floquet-wave theory38 be applied. In this case, the wave function ( ψ(x, z; t) ) can be written in 
terms of higher order modes38:

where ω and κ are the fundamental mode frequencies in time and space domains, respectively. The coefficient ψn 
indicates the harmonic amplitude and jkzn is the propagation constant of n-indexed harmonic in the ẑ direction. 
Using (7), kzn can be determined as follows:

In Eq. (8) ωp and βp can be considered as degrees of freedom, of which the values may be determined by the 
designer. To estimate βp , we can use holographic theory for spatially modulated surfaces.

Holographic technique for leaky‑wave metasurfaces
An effective approach for the design and synthesis of leaky-wave modulated metasurface antennas is the holo-
graphic technique, which was first proposed by Sievenpiper et al.28,29. In this technique, for a hologram, the 
required distribution of surface impedance to generate an object wave with desired direction (called ψobj ) can 
be obtained as:

(7)(
∂2

∂x2
+

∂2

∂z2
−

1

c2
∂2

∂t2
)ψ(x, z; t) = 0

(8)ψ(x, z; t) =
∑

n

ψne
j(ω+nωp)t e−j(κ+nβp)xe−jkznz

(9)kzn =

√

(ω + nωp)
2

c2
− (κ + nβp)2

(10)Zs(x, y) = jX0[1+M ×ℜ{ψ∗
ref (x, y)ψobj(x, y)}]

Figure 2.   Scalar surface impedance patterns for different time slots. The circular indicator shows the 
progression of impedance with time.
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where ψref  is the reference wave excited by the electromagnetic source and asterisk ( ∗ ) denotes the complex 
conjugate operation. This gradient distribution of surface impedance plays the role of holographic interferogram 
building up the object wave as the reference wave excites it. In Eq. (10), X0 and M are average surface reactance 
and modulation depth, respectively. For leaky-wave holograms the modulated depth must be selected small 
enough (M < 0.6) in order to achieve the specified directive radiations41. If the radiated wave is supposed to be 
directed in the θ = θ0 zenith angle, the corresponding wave (object wave) can be represented by:

where kd indicates the wave-number at the design frequency f = fd . For a planar wave-front propagating along 
the x̂ axis, the reference wave can be defined as41:

where η0 = 120π is the impedance of free space. Substituting (11) and (12) in (10) yields

Considering the modulation phase and comparing it with the impedance distribution in the previous section, 
we can conclude that:

      Time dependence can be applied to the modulation phase in different ways. However, for simplicity, we 
assume that the temporal variation of the modulation is linear. Therefore, for dynamic structures, Ks(x; t) may 
be redefined as follows:

Calculation of propagation constant for asymptotic case
For the surface wave excited by the launcher in the TM0 mode, the x and z components of electric field ( Ex and 
Ez ) and the y component of magnetic field ( Hy ) may contribute to the propagation along the impedance bound-
ary condition. Using the generalized Floquet-wave expansion we have:

where κ , En and Hn are unknown parameters to determined. The n-indexed Floquet mode frequencies may also 
be defined as follows:

The Eigenmode analysis is an appropriate method to calculate the unknowns ( κ , En and Hn ). Combining the 
impedance boundary condition and Maxwell equations for the tangential components yields:

where:

(11)ψobj(x) = e−jkd sin θ0x

(12)ψref (x) = e
−jkd

√

1+(
X0
η0

)2x

(13)Zs(x) = jX0[1+M × cos(kd(

√

1+ (
X0

η0
)2 − sin θ0)x)]

(14)Ks(x) =kd(

√

1+ (
X0

η0
)2 − sin θ0)x

(15)Z0 =jX0, Z+1 = Z−1 = j
X0M

2

(16)βp =kd(

√

1+ (
X0

η0
)2 − sin θ0)

(17)Ks(x; t) = kd(

√

1+ (
X0

η0
)2 − sin θ0)x − ωpt

(18)Ex(x, z; t) =
∑

n

Ene
j(ω+nωp)t e−j(κ+nβp)xe−jkznz

(19)Hy(x, z; t) =
∑

n

Hne
j(ω+nωp)t e−j(κ+nβp)xe−jkznz

(20)β(n) =κ + nβp

(21)ω(n) =ω + nωp

(22)Hn+1 + DnHn +Hn−1 = 0 n = 0,±1,±2, . . .

(23)Dn =
2

M
[1−

jkzn

X0(ω + nωp)ε0
]
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Equation (22) relates the magnitude of n-indexed harmonic to (n+1) and (n-1)-indexed modes, which form a set 
of infinite equations with infinite unknowns. These equations resemble the dispersion relations in the pure-space 
modulated case40, except that ω(n) = ω + nωp is used instead of ω . In order to solve this system of equations, we 
must truncate the number of modes for analysis.

For the asymptotic case, if the modulation index tends to zero ( M → 0 ), the numerator of fraction in equa-
tion (23) needs to be zero to achieve nontrivial solutions. In this case we have:

Therefore, the set of asymptotic curves for κ can be obtained from the following equation:

Figure 3 shows the asymptotic dispersion curves for the cases of fp = 0 , fp = 1 GHz and fp = 2 GHz. The solid 
and dashed curves represent forward and backward solutions, respectively. These curves can be used as initial 
guesses for the calculation of eigenstates of the modulated case. Observe that, injection of temporal variations 
into the modulated impedance function imposes some asymmetry on the dispersion curves, leading to a non-
reciprocal response. As shown in Fig. 3, in the presence of temporal modulation, the Brillouin diagram is parallel 
to the line with slope of νp/c and the period of Brillouin zone (the distance between adjacent red points in Fig. 3) 
is 
√

β2
p + (ωp/c)2 . Observe that increasing the temporal pumping frequency results in the increase of the degree 

of asymmetry. This property will be described in more detail in the following section.

Determination of propagation constant in the presence of space‑time modulation
As discussed in the previous section, The infinite system of equations in (22) should be solved for the determi-
nation of the exact values of eigenstates in the presence of space-time modulation, which is achieved by safely 
truncating the number of modes without generating a significant error. The following nonlinear equation is 
obtained by some mathematical simplifications38,40:

In order to arrive at sufficiently accurate solutions, we consider 21 Floquet modes (namely 
n = 0,±1,±2, . . . ,±10 ). The solutions of Eq. (26) determine the complex values of wave-number at a given 
frequency. Figure 4a shows the dispersion diagram of hologram for the case of fp = 0 GHz. The design frequency 
is 18 GHz, and the beam angle at 18 GHz is set at θ0 = 30◦ . The average impedance ( X0 ) and modulation index 
(M) are selected as 0.85η0 and 0.2. Therefore, the corresponding impedance may be obtained as:

Figure 4b shows the normalized magnitudes of the space harmonics in the lower band. Note that the first stop 
band occurs at ka = 2.3 ( f ≈ 5.3GHz ). In this region all the space harmonics are slow waves and their corre-
sponding propagation wavenumbers are real. Observe that, around the first stop band, the following relationships 
can be established among the magnitudes of space harmonics:

(24)1−
j

√

(ω+nωp)
2

c2
− (κ + nβp)2

X0(ω + nωp)ε0
= 0

(25)κ = −nkd(

√

1+ (
X0

η0
)2 − sin θ0)±

ω + nωp

c

√

1+ (
X0

η0
)2 n = 0,±1,±2, . . .

(26)Dn −
1|

Dn+1

−
1|

|Dn+2

−
1|

|Dn+3

− · · ·
1|

Dn−1

−
1|

|Dn−2

−
1|

|Dn−3

− · · · = 0

(27)Zs(x) = j0.85η0[1+ 0.2 cos(377.25(
√

1+ 0.852 − 0.5)x)] = j320.44[1+ 0.2 cos(306.49x)]

(28)|H−1| = |H0|, |H−2| = |H1|, · · ·

Figure 3.   Dispersion curves for different pumping frequencies. (a) fp = 0 , (b) fp = 1 GHz, and (c) fp = 2 GHz.
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As the frequency increases, the wave leaks gradually from the surface and then κ becomes complex. In Fig. 4c the 
magnitudes of space harmonics in the leaky-mode region are plotted. Observe that, except in a limited region 
(around ka = 4.7 which occurs at 11.1 GHz), the mode numbers n = ±1 are predominant. Note also that, in 
the vicinity of f = 11.1 GHz the transition region occurs from the backward to forward modes. This region is 
known as the open-stopband region where the antenna gain may be drastically reduced. The sudden drop in 
the radiation mode (n = − 1) can be observed in Fig. 4c. The attenuation constant curve is depicted in Fig. 4d. 
The open-stopband effect on the attenuation can also be seen around 11.1 GHz. The total magnetic field at 18 
GHz is also plotted in Fig. 5a, which show that, in the transmission mode, the coupling occurs from the surface 
to radiation mode with the radiation angle of 30 degrees. Also, in the reception mode, the maximum coupling 
occurs at the incoming angle of 30 degrees, which confirms the accuracy of the design. To confirm the accuracy 
of the analytical results, a one-dimensional hologram is designed by exploiting the subwavelength quasi-periodic 
patches, as shown in Figs. 5b and 5c. The dimensions of the antenna are selected equal to 14�× 4� ( � as the 
free-space wavelength), so that the surface wave has enough space for effective radiation. Rogers RO4003 (with 
εr = 3.55 , tan δ = 0.0027 , and h = 1.524 mm) is chosen as the dielectric substrate. Results in Fig. 5b show that 
the realizable impedance range of this unit-cell is j205 to j392 � which covers the impedance variations in Eq. 
(27). Figure 5c shows the simulated magnetic field in the vicinity of the hologram surface. The simulation is 
performed by CST Microwave Studio package with finite integration technique (FIT) method42. Figure 6 presents 
the far-zone radiation patterns for φ = 0◦ and θ = 30◦ . The maximum directivity is 25.6 dBi at 18 GHz and its 
side lobe level is better than − 12.5 dB.

Injecting temporal modulation into the designed hologram, imposes some modifications to the dispersion 
diagram. Figure 7 shows the dispersion curves for the case of fp = 2 GHz. Its impedance distribution has the 
following form:

Figure 4.   Analytical results of the proposed hologram in the pure-space modulation mode ( fp = 0 GHz) 
for the case of X0 = 0.85η0 and M = 0.2 . (a) Dispersion diagram. (b) Normalized magnitudes of different 
harmonics as a function of ka in the lower band. (c) Normalized magnitudes of different harmonics in the leaky-
wave region. (d) Attenuation constant curve as a function of frequency.
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Observe that, in the presence of temporal modulation, the curves corresponding to negative and positive har-
monics move down and up respectively. This displacement is proportional to the pumping frequency ( fp ). As 
the pumping frequency increases, the dispersion curve for n = −1 tends towards the light-line, indicating that 
the radiation mode tends towards the end-fire direction. Also, for n = +1 , the radiation curve gets closer to the 
vertical axis. To investigate nonreciprocity, we first consider the antenna operation in transmission mode. Sup-
pose that the excitation frequency of the antenna is 18 GHz, which operates at the fundamental mode (surface 
wave). According to the dispersion diagram in Fig. 7a, its corresponding phase constant is equal to β(0) = 492 
(rad/m). Furthermore, using (20) the phase constant for radiation mode ((-1)-indexed mode) can be obtained 
as β(−1) = β(0) − βp ≈ 185 (rad/m). Observe in the dispersion diagram that the corresponding frequency at 
this phase constant is 16 GHz (namely f (−1) = f (0) − fp ), which shows the Doppler-shift effect in the proposed 
antenna. According to the calculated phase constant, the beam orientation is directed at 35 degrees. In Fig. 8 the 
analytical results of total magnetic field and Floquet-modes of n = 0,±1 are plotted separately. Figure 8 indicates 
that a strong coupling can be observed between 0-indexed and (− 1)-indexed Floquet modes. In this case, most 
of the power is divided into the fundamental and (− 1)-indexed modes, but the (+ 1)-indexed mode has a small 
portion of the power. The radiation mode is oriented in the direction of 35 degrees. The blue and red arrows 
in Fig. 8a indicate the beam directions for pure-space and space-time modulated cases, respectively. When the 

(29)Zs(x; t) = j320.44[1+ 0.2 cos(306.49x − 4π × 10
9t)]

Figure 5.   (a) Analytical results for total magnetic field at 18 GHz. (b) Proposed unit-cell and its equivalent 
surface impedance as a function of patch width. (c) Static hologram implemented by an quasi-periodic array of 
printed square patches.
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antenna is in the reception mode, for the 16 GHz incoming wave, the corresponding phase constant is entirely 
different from that of the transmission case. Using (21), for (+ 1)-indexed mode with frequency of 16 GHz, the 
0-indexed mode propagates at f (0) = f (+1) − fp = 14 GHz. In this case, the phase constant of (+1)-indexed 
mode is equal to β(+1) ≈ −79 (rad/m) and the angle at which the maximum power is coupled to the surface is 
14 degrees (as shown in Fig. 9). Note that the surface is excited at 14 GHz instead of 16 GHz. Figure 10a shows 
the magnitudes of the space harmonics as a function of the excitation frequency. In this case, the first stopband 
edge occurs at 6.4 GHz. Observe that, due to the temporal injection, the curves with negative (positive) mode 
numbers are shifted toward higher (lower) frequencies. Therefore, due to these displacements, the magnitudes of 
|H−2| and |H1| at the stopband edge will no longer be the same. Figure 10b gives the amplitude curves at higher 
frequencies at which the metasurface operates in the leaky mode. Similar to the pure-space modulated structure, 
the mode numbers of n = ±1 have the dominant magnitudes at the design frequency. Note that, in this case, 
the broadside radiation occurs at the excitation frequency of f = 13.1 GHz. The sudden change in attenuation 
constant due to the open stopband effect can also be seen in Fig. 10c.

To summarize our analysis we can conclude that, for the antenna in the transmission mode, the maximum 
coupling between the surface and radiation modes occurs at the angle of 35 degrees, whereas for the recep-
tion case the radiation and surface modes have the maximum coupling at the incoming angle of 14 degrees . 
Therefore, the antenna does not behave the same in the transmission and reception modes, which confirms its 
nonreciprocal behavior.

Figure 6.   Simulated radiation patterns of the proposed hologram in Fig. 5 at: (a) φ = 0◦ and (b) θ = 30◦ 
planes. The operation frequency is 18 GHz.

Figure 7.   Dispersion diagram of the proposed spatio-temporally modulated hologram for the case of fp = 2 
GHz in (a) transmission mode, and (b) receiving mode.
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Beam scanning properties
Leaky-wave holograms can be suitable choices for automotive sensors, coherent tomography, real-time spectrum 
analysis and tracking applications owing to their beam scanning capabilities, which can be controlled by source 
frequency. Referring to the dispersion diagram in Fig. 4a, for a pure-space modulated hologram, the correspond-
ing phase constant increases by enhancing excitation frequency. This means that, the radiation beam tends 
towards the end-fire direction at higher frequencies. In temporally modulated holograms, beam scanning can be 
achieved through another mechanism. In this case, the beam direction varies by changing the pumping frequency 
( fp ) without the need to change the source frequency. The calculated dispersion diagrams for different values 
of fp are plotted in Fig. 11a. Observe that for a given phase constant, the (− 1)-indexed curve tends towards the 
light-line as the pumping frequency increases. The dispersion curve for (+1)-indexed mode moves in opposite 
direction indicating that the incoming wave angle for reception case tends towards the broadside direction. It is 
worth noting that, this movement changes the radiation frequency in the forward mode, and consequently the 
radiation beam scans toward the end-fire direction. The spot progression in Fig. 11a for β(−1) ≈ 185 (rad/m) 
indicates this phenomenon. The space harmonics with mode numbers of n = −1 and n = +1 in the first tri-
angle are given in Figs 11b and 11c, respectively. For a given value of κa , Increasing the temporal modulation 
frequency, decreases (increases) the magnitude of negative (positive) modes. Fig. 11d compares the attenuation 

Figure 8.   Analytical results of the proposed spationtemporally modulated hologram in transmission mode. (a) 
Total field, (b) fundamental mode, (c) radiation mode, and (d) (+1)-index mode.
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constants for different values of fp . The open stopband region shifts toward higher frequencies as the temporal 
frequency increases.

Figure 12 shows the calculated fields for different values of fp . Results show that the beam direction changes 
from θ = 30◦ to θ = 41◦ with pumping frequency increasing from 0 to 4 GHz. It should be noted that the source 
frequency is fixed at 18 GHz.

Conclusion
In this paper, the generalized Floquet-wave expansion method is utilized to accurately calculate the propagation 
characteristics of temporally modulated holograms. The combination of holographic technique as a synthe-
sis method and Floquet-wave expansion can form a fully-analytical model for implementation of leaky-wave 
metasurfaces. It has been shown that temporally modulated holograms can be effectively used as nonreciprocal 
antennas. This nonreciprocity can be obtained by properly displacing the dispersion curve so that the beam is 
directed at the desired spherical angle. Owing to their embedded feeding networks, leaky-wave antennas can be 
appropriate alternatives to nonreciprocal metareflectors and transmitarrays as radiators of integrated transceivers.

Figure 9.   Analytical results of the proposed spationtemporally modulated hologram in receiving mode. (a) 
Total field, (b) fundamental mode, (c) (− 1)-index mode, and (d) radiation mode.
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Figure 10.   Analytical results of the proposed spatio-temporally modulated hologram for the case of 
X0 = 0.85η0 , M = 0.2 and fp = 2GHz . (a) Normalized magnitudes of different harmonics as a function of 
frequency in the lower band. (c) Normalized magnitudes of different harmonics in the leaky-wave region. (d) 
Attenuation constant curve as a function of frequency.
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Figure 11.   Analytical results of the proposed hologram for different values of fp . (a) Dispersion diagram. (b) 
Normalized magnitude of higher (-1)-indexed Floquet modes ( |H−1/H0| ) versus κa . (c) Normalized magnitude 
of higher (+1)-indexed Floquet modes ( |H+1/H0| ) versus κa . (d) Attenuation curves.



13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8488  | https://doi.org/10.1038/s41598-022-12432-w

www.nature.com/scientificreports/

Received: 15 December 2021; Accepted: 10 May 2022

References
	 1.	 Estep, N. A., Sounas, D. L., Soric, J. & Alù, A. Magnetic-free non-reciprocity and isolation based on parametrically modulated 

coupled-resonator loops. Nat. Phys. 10, 923–927. https://​doi.​org/​10.​1038/​nphys​3134 (2014).
	 2.	 Sounas, D. L. & Alù, A. Non-reciprocal photonics based on time modulation. Nat. Photon. 11, 774–783. https://​doi.​org/​10.​1038/​

s41566-​017-​0051-x (2017).
	 3.	 Taravati, S. & Kishk, A. A. Space-time modulation: Principles and applications. IEEE Microwave Mag. 21, 30–56. https://​doi.​org/​

10.​1109/​MMM.​2019.​29636​06 (2020).
	 4.	 Shaltout, A. M., Shalaev, V. M. & Brongersma, M. L. Spatiotemporal light control with active metasurfaces. Science 364, eaat3100, 

https://​doi.​org/​10.​1126/​scien​ce.​aat31​00 (2019).
	 5.	 Shaltout, A. M. et al. Spatiotemporal light control with frequency-gradient metasurfaces. Science 365, 374–377. https://​doi.​org/​

10.​1126/​scien​ce.​aax23​57 (2019).
	 6.	 Fakheri, M. H., Rajabalipanah, H. & Abdolali, A. Spatiotemporal binary acoustic metasurfaces. Phys. Rev. Appl. 16, 024062. https://​

doi.​org/​10.​1103/​PhysR​evApp​lied.​16.​024062 (2021).
	 7.	 Yu, Z. & Fan, S. Complete optical isolation created by indirect interband photonic transitions. Nat. Photon. 3, 91–94. https://​doi.​

org/​10.​1038/​nphot​on.​2008.​273 (2009).
	 8.	 Wu, Z. & Grbic, A. Serrodyne frequency translation using time-modulated metasurfaces. IEEE Trans. Antennas Propag. 68, 

1599–1606. https://​doi.​org/​10.​1109/​TAP.​2019.​29437​12 (2020).
	 9.	 Sounas, D. L., Caloz, C. & Alù, A. Giant non-reciprocity at the subwavelength scale using angular momentum-biased metamateri-

als. Nat. Commun. 4, 2407. https://​doi.​org/​10.​1038/​ncomm​s3407 (2013).
	10.	 Wang, X., Díaz-Rubio, A., Li, H., Tretyakov, S. A. & Alù, A. Theory and design of multifunctional space-time metasurfaces. Phys. 

Rev. Appl. 13, 044040. https://​doi.​org/​10.​1103/​PhysR​evApp​lied.​13.​044040 (2020).
	11.	 Taravati, S. & Eleftheriades, G. V. Space-time medium functions as a perfect antenna-mixer-amplifier transceiver. Phys. Rev. Appl. 

14, 054017. https://​doi.​org/​10.​1103/​PhysR​evApp​lied.​14.​054017 (2020).
	12.	 Taravati, S. & Caloz, C. Mixer-duplexer-antenna leaky-wave system based on periodic space-time modulation. IEEE Trans. Anten-

nas Propag. 65, 442–452. https://​doi.​org/​10.​1109/​TAP.​2016.​26327​35 (2017).
	13.	 Correas-Serrano, D. et al. Nonreciprocal graphene devices and antennas based on spatiotemporal modulation. IEEE Antennas 

Wirel. Propag. Lett. 15, 1529–1532. https://​doi.​org/​10.​1109/​LAWP.​2015.​25108​18 (2016).
	14.	 Khorasaninejad, M. et al. Metalenses at visible wavelengths: Diffraction-limited focusing and subwavelength resolution imaging. 

Science 352, 1190–1194. https://​doi.​org/​10.​1126/​scien​ce.​aaf66​44 (2016).
	15.	 Ee, H.-S. & Agarwal, R. Tunable metasurface and flat optical zoom lens on a stretchable substrate. Nano Lett. 16, 2818–2823, 

doi:10.1021/acs.nanolett.6b00618 (2016). PMID: 26986191.
	16.	 Khorasaninejad, M. & Capasso, F. Metalenses: Versatile multifunctional photonic components. Science 358, eaam8100, doi:10.1126/

science.aam8100 (2017).
	17.	 Zhu, B. O. et al. Dynamic control of electromagnetic wave propagation with the equivalent principle inspired tunable metasurface. 

Sci. Rep. 4, 4971. https://​doi.​org/​10.​1038/​srep0​4971 (2014).
	18.	 Cai, T. et al. Ultra-thin polarization beam splitter using 2-d transmissive phase gradient metasurface. IEEE Trans. Antennas Propag. 

63, 5629–5636. https://​doi.​org/​10.​1109/​TAP.​2015.​24961​15 (2015).

Figure 12.   Total fields for different values of pumping frequencies. (a) fp = 0.5GHz , (b) fp = 1GHz , (c) 
fp = 3GHz , and (d) fp = 4GHz.

https://doi.org/10.1038/nphys3134
https://doi.org/10.1038/s41566-017-0051-x
https://doi.org/10.1038/s41566-017-0051-x
https://doi.org/10.1109/MMM.2019.2963606
https://doi.org/10.1109/MMM.2019.2963606
https://doi.org/10.1126/science.aat3100
https://doi.org/10.1126/science.aax2357
https://doi.org/10.1126/science.aax2357
https://doi.org/10.1103/PhysRevApplied.16.024062
https://doi.org/10.1103/PhysRevApplied.16.024062
https://doi.org/10.1038/nphoton.2008.273
https://doi.org/10.1038/nphoton.2008.273
https://doi.org/10.1109/TAP.2019.2943712
https://doi.org/10.1038/ncomms3407
https://doi.org/10.1103/PhysRevApplied.13.044040
https://doi.org/10.1103/PhysRevApplied.14.054017
https://doi.org/10.1109/TAP.2016.2632735
https://doi.org/10.1109/LAWP.2015.2510818
https://doi.org/10.1126/science.aaf6644
https://doi.org/10.1038/srep04971
https://doi.org/10.1109/TAP.2015.2496115


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8488  | https://doi.org/10.1038/s41598-022-12432-w

www.nature.com/scientificreports/

	19.	 Yuan, Y. et al. Independent phase modulation for quadruplex polarization channels enabled by chirality-assisted geometric-phase 
metasurfaces. Nat. Commun. 11, 4186. https://​doi.​org/​10.​1038/​s41467-​020-​17773-6 (2020).

	20.	 Yang, J. et al. Folded transmitarray antenna with circular polarization based on metasurface. IEEE Trans. Antennas Propag. 69, 
806–814. https://​doi.​org/​10.​1109/​TAP.​2020.​30161​70 (2021).

	21.	 Yang, Y. et al. Dielectric meta-reflectarray for broadband linear polarization conversion and optical vortex generation. Nano Lett. 
14, 1394–1399. https://​doi.​org/​10.​1021/​nl404​4482 (2014).

	22.	 Park, J., Kang, J.-H., Kim, S. J., Liu, X. & Brongersma, M. L. Dynamic reflection phase and polarization control in metasurfaces. 
Nano Lett. 17, 407–413. https://​doi.​org/​10.​1021/​acs.​nanol​ett.​6b043​78 (2017).

	23.	 Nayeri, P., Yang, F. & Elsherbeni, A. Z. Beam-scanning reflectarray antennas: A technical overview and state of the art. IEEE Anten-
nas Propag. Mag. 57, 32–47. https://​doi.​org/​10.​1109/​MAP.​2015.​24538​83 (2015).

	24.	 Yang, X. et al. A broadband high-efficiency reconfigurable reflectarray antenna using mechanically rotational elements. IEEE Trans. 
Antennas Propag. 65, 3959–3966. https://​doi.​org/​10.​1109/​TAP.​2017.​27080​79 (2017).

	25.	 Zhang, K., Wang, Y., Burokur, S. N. & Wu, Q. Generating dual-polarized vortex beam by detour phase: From phase gradient 
metasurfaces to metagratings. IEEE Trans. Microwave Theory Tech. 70, 200–209. https://​doi.​org/​10.​1109/​TMTT.​2021.​30752​51 
(2022).

	26.	 Faenzi, M. et al. Metasurface antennas: New models, applications and realizations. Sci. Rep. 9, 10178. https://​doi.​org/​10.​1038/​
s41598-​019-​46522-z (2019).

	27.	 Moeini, M. M., Oraizi, H., Amini, A. & Nayyeri, V. Wide-band beam-scanning by surface wave confinement on leaky wave holo-
grams. Sci. Rep. 9, 13227. https://​doi.​org/​10.​1038/​s41598-​019-​49619-7 (2019).

	28.	 Sievenpiper, D., Colburn, J., Fong, B., Ottusch, J. & Visher, J. Holographic artificial impedance surfaces for conformal antennas. In 
2005 IEEE Antennas and Propagation Society International Symposium, vol. 1B, 256–259 vol. 1B, doi:10.1109/APS.2005.1551536 
(2005).

	29.	 Fong, B. H., Colburn, J. S., Ottusch, J. J., Visher, J. L. & Sievenpiper, D. F. Scalar and tensor holographic artificial impedance surfaces. 
IEEE Trans. Antennas Propag. 58, 3212–3221. https://​doi.​org/​10.​1109/​TAP.​2010.​20558​12 (2010).

	30.	 Li, Y. B., Wan, X., Cai, B. G., Cheng, Q. & Cui, T. J. Frequency-controls of electromagnetic multi-beam scanning by metasurfaces. 
Sci. Rep. 4, 6921. https://​doi.​org/​10.​1038/​srep0​6921 (2014).

	31.	 Teniou, M., Roussel, H., Capet, N., Piau, G.-P. & Casaletti, M. Implementation of radiating aperture field distribution using tenso-
rial metasurfaces. IEEE Trans. Antennas Propag. 65, 5895–5907. https://​doi.​org/​10.​1109/​TAP.​2017.​27516​52 (2017).

	32.	 Minatti, G. et al. Modulated metasurface antennas for space: Synthesis, analysis and realizations. IEEE Trans. Antennas Propag. 
63, 1288–1300. https://​doi.​org/​10.​1109/​TAP.​2014.​23777​18 (2015).

	33.	 Amini, A., Oraizi, H., Hamedani, M. & Keivaan, A. Wide-band polarization control of leaky waves on anisotropic holograms. 
Phys. Rev. Appl. 13, 014038. https://​doi.​org/​10.​1103/​PhysR​evApp​lied.​13.​014038 (2020).

	34.	 Minatti, G., Caminita, F., Martini, E. & Maci, S. Flat optics for leaky-waves on modulated metasurfaces: Adiabatic floquet-wave 
analysis. IEEE Trans. Antennas Propag. 64, 3896–3906. https://​doi.​org/​10.​1109/​TAP.​2016.​25905​59 (2016).

	35.	 Amini, A. & Oraizi, H. Adiabatic floquet-wave expansion for the analysis of leaky-wave holograms generating polarized vortex 
beams. Phys. Rev. Appl. 15, 034049. https://​doi.​org/​10.​1103/​PhysR​evApp​lied.​15.​034049 (2021).

	36.	 González-Ovejero, D. & Maci, S. Gaussian ring basis functions for the analysis of modulated metasurface antennas. IEEE Trans. 
Antennas Propag. 63, 3982–3993. https://​doi.​org/​10.​1109/​TAP.​2015.​24425​85 (2015).

	37.	 Bodehou, M., González-Ovejero, D., Craeye, C. & Huynen, I. Method of moments simulation of modulated metasurface antennas 
with a set of orthogonal entire-domain basis functions. IEEE Trans. Antennas Propag. 67, 1119–1130. https://​doi.​org/​10.​1109/​TAP.​
2018.​28800​75 (2019).

	38.	 Cassedy, E. S. Waves guided by a boundary with time-space periodic modulation. Proc. Inst. Electr. Eng. 112, 269–279. https://​doi.​
org/​10.​1049/​piee.​1965.​0040 (1965).

	39.	 Tretyakov, S. Analytical Modeling in Applied Electromagnetics (Artech House, 2003).
	40.	 Oliner, A. & Hessel, A. Guided waves on sinusoidally-modulated reactance surfaces. IRE Trans. Antennas Propag. 7, 201–208. 

https://​doi.​org/​10.​1109/​TAP.​1959.​11447​71 (1959).
	41.	 Oraizi, H., Amini, A., Abdolali, A. & Karimimehr, A. M. Design of wideband leaky-wave antenna using sinusoidally modulated 

impedance surface based on the holography theory. IEEE Antennas Wirel. Propag. Lett. 17, 1807–1811. https://​doi.​org/​10.​1109/​
LAWP.​2018.​28667​12 (2018).

	42.	 CST Studio Suite, Computer Simulation Technolog ag. https://www.cst.com/. Accessed: 2019.

Author contributions
A.A. and H.O. developed the idea and theory, and wrote the manuscript. A.A. did the simulations. H.O. analyzed 
the results and supervised the project.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41467-020-17773-6
https://doi.org/10.1109/TAP.2020.3016170
https://doi.org/10.1021/nl4044482
https://doi.org/10.1021/acs.nanolett.6b04378
https://doi.org/10.1109/MAP.2015.2453883
https://doi.org/10.1109/TAP.2017.2708079
https://doi.org/10.1109/TMTT.2021.3075251
https://doi.org/10.1038/s41598-019-46522-z
https://doi.org/10.1038/s41598-019-46522-z
https://doi.org/10.1038/s41598-019-49619-7
https://doi.org/10.1109/TAP.2010.2055812
https://doi.org/10.1038/srep06921
https://doi.org/10.1109/TAP.2017.2751652
https://doi.org/10.1109/TAP.2014.2377718
https://doi.org/10.1103/PhysRevApplied.13.014038
https://doi.org/10.1109/TAP.2016.2590559
https://doi.org/10.1103/PhysRevApplied.15.034049
https://doi.org/10.1109/TAP.2015.2442585
https://doi.org/10.1109/TAP.2018.2880075
https://doi.org/10.1109/TAP.2018.2880075
https://doi.org/10.1049/piee.1965.0040
https://doi.org/10.1049/piee.1965.0040
https://doi.org/10.1109/TAP.1959.1144771
https://doi.org/10.1109/LAWP.2018.2866712
https://doi.org/10.1109/LAWP.2018.2866712
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Temporally modulated one-dimensional leaky-wave holograms
	Spatio-temporally modulated impedance surfaces
	Holographic technique for leaky-wave metasurfaces
	Calculation of propagation constant for asymptotic case
	Determination of propagation constant in the presence of space-time modulation
	Beam scanning properties
	Conclusion
	References


