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A tunable spatio-temporal Talbot imaging phenomenon is presented. This phenomenon is based on
the radiation properties of an array of beam-steered metamaterial composite right-/left-handed
leaky-wave antennas, which is excited by a modulated pulse. The scanning law property of these
antennas is exploited to achieve off-axis radiation, which leads to a tunable Talbot distance, as a
function of the input pulse modulation frequency. The proposed Talbot phenomenon is analyzed
theoretically, taking into account the aberrations produced by higher-order terms present in the
free-space transfer function. Numerical simulations confirm the self-imaging and pulse
multiplication effects and their tunability capabilities as a function of frequency. Finally, the
experimental results are included to confirm the phenomenon predicted. © 2009 American Institute

of Physics. [doi:10.1063/1.3213382]

I. INTRODUCTION

The Talbot phenomenon was discovered by Talbot in
1836." It occurs when a monochromatic wave is transmitted
through (or reflected from) a periodically distributed spatial
object. An exact image of the original object appears at a
specific distance (called the Talbot distance, z;) and addi-
tional images, with a period multiple of the original object
period, appear at fractional distances of z;. Thanks to the
mathematical equivalence between the paraxial Fresnel ap-
proximation and the temporal propagation in first-order dis-
persive medium, the Talbot effect possesses a temporal
counterpart.2 In this case, an input pulse train is exactly rep-
licated along the medium at the Talbot distance, and a mul-
tiplication of the repetition rate of the periodic signal is ob-
served at fractional Talbot distances.

The Talbot phenomenon has found a wide variety of
applications, ranging from array illumination® or phase lock-
ing for laser arrays4 to the multiplication of the repetition
rate of a periodic pulse train® or pulse compression,6 in op-
tical fibers.

The spatio-temporal Talbot phenomenon7 occurs when
the elements of an array of composite right-/left-handed
(CRLH)8 metamaterial leaky-wave antennas (LWAs)9 are si-
multaneously fed with a (single) modulated pulse. This effect
is based on the combination of the conventional spatial
monochromatic Talbot effect and the transient (polychro-
matic) character of the pulse radiation phenomenon in the
LWA structure. The different spatial beams, which corre-
spond to different temporal frequencies, interfere in space
forming a self-imaging pattern constituted of narrow Talbot
zones, due to the nonzero bandwidth of the input pulse.7
Note that this configuration provides the regular Talbot phe-
nomenon only when the array of CRLH LWAs are fed by a
pulse modulated at the transition frequency (i.e., broadside
radiation) of the antennas.
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In this paper, the general situation of an array of CRLH
LWAs fed by a pulse modulated at any frequency is studied,
and a closed-form solution for the spatio-temporal Talbot
distance is given. This distance is equal to that obtained in
Ref. 7 for the case of broadside radiation (i.e., modulation
frequency set to the transition frequency of the LWA). In
addition, note that a change in the modulation frequency pro-
vides a variation in the radiation angle [due to the scanning
law of the LWAs (Ref. 9)], which also contributes to modify
the position of the Talbot distance. This change in the radia-
tion angle can also be exploited to electronically tune the
Talbot distance. Furthermore, an ‘“aberration frequency re-
gion” for this phenomenon is defined when the modulation
frequency is selected far from the transition frequency of the
antenna. Aberrations arise due to higher-order terms of the
channel transfer function and are more important as long as
the difference between these two frequencies increases. This
affects the self-imaging process, which is progressively dis-
torted and finally destroyed.

A similar phenomenon, but for the monochromatic case,
has been previously reported in the optical domain, using
diffraction gratings.lO In this case, the diffraction gratings are
illuminated with an oblique plane wave. The behavior of the
CRLH LWA (Ref. 8) in the microwave domain is similar to
the diffraction gratings in optics but with several advantages.
First, CRLH LWAs are simply fed by an input port. On the
contrary, the feeding of the diffraction gratings is more com-
plicated and requires an external device to generate a plane
wave. This plane wave is then used to illuminate the diffrac-
tion gratings. Second, the CRLH LWA scanning law
property9 electronically performs an off-axis radiation. In the
optical domain, the plane-wave generator must be mechani-
cally rotated to achieve a similar type of off-axis radiation.'
Third, the CRLH LWA is a periodic structure, where the
length of the unit cell is electrically very small. Therefore, it
does not suffer of spurious secondary lobes because it oper-
ates in the fundamental space harmonic, and the higher space
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FIG. 1. (Color online) Proposed CRLH LWA array configuration for the
investigation of the spatial-temporal Talbot effect. Each antenna radiates the
different frequency components of the input modulated pulse to different
angles of space. For the sake of simplicity, only the envelopes of the pulses
at the main Talbot plane and two fractional Talbot planes are shown.

harmonics are very little excited. However, note that the
spatio-temporal Talbot phenomenon is only achieved within
a particular frequency range. If the phenomenon must be
reproduced at a different range, the antennas of the array
should be replaced by other antennas designed to operate at
that frequency range.8

The tunable spatio-temporal Talbot phenomenon is nu-
merically demonstrated using a time-domain Green’s func-
tion approach.lk13 The self-imaging and the pulse multipli-
cation effects are shown within the tunable frequency region,
and the aberrations which arise from off-axis radiation are
studied. Finally, an experimental setup is used to demon-
strate, for the first time, this Talbot phenomenon. Specifi-
cally, an array of seven CRLH LWAs is employed to repro-
duce this effect for the case of broadside radiation at the
Talbot distance z; (as was theoretically predicted in Ref. 7)
and also for the case of off-axis radiation, at the fractional
distance z7/2, thereby validating the theory proposed in this

paper.

Il. TUNABLE SPATIO-TEMPORAL TALBOT DISTANCE

This section presents the detailed mathematical analysis
of the spatial-temporal tunable Talbot distance, based on an
array of beam-steered metamaterial LWAs.

Consider an infinite array of CRLH LWAs, with antenna
element spacing b and element length €, where all the ele-
ments are fed simultaneously with the same input pulse, as
illustrated in Fig. 1. This pulse is modulated at the frequency
w, and, assuming the phasor time dependence e*/*!, may be
expressed as V(1) =W (1)e/*", where V(1) is a slowly vary-
ing envelope and w, is the modulation frequency. Due to the
time independence of the Talbot distance,’ the spatial distri-
bution of the field along each CRLH array element, denoted
by A,(x,z=0), is considered at the fixed time r=¢', which
may be seen as a “snapshot” of the pulse along the element.
Taking the spatial Fourier transform of the field along the
overall array, we can write!”’

J. Appl. Phys. 106, 084908 (2009)

(@ (b)

FIG. 2. (Color online) Steered beam radiation in the propagation plane. (a)
Broadside radiation. (b) Radiation in arbitrary direction (off-axis radiation).
(c) Definition of an auxiliary rotated reference system for the case of off-
axis radiation.
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where Ak,=27/X is the spatial repetition frequency and X
=b+{ is the corresponding antenna element spacing (spatial
period, see Fig. 1).

On the other hand, the transfer function of the CRLH
LWA, assuming plane-wave propagation,9 is given by7’14

~ . 2 2
H(ky,z) = e/ = eIV, (2)

where the Helmholtz equation implies the separability con-
dition in the wavenumbers (k2=k§+k)2c).

The modulation frequency of the pulse controls the ra-
diation angle (6), following the CRLH LWA scanning law.’
When this angle is different from 0°, an off-axis plane-wave
propagation in the far field occurs. In this case, the spatial
frequency is centered around this angle, following the law

k. (w) =k sin 6. (3)

To simplify Eq. (2), we can assume that the variation in
the angle is relatively small over the frequency bandwidth of
the pulse. In addition, due to the off-axis propagation, the
radiation angle () does not have any restriction. Specifically,
it is not required that the radiation must be confined around
the broadside direction (6+# 0°). The restriction (6=0°) was
assumed in Ref. 7 to perform the paraxial approximation
[sin(6) = 0=k (w)/ky]. Therefore, the mathematical develop-
ment presented in Ref. 7 cannot be used to characterize the
more general situation treated in this paper.

At this point, we distinguish the radiation angle provided
by the modulation frequency of the pulse, 6, and the angle
variation provided by the pulse bandwidth, A6. Taking this
two independent contributions into account, the total radia-
tion angle may be defined as

() = 6y(wy) + AO(Aw). (4)

In order to compute the Talbot distance, a change in the
coordinate system for the propagation constant is proposed.
The idea is to approximate the relationship between the dif-
ferent propagation constants [k,(w) and k]| with the radiation
angle provided by the pulse bandwidth. For this purpose, an
auxiliary rotated coordinate system is defined as

k! () = k() -k sin 6. (5)

This coordinate system depends on the modulation frequency
of the input pulse, as graphically illustrated in Fig. 2.
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Inserting Eq. (5) into Eq. (2), the transfer function of the
channel becomes

~ 2242 2 ’ .
H(kx,Z) —e -j\kg—k, "=k sin” 6y+2k K sin 001’ (6)

which, for convenience, may be rewritten as

H( k,.z) = e kocos B\ 1-2sin fg/cos® (k. /kg)~1/cos® Oo(kylko)*z

()

According to the definition of k)'(, an auxiliary radiation
angle may be defined, using the CRLH LWA scanning law,’

as
o' =sin_l[%:))] (8)

Independent of the actual radiation direction, for narrow
beamwidths, we can assume k,=~0, so the ratio k| /k, is
small, and the following approximation holds:

_ K

ko

o' )

In addition, the square root of Eq. (7) may be approximated
using the following Taylor series expansion:

N B (10)
2 8 16
as
\/1 P KRR e
cos” 6, cos” 6,
_ sin 6 1 ,  sinfy .
cos? 6, 2 cos* 6, 2 cos® 6,
5sin® 6p+1 , 3sing o 1
8 cos® 6, 8 cos® 6, cos® 6,
(11)

Note that due to the off-axis radiation, the different com-
ponents of the Taylor expansion strongly depend on the angle
6,, whereas they are constant in the case of broadside (not
off-axis) radiation.” In addition, the terms depending on ",
with N=3, correspond to aberrations. These terms were not
present at the broadside case (see Ref. 7) and contribute to
distort the self-imaging process. Since €' =0, the first aber-
ration term (depending on €°) is enough for an accurate char-
acterization of these distortion phenomena. With these con-
sideration, the transfer function of the channel is simplified
to

i:l(k Z) — e—jko[cos Oy—tan(8) 0’ —(1/2 cos? 00)0'2—(sin 0y/2 cos® 00)0'3]1
X2 .
(12)

Next, the auxiliary angle 6’ is linearized around the modu-
lation flrequency,7

6" =~ &(w— ), (13)

where the linearization parameter ¢ is defined as’
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where v;(aw) is the group velocity related to the rotated
propagation constant. Introducing the following relationship
between the spatial and temporal frequencies:7

V(o) (ky —ky ) = (0= wp), (15)

a6’
Jw

§=

the angle ¢ may be defined as

0' = &0k, ~ k) = wi(k;r k). (16)
0

Therefore, the transfer function of the channel in the
rotated coordinate system, I:I(k;,z), may be expressed as

H(k,,z) = exp{—j{ D0cos 6y — tan Oy(k, — k)
c

1 c
- (K =k )?
2 cos’(6,) wo( r k)
sin 6, ¢?
-—— (k. -k )} . 17
2 cos’ HowS( ) xo) ]Z} (17

In order to derive the Talbot distance, only the third ex-
pansion term of the exponential is considered. Note that the
first two terms do not provide any information on the Talbot
distance.” The first term is related to the modulation fre-
quency of the pulse and does not carry any information about
the envelope, and the second term represents a k-linear
phase factor, equivalent in the spatial-temporal domain to the
retarded frame in the time domain. In addition, a fourth term
appears in this case, due to the off-axis radiation. This term
does not contribute to the self-imaging process, but it is re-
sponsible for additional aberrations. Specifically, the self-
imaging process occurs without an important distortion
within the following angle region:lo

—-25° <H<25°. (18)

This range is an approximation, which assumes that the ab-
erration terms are negligible inside that region. However,
these terms are present at all angles (except broadside) and
they will always cause a deviation from the ideal self-
imaging process.lo Note that this angle region does not de-
pend on the separation distance between two consecutive an-
tennas and that, due to the LWA scanning law, leads to
different allowed frequency regions for the input pulse, as a
function of the particular type of CRLH LWA employed. In
addition, note that due to the scanning law of the CRLH
LWA,’ angles outside the allowed region can be achieved
with frequencies higher or lower than the CRLH transition
frequency. Therefore, at any other modulation frequency
(higher or lower), the aberration terms appear and increase
their influence as long as the modulation frequency differs
from the CRLH transition frequency.

With the above simplifications and considerations, the
transfer function of the system, outside the aberration fre-
quency region, may be rewritten around kx0 as
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AL )= H(K, = k,_+KT.z) = ellho/2 cos' (00 k)’
x5 X 0 x° .
(19)

Combining Eq. (1) and Eq. (19), the output signal radiated at
the distance z is expressed in the transformed domain as

A (kL,2) = A (kL. 2= 0)H(kL.2)
+00

= Ak, 2 A (pAk) S(K" - pAk)H(K!2)

p=—x
+00

= Ak, D A(pAk) K - pAk ) ?,  (20)

p=—*

where

kO C2

=—————Akz. 21
2 cos’(6p) wé x @D

If the condition

pr=2mq’ =2mgp’, (22)

with ¢,q’ € N (¢’ varies with p but ¢ is constant), is satis-
fied, the phase factor in Eq. (20) reduces to unity, so that
g,(k)’c,z) Ocga(k)'c,z=0) according to Eq. (1), i.e., the field dis-
tribution at z (output) is an exact replica of the field distri-
bution at z=0 (input). Therefore, the distance z is the integer
Talbot distance, which using Ak, =2m/X yields

2g'X?
=

cos® 6. (23)
0

Some clarifications are needed regarding this tunable
Talbot distance. First, additional control over the regular Tal-
bot distance*” is provided. This may be exploited to tune
the position of the Talbot distance, taking advantage of the
CRLH LWA scanning law. Second, the new Talbot distance
expression directly depends on the radiation angle (6,). This
behavior is similar to that of a diffraction grating in the op-
tical domain, when illuminated by an oblique plane wave. '
However, in our case, it is the scanning behavior of the
CRLH LWA which provides off-axis radiation as a function
of frequency. Therefore, it is not required to mechanically
rotate a plane-wave generator, as in other optical applica-
tions. Third, note that the scanning law depends on the
propagation constant of a particular CRLH element (see Ref.
9). Therefore, the tunability of the Talbot distance can also
be controlled using a particular antenna with a different scan-
ning law. For the case of broadside radiation, which is com-
mon to all antennas and is obtained when the input pulse
modulation frequency is set to the CRLH transition fre-
quency, the tunable Talbot distance reduces to the well-
known Talbot distance'”’

2g'X?
==, 24
< No (24)
Note that when the modulation frequency of the input
pulse is different from the CRLH transition frequency,8 a
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FIG. 3. (Color online) Linearization of the rotated auxiliary angle §' around
broadside (6'=0) for different modulation frequencies of the input pulse,
computed using Eq. (13).

spatial shift at the Talbot planes occurs. This spatial shift is
due to the off-axis propagation, which induces a lateral shift
of the entire radiation given by

Ax = z(fo)tan 6. (25)

Finally, it is important to mention that the main contri-
bution to the Talbot distance tunability is due to the change
in the frequency itself. However, the frequency change also
introduces a variation in the radiation angle, which further
modifies the Talbot distance [see Eq. (23)] and must rigor-
ously be taken into account for practical designs. In addition,
note that the self-imaging process obtained using the off-axis
radiation of CRLH LWA is not ideal. This is due to the ab-
errations found in the description of the free-space transfer
function, which cause deviation from the ideal reconstruction
of the pulses. The influence of these aberrations is small
within the allowed angle region [Eq. (18)], but it is always
present. Moreover, the narrow-band assumption employed
for the paraxial approximation7 and the use of a finite num-
ber of antennas for practical cases also contribute to degrade
the quality of the recomposed pulses at the Talbot distance.

AR Tunable Region
3.5 >

Aberration Region (AR)

1.5¢

Talbot Distance [m]
N

35 4 45 5
Frequency [GHz]

FIG. 4. (Color online) Tunable spatial-temporal Talbot distance as a func-

tion of frequency, computed with Eq. (23). The circuit parameters of the

CRLH LWA employed are Cr=1.29 pF, C;=0.602 pF, Lz=3.0 nH, and

L;=1.4 nH, and the separation distance between two consecutive antennas
is b=38.80 cm.
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FIG. 5. (Color online) Field (magnitude) radiated by a CRLH LWA array
excited by an input pulse with a modulation frequency of f,=3.745 GHz at
two different propagation distances (z-axis): (a) z=z,=3.1208 m and (b) z
=7,/3=1.0403 m.

lll. SIMULATION RESULTS

This section presents simulation results to demonstrate
the tunability of the spatio-temporal Talbot phenomenon. For
this purpose, an exact time-domain Green’s function ap-
proach is employed.lk13 The CRLH LWA used in the array is
composed of N=14 unit cells of length p=0.8 cm (£=Np),
with the circuital parameters Cr=1.29 pF, C;=0.602 pF,
Lz=3.0 nH, and L;=1.4 nH, corresponding to a transition
frequency of f,=3.745 GHz.® Each antenna is excited by an
fo-modulated Gaussian pulse with full width at half maxi-
mum of 3.5 ns. In addition, the radiation of an array com-
posed of 50 elements is considered. This simulates an infinite
array around the ten central antennas, where the results will
be discussed.

The use of the rotated auxiliary propagation constant &
provides a fix radiation around the direction (6’ =0), inde-
pendent of the input pulse modulation frequency. For this
purpose, k. is dynamically changed as a function of this
modulation frequency [Eq. (5)]. This effect can be observed
in Fig. 3, where the auxiliary angle ', defined in Eq. (8), is
shown for different modulation frequencies (at broadside,
backward, and forward).

This angle is then linearized around 6'=0°, using Eq.
(16). Note that, although in all cases 6’ =0°, the actual radia-
tion direction (6) changes with the modulation frequency.
The linearization procedure provides the paraxial approxima-
tion employed for the definition of the tunable Talbot dis-
tance. Since it is only valid in the frequency region around
0’ =0°, the subsequent mathematical derivations are only
valid for the case of narrow-band pulses.7
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FIG. 6. (Color online) Field (magnitude) radiated by a CRLH LWA array
excited by an input pulse with a modulation frequency of f,=3.5 GHz at

two different propagation distances (z-axis): (a) z=z,=2.430 m and (b) z
=2,/3=0.8100 m.
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FIG. 7. (Color online) Field (magnitude) radiated by a CRLH LWA array
excited by an input pulse with a modulation frequency of f,=4.0 GHz at
two different propagation distances (z-axis): (a) z=z,=2.926 m and (b) z
=2,/3=0.9753 m.

Figure 4 presents the tunable Talbot distance as a func-
tion of the input pulse modulation frequency, when the an-
tenna elements spacing is set to X=0.5 m.

As it was discussed in Sec. II, two frequency regions are
clearly observable. The first region, denoted as “tunable re-
gion,” is limited by the allowed angle region of Eq. (18),
which is translated into frequency through the CRLH LWA
scanning law [Eq. (3)]. Within this region, the influence of
higher-order terms present in the channel transfer function is
not very important and can be neglected. In the second re-
gion, denoted as “aberration region (AR),” the influence of
these terms destroy the self-imaging process and limit the
useful frequency region of the tunable spatio-temporal Talbot
phenomenon.

In order to validate the proposed analytical approach, the
magnitude of the field radiated by an array of 50 LWAs at the
zr and zy/3 positions will be shown as a function of the
x-axis and of time. For the sake of clarity, only the region of
the ten central antennas is presented. In Fig. 5, the modula-
tion frequency of the input pulse is set to the transition fre-
quency of the CRLH (f,=3.745 GHz) which corresponds to
broadside radiation. In this case, the influence of the high-
order terms is small, leading to a high-quality reconstruction
of the pulses, even at the fractional Talbot distance z;/3.

In Figs. 6 and 7, the modulation frequency is set to f
=3.5 GHz (corresponding to backward radiation) and to f,
=4.0 GHz (corresponding to forward radiation), respec-
tively. In both cases, the self-imaging phenomenon occurring
at the Talbot distance and the pulse multiplication effect oc-
curring at the fractional Talbot distance z7/3 can clearly be
observed. However, the reconstruction in this case is not as
good as in the case of broadside radiation (see Fig. 5), and
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FIG. 8. (Color online) Field (magnitude) radiated by a CRLH LWA array
with infinite number of elements excited by an input pulse with a modula-
tion frequency of f,=3.3 GHz at two different propagation distances
(z-axis): (a) z=z,=1.103 m and (b) z=z,/3=0.3677 m.
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FIG. 9. (Color online) Field (magnitude) radiated by a CRLH LWA array
excited by an input pulse with a modulation frequency of f,=4.5 GHz at
two different propagation distances (z-axis): (a) z=z,=1.221 m and (b) z
=2,/3=0.4070 m.

small distortions and very low-level secondary pulses come
out. This is due to the higher-order terms of the channel
transfer function, which appear in the off-axis radiation case,
degrading the self-imaging process. However, since we are
operating in the tunable region of the Talbot distance (see
Fig. 4), the influence of these terms is not strong enough to
destroy the Talbot phenomena.

In Figs. 8 and 9, the modulation frequency is set to f
=3.3 GHz (corresponding to backward radiation) and to f;
=4.5 GHz (corresponding to forward radiation), respec-
tively. Note that in this case the modulation frequencies em-
ployed are in the aberration region, out of the allowed angle
range defined by Eq. (18). As can be seen in these figures,
the self-imaging process is not very clear, and the pulses are
reconstructed with distortion at the Talbot distance zz. In the
same way, the multiplication pulse effect, which should oc-
cur at the fractional distance z;/3, is also destroyed.

Finally, note that a shift in space occurs as a function of
the input pulse modulation frequency, following Eq. (25).
However, taking into account that an infinite (or high
enough) number of antennas is considered in the simulations,
this shift is not really visible. In fact, in this case only a small
shift of the pulses position over the antenna appears (see Fig.
1). This shift, denoted As, may be calculated as

As=Ax - nX, (26)

where n e N is the largest natural number which keeps As
positive. For the examples presented in this section, these
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(x-z Radiation plane.)

< > X
E-Field
Horn
receiver

Oscilloscope

FIG. 10. (Color online) Schematic diagram of the proposed experimental
setup employed to reproduce the tunable spatio-temporal Talbot
phenomenon.
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FIG. 11. (Color online) Overview of the entire setup and equipment em-
ployed to reproduce the spatio-temporal Talbot phenomenon. (a) Generation,
distribution, and radiation of the modulated pulses. (b) Radiation and recep-
tion of the modulated pulses.

variations yield As=0.4083,0.3641,0.0,0.3935,0.0822 m,
corresponding to the modulation frequencies f
=3.3,3.5,3.745,4.0,4.5 GHz, respectively. For instance,
consider the pulse located around 783.1 cm for the case of
broadside radiation at z; [see Fig. 5(a)]. When the modula-
tion frequency is changed to f,=3.5 GHz, the CRLH LWAs
begin to radiate at a backward direction. Therefore, that par-
ticular pulse is shifted down to a space position around
743.0 cm (see Fig. 6), following the space variation pre-
dicted with Eq. (26).

IV. EXPERIMENTAL RESULTS

This section presents, for the first time, an experimental
demonstration of the spatio-temporal Talbot effect. Specifi-
cally, this phenomenon has been validated for the case of
broadside radiation at the Talbot distance z; (as it was theo-
retically predicted in Ref. 7) and also for the case of off-axis
radiation, at the fractional distance z;/2, therefore validating
the theory proposed in Sec. II.

A diagram of the configuration employed to reproduce
the spatio-temporal Talbot phenomenon is sketched in Fig.
10. In addition, a picture of the experimental setup is shown

Fast-wave region

il
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Scattering Parameters [dB]

3
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FIG. 12. (Color online) Scattering parameters of a single CRLH LWA em-
ployed to reproduce the spatio-temporal Talbot phenomenon, obtained using
circuit analysis (Ref. 8). Measured data are employed for validation
purposes.
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FIG. 13. (Color online) Normalized field (magnitude) radiated by an array of seven CRLH LWAs elements, excited by an input pulse with a modulation
frequency f,=3.745 GHz at the Talbot distance of z;=0.5483 m. (a) Simulation results. (b) Measured data.

in Fig. 11.

The setup is composed of an arbitrary baseband pulse
generator, which provides a Gaussian pulse. This pulse is
then up-converted in frequency using a microwave mixer
and a local oscillator. The modulated pulse goes through a
Wilkinson power divider,"” which provides seven identical
outputs. Next, seven identical microwave cables are em-
ployed to carry the modulated signals to the CRLH LWAs.
This step is very important because a small difference in the
cable length may destroy the synchronization required to re-
produce the phenomenon. The array of seven CRLH LWAs,
with an antenna element spacing of X=22 cm, simulta-
neously radiates the modulated pulses. Note that a single
CRLH LWAs can be described with the circuit parameters
employed in the simulation results of Sec. II. This is demon-
strated in Fig. 12, where a comparison between measured
and simulated scattering parameters is presented.

As it can be seen in Fig. 11, the array of antennas is
placed in a wood shelve which can vary its position in
height. Therefore, it is simple to place the array at several
planes, in order to check the array radiation at different Tal-
bot distances. Finally, the radiation provided by the array is
picked up by a horn antenna, placed over the floor. This
antenna is moved under the array, along the floor, in order to
receive the temporal information of the array radiation as a
function of space. For this purpose, a realtime oscilloscope
(Agilent Infinium DS0871204B) is employed.

Figure 13 presents the magnitude of the field radiated by
the described CRLH LWA array at the Talbot distance (z;
=0.5483 m), when the modulation frequency of the input
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pulse is set to fy=3.745 GHz. As expected, complete recon-
struction of the input spatial periodic distribution is obtained.
The agreement between the experimental results and the
simulation data is very good, especially considering the high
sensitivity of the measuring system.

Finally, Fig. 14 presents the magnitude of the field radi-
ated by the described CRLH LWA array at the fractional
Talbot distance of z;/2=0.2874 m, when the modulation
frequency of the input pulse is set to f,=4.0 GHz. As ex-
pected, double number of pulses is obtained, validating the
tunable spatio-temporal Talbot phenomenon at fractional dis-
tances. The entire radiation has been shifted up in space due
to the off-axis radiation. This effect is clearly apparent in this
situation because a small number of antennas are employed.
This spatial shift can be measured using Eq. (25), yielding
Ax=8.66 cm.

V. CONCLUSIONS

A tunable spatio-temporal Talbot imaging phenomenon
has been presented. This effect is based on the radiation
properties of an array of beam-steered metamaterial CRLH
LWAs, when all elements of the array are simultaneously
excited by a modulated pulse. The scanning law property of
these antennas has been exploited to obtain an off-axis radia-
tion, which has led to the definition of a tunable Talbot dis-
tance, as a function of the input pulse modulation frequency.
The proposed Talbot phenomenon has been analyzed theo-
retically, taking into account the aberrations produced by
higher-order terms present in the free-space transfer function.

X-axis [cm]

10 20 30 40
(b) Time [ns]

FIG. 14. (Color online) Normalized field (magnitude) radiated by an array of seven CRLH LWAs elements, excited by an input pulse with a modulation
frequency of f,=4.0 GHz at the fractional Talbot distance of z;/2=0.2874 m. (a) Simulation results. (b) Measured data.
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Then, numerical simulations have been employed to show
the self-imaging and pulse multiplication effects and their
variation as a function of frequency. Finally, experimental
results have been presented to confirm the predicted phe-
nomenon.
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