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Abstract. Several novel dispersion-engineered CRLH TL
metamaterial analog signal processing systems, exploiting
the broadband dispersive characteristics and design flexi-
bility of CRLH TLs, are presented. These systems are ei-
ther guided-wave or radiated-wave systems, and employ ei-
ther the group velocity or the group velocity dispersion pa-
rameters. The systems presented are: a frequency tunable
impulse delay line, a pulse-position modulator, a frequency
discriminator and real-time Fourier transformer, pulse gen-
erators, an analog real-time spectrum analyzer, a frequency-
resolved electrical gating, a spatio-temporal Talbot effect
imager, and analog true-time delayer. They represent a new
class of impulse-regime metamaterial structures, while pre-
viously reported metamaterials were mostly restricted to the
harmonic regime.
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1. Introduction
Metamaterial structures [1], thanks to their inherent

dispersive nature, have extended the possibilities of disper-
sion engineering, relatively common in optics [2], to mi-
crowave systems. Dispersion engineering consists in shap-
ing the phase of electromagnetic waves to process signals in
an analog fashion, leading to applications such as real-time
Fourier transformers, pulse shapers, convolvers and corre-
lators. This approach is particularly useful in applications
where digital solutions are not available, as for instance
in very high frequency and high speed ultra-wideband mi-
crowave systems. At microwaves, a very long history of
“magnitude engineering” in the form of filter theory and
techniques exists, but no systematic approach has been re-
ported for dispersion engineering, except for all-pass filters
restricted to flat group delay designs [3].

Composite right/left-handed (CRLH) transmission line

(TL) metamaterial structures have been recently demon-
strated to enable novel phase-engineered devices. Whereas
resonant-type metamaterials, such as split-ring-resonator
and thin-wire structures cannot support impulse operation
due to their narrow bandwidth, CRLH TL metamaterials,
which have already been extensively used in narrow-band
applications, have a potential for unique impulse devices and
systems, due to their very broadband characteristics.

This paper proposes the principles of CRLH TL meta-
material dispersion engineering and presents several corre-
sponding guided-wave and radiated-wave applications.

2. Dispersion Engineering

2.1 Concept
In any dispersive medium, the group velocity vg is

a function of frequency, which results in a frequency-
dependent group delay. A wide-band signal subsequently
suffers from distortion in such a medium because its differ-
ent spectral components travel with different group veloc-
ities. This is generally perceived as an undesirable effect
and is avoided. However, if dispersion (phase) is designed
in a well-controlled manner, useful components can be de-
signed. Fig. 1 illustrates the concept of dispersion engineer-
ing, where phase manipulation provides various interesting
effects and functionalities [4].

Fig. 1. Illustration of the dispersion engineering concept.
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The dispersion relation β(ω) of a medium can be ex-
panded in Taylor series about a center (or carrier) frequency
ωc as follows:

β(ω) = β0 +β1(ω−ωc)+
1
2
(ω−ωc)2 + ... (1)

where βn(ω) =
dnβ(ω)

dωn

∣∣∣∣
ω=ωc

.

The Taylor series coefficients β0, β1 and β2 represent the
phase velocity parameter, the group velocity parameter, and
the group velocity dispersion, respectively. β

−1
1 is the prop-

agation velocity, while β2 is a measure of the dispersion
strength. Based on this Taylor expansion, various systems
can be designed by using different Taylor coefficients, as
shown in Tab. 1.

2.2 Microwave Dispersive Devices
In microwave applications, dispersion can be achieved

using the different technologies such as surface acoustic
wave (SAW) devices, magneto-static wave (MSW) devices
and reflection-type devices such as chirped microstrip line
and coupler structures. Each of these technologies has ad-
vantages and disadvantages.

SAW devices [5], thanks to their slow-wave character-
istics, provide large delays (≈ 1µs), and hence a large time-
bandwidth product, while also having a compact size. How-
ever, they are restricted to narrow-band (2 GHz) and low-
frequency applications (< 2 GHz) due to limitations of cur-
rent photolythography processes.

MSW devices [6] can be employed for high-frequency
and wide-band operation, while also achieving high time-
bandwidth product. However, in addition to being lossy, they
require a permanent magnet, which is bulky and renders pla-
nar fabrication difficult.

In contrast to the transmission-type SAW and MSW
structures, reflection-type structures, such as multi-section
coupler based structures and chirped microstrip lines, have
also been reported. Coupler-based structures are composed
of a number of series-connected coupled-line couplers each
operating at contiguous frequencies. Thus, high frequency
(≈ 10 GHz) and wide-band (≈ 3 GHz) operation can be
achieved. However, the bandwidth is dependent on the size
of the structure, i.e. more couplers leads to larger band-
width, which also leads to long and extremely lossy struc-
tures. In order to decrease loss, high-temperature supercon-
ductors (HTS), requiring cryogenics, must be utilized, re-
sulting in complex and expensive devices [7]

On the other hand, the chirped microstrip line [8, 9] is
a simple and planar structure, which utilizes Bragg reflec-
tions based on impedance mismatch. However, similar to
the coupled-line structure, its bandwidth is also dependent
on size, while also being highly lossy due its operation in
the stop-band and thus requiring amplifiers.

Recently, CRLH TL metamaterial structures have been

demonstrated to offer several benefits compared to the con-
ventional approaches for dispersion-engineered microwave
devices [4].

2.3 Transmission Line Metamaterials
The CRLH artificial TL is composed of right-handed

elements (LR, CR) and left-handed elements (LL, CL) and is
characterized by the following dispersion relation [1]:

β(ω) =
1
p

cos−1
(

1− χ

2

)
with χ =

(
ω

ωR

)2

+
(

ωL

ω

)2
−κω

2
L (2)

where κ = LLCR + LRCL, ωR = 1/
√

LRCR, ωL = 1/
√

LLCL,
and p is the unit cell size or period, and by the Bloch
impedance

ZB = ZL

√√√√ (ω/ωse)2−1
(ω/ωsh)2−1

− ωL

2ω

[(
ω

ωse

)2

−1

]2

(3)

where ωse = 1/
√

LRCL and ωsh = 1/
√

LLCR. The corre-
sponding dispersion relation, Bloch impedance and group
delay (τg = −∂φ/∂ω, where φ is the phase shift across the
structure) curves are shown in Figs. 2(a), (b), and (c), respec-
tively. As seen in Eq. (2), the CRLH TL offers an unprece-
dented level of dispersion (phase) control via the CRLH pa-
rameters LR, CR, LL and CL. The manipulation of the CRLH
dispersion relation has already led to wealth of novel narrow-
band devices, such as multi-band system (dual-, tri-, and
quad-band), bandwidth enhancers, to name a few. This pa-
per concentrates on impulse-regime dispersion-engineered
CRLH TL systems.

Thanks to its dispersive properties and subsequent de-
sign flexibility, the CRLH transmission line provides low-
loss, compact and planar dispersion-engineered solutions,
avoiding frequency limitations, complex fabrication, cryo-
genics, circulators or amplifiers. Moreoever, the CRLH TL’s

Fig. 2. CRLH transmission line characteristics. a) Typical dis-
persion curve β(ω). b) Bloch impedance ZB normalized
to ZL = 50 ohms. c) Group delay. d) Beam-scanning law.
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β0 (phase velocity parameter) β1 (group velocity parameter) β2 (group velocity dispersion)

multiband systems [1] CW and impulse delay line real-time Fourier transformer
(Sec. 3.1) (RTFT) (Sec. 3.3)

bandwidth enhancement [1] pulse position modulator (PPM) temporal Talbot effect
(Sec. 3.2) (Sec. 3.4)

(not discussed here) CRLH resonator based pulse generator real-time spectrum analyzers
(Sec. 3.4) (RTSA) (Sec. 4.1)

true time delayers (TTD) frequency resolved electrical gating
(Sec. 4.4) (FREG) (Sec. 4.2)

spatio-temporal Talbot effect (Sec. 4.3)

Tab. 1. Dispersive system classification based on the Taylor coefficients of the dispersion relation – Eq. (2).

operational frequency and bandwidth dependent only on
a single unit cell’s right/left-handed capacitor and inductor
values [1]. Thus, a compact CRLH TL can be designed to
operate at high frequencies while also exhibiting wide band-
width, as shown by the relatively constant Bloch impedance
in Fig. 2(b).

A CRLH TL can also be operated in a radiative leaky-
wave mode when open to free space, since the CRLH disper-
sion curve (Fig. 2(a)) penetrates into the fast-wave region,
ω ∈ [ωBF ,ωEF ]. The resulting leaky-wave antenna (LWA)
radiates from backfire (θ =−90◦) to endfire (θ = +90◦) in-
cluding broadside (θ = 0◦) as frequency is scanned from ωBF
(where β =−k0) to ωEF (where β = +k0) [19, 1], following
the scanning law

θ(ω) = sin−1
[

β(ω)
k0

]
, (4)

which is plotted in Fig. 2(d). The CRLH LWA offers three
benefits: 1) full-space radiation from backfire to endfire in-
cluding broadside in the fundamental mode, offering a sim-
ple and real-time frequency-space separation mechanism;
2) frequency and bandwidth scalability, allowing to handle
ultra-wideband signals; 3) simple and compact design and
implementation.

According to Eq. (4), if the CRLH LWA is excited by
a pulse signal, the various spectral components of the signal
radiate in different directions at any particular instant. Thus,
the CRLH LWA performs a real-time spatial-to-spectral de-
composition of the signal following the beam-scanning law
of the LWA as shown in Fig. 3. In this sense, the CRLH LWA
operates similarly to a diffraction grating, but with a much
simpler excitation mechanism.

3. Guided-Wave Applications

3.1 Frequency Tunable Impulse Delay Line
The most important property of a dispersive structure

is its frequency-dependent group delay. In the case of a bal-
anced CRLH transmission line (LRCL = LLCR), the group ve-
locity of a modulated signal propagating along the structure

is obtained by taking the inverse derivative of the propaga-
tion constant with respect to frequency, as given in Eq. (2),
evaluated at the carrier frequency. The corresponding group
delay for the modulated signal is

τg(ωc) =
N

sin(βp)

(
ωc

ω2
R

+
ω2

L
ω3

c

)
(5)

where N represents the number of unit cells of the line. Thus,
the time delay experienced by the modulated signal depends
on the carrier frequency and may therefore be tuned by vary-
ing the carrier frequency ωc .

A frequency-dependent group delay tunable delay line
system, introduced in [10], [11] is shown in Fig. 4(a). This
system works both for continuous-wave signals and broad-
band impulse signals, as shown in Fig. 4(b), where the delay
is tuned by the carrier frequency of the modulated signal.

This system offers several advantages over conven-
tional systems where it is broadband with good matching,
operational at high frequency, and is suitable for any pla-
nar circuit implementation technology. In addition, it offers
variable tuning delay without changing the characteristics of
the dispersive medium, thereby preserving good matching
throughout the tuning band.

Fig. 3. Spectral decomposition of a pulse obtained by the
frequency-space mapping property (Fig. 2.d) of a CRLH
leaky-wave antenna (LWA).
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Fig. 4. CRLH tunable delay line system. a) Schematic. Time delayed waveforms for different carrier frequencies (experimental and circuit
model) for (b) a pulse and (c) a continuous wave.

3.2 Pulse-Position Modulator
Extending further on the frequency dependent group

delay concept in CRLH TL, a pulse-position modulator was
demonstrated in [12].

Fig. 5(a) shows the block diagram of a CRLH disper-
sive delay line PPM transmitter. This transmitter operates
as follows for an M-ary modulation scheme. A frequency
source generates 2M , ωc,s ∈ (ω0,ω1, ...,ω

2M−1) carrier fre-
quencies to code the 2M states. These 2M frequencies are
mixed with a gaussian pulse signal a(t) from a pulse genera-
tor by a mixer. The resulting frequency-modulated gaussian
pulse signal c(t) at the output of the mixer enters a dispersive
CRLH transmission line. The line delays this signal c(t) un-
equally for the different carrier frequencies. As a result, the
modulated gaussian pulse signal d(t) at the output of the line
exhibits different time delays (i.e., a different pulse position
in time) for different data bits. This is the basis of PPM. Fi-
nally, the time-encoded gaussian pulse signal is transmitted
by a wide-band antenna. Fig. 5(b-d) demonstrate the suc-
cessful encoding of a random information digital stream for
the two cases of binary (M=2) and quaternary (M=4) PPM
schemes [12].

The proposed PPM transmitter exhibits three impor-
tant advantages over conventional PPM techniques. First,
the CRLH dispersive delay line, being constituted of purely
passive elements, does not consume any DC power and also
does not generate any noise. Second, in contrast to dis-
crete delay achieved by logic inverters or switches, this line
provides a continuously tunable time delay, as shown by
Fig. 2(c), where τg may be continuously varied. Third, as
consequence of its continuous delay, the proposed system
has an inherent capability to support arbitrary M-ary PPM,
where required time delays are achieved by simply mapping
each data bit to a single carrier frequency within the contin-
uous operating frequency range.

3.3 Frequency Discriminator and Real-Time
Fourier Transformer
One of the classical applications of dispersive delay

lines is in compressive radar. Recently, a compressive radar
architecture based on the CRLH dispersive delay line was
proposed and experimentally demonstrated [13]. The sys-
tem schematic is shown in Fig. 6(a).

The system works as follows. It employs two different
delay lines with oppositely sloped group delay profiles (τg vs
ω curves). The receiving frequencies f1, f2, ..., fn to be dis-
criminated at the receiving antenna are mixed with a chirped
impulse modulated at a fixed frequency f0, which is obtained
by impulsing the delay line #1 (from the chirp generating
circuit). The mixed signal is then inputted to a second delay
line #2 exhibiting an opposite group-delay profile compared
to delay line #1. Due to this opposite group delay profile,
the inputted chirped signal is compressed in time and results
in distinct compressed pulses, each corresponding to the fre-
quency f ∈ ( f1, f2, ..., fn). Due to this action of pulse com-
pression, each frequency is mapped onto time according to
the mapping function ω = t/C, where C is the dispersion
slope of the dispersive delay lines. Fig. 6(b) shows the out-
put of the this system for two input frequencies f1 and f2
when they are inputted separately and simultaneously. In
both cases, a corresponding peak in time is observed corre-
sponding to the input frequencies to be discriminated [13].

A frequency discriminator is a specific example of
a more general class of systems called a Real-Time Fourier
Transformers (RTFT) [14]. In a RTFT system, when a time
limited signal is propagated through a second-order disper-
sive medium with sufficient dispersion β2, the time signal at
the output of the dispersive medium is directly proportional
to the Fourier transform of the original input signal and as
a result all frequencies are mapped to time. This more gen-
eral RTFT principle also applies to a CRLH TL, as suggested
in [15].

3.4 Pulse Generators
Two classes of pulse generators are described based on

two different fundamental principles employing the disper-
sive properties of the CRLH TL. The first technique is based
on the temporal Talbot effect, which uses first order disper-
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Fig. 5. CRLH dispersive delay line pulse position modulation (PPM) transmitter. a) System schematic. b) Information data test stream b1 and b0.
(c) Circuit simulation results for binary PPM with time intervals of transition between states τ01 = 46.41ns and τ10 = 33.59 ns. d) Circuit
simulation results for quaternary PPM with time intervals of transition between states τ12 = 44.19 ns, τ23 = 44.24 ns, τ30 = 27.28 ns and
τ20 = 44.58 ns.

sion (i.e. group velocity dispersion parameter β2) [16], and
the second is based on the CRLH resonator inspired from
optical pulsed laser systems and resonant cavities [17].

The first approach is based on well known spatial Tal-
bot effect [18]. The temporal counterpart of this effect oc-
curs when a periodic temporal signal propagates through
a dispersive medium with second-order dispersion (i.e. β2).
An input pulse train with period T0 and pulse width ∆T is ex-
actly replicated along the medium at periodic distances nzT
(n ∈ N), where zT = T 2

0 /|β2| is called the basic Talbot dis-
tance. In addition to this integer effect, a Talbot effect with
increased repetition rate of m pulses by T0 appears at the
fractional distances zF = (s/m)zT (s,m ∈ N) if s/m is an ir-
reducible fraction and under the condition that m < T0/T .
This fractional Talbot effect may thus be used to increase the
repetition rate of a periodic optical pulse train. The CRLH
TL provides the required first-order dispersion (i.e. group
velocity dispersion parameter β2) for Talbot self-imaging.
Based on the fractional temporal Talbot effect in CRLH TL,
a high speed pulse generator, proposed in [16], is shown in
Fig. 7(a), where a modulated periodic pulse train is inputted
to a CRLH TL. Fig. 7 (b) shows the generated pulse trains
at various Talbot distances (integer and fractional) where
higher repetition rate is obtained for the fractional Talbot
case.

The second system is based on an impulse-regime res-

onator system as shown in Fig. 8(a). The resonator is real-
ized by terminating the transmission line at both ends by an
open circuit. Initially, a fast switch injects the input pulse
into the resonator. Once the pulse has been injected into the
resonator, the switch is set to a high impedance ZR, which
reflects most of the energy back into the line, and transmits
only a small amount of energy, which is then amplified, into
the load ZL. The resonator acts as a cavity discretize the in-
put pulse spectrum leading to generation of periodic signal
in time. The output repetition rate Tp is simply given by the
round trip delay of the signal along the line and is thus given
by Tp = 2`/vg(ω), where ` is the length of the transmission
line and vg(ω) is the group velocity along the TL.

This principle in general is applicable to any kind of
TL, dispersive or non-dispersive. Although the resonator
principle holds in general for different transmission lines
technologies, we used a CRLH TL, because it provides ad-
ditional functionalities, such as pulse delay tunability, re-
sulting in variable output repetition rates which is directly
evident from its frequency dependent group velocity vg(ω)
(or τg(ω)) as shown in Fig. 2(c) resulting in tunable out-
put repetition rate Tp(ω). This behavior can not be obtained
with conventional non-dispersive transmission lines. This
principle of pulse generation is demonstrated in Fig. 8(b)
where a train of gaussian pulses is generated from the system
schematic shown in Fig. 8(a).
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Fig. 6. Frequency discriminator based on the compressive receiver principle. a) System schematic. b) Circuit simulation results at the ouput of
the envelope detector for f1 = 4.8 GHz only, and f1 = 5.35 GHz and f2 = 4.8 GHz simultaneously, respectively.

Fig. 7. Talbot effect in a CRLH TL system with input pulse train. a) CRLH TL with length corresponding to the basic Talbot distance zT .
b) Time-signal at various positions along the TL [integer (zT ) and fractional (z f = zT /2, zT /3) Talbot distances].
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Fig. 8. CRLH resonator based pulse rate multiplicator. a) System schematic. b) Gaussian waveforms (σs = 1.0 ns) at the output (ZR) of the
CRLH resonator for different carrier frequencies showing the tunability of the system. The CRLH line is composed of 40 unit cells with
circuital parameters defined in [17]. The generator impedance is Zg ≈ ∞ and the load impedance is ZR = 500 Ω.

4. Radiated Wave Applications

4.1 Analog Real-Time Spectrum Analyzer
Most of today’s ultra-wideband systems, such as com-

pressive radars, security and instrumentation systems, and
EMI/EMC, deal with non-stationary signals exhibiting rapid
spectral variations in time. In order to effectively control
such signals, time information and spectral information are
simultaneously needed. Thus, a real-time spectral analyzer
is required to detect and monitor such transient signals with
rapid time variations providing the evolution of instanta-
neous frequencies in real time.

The joint time-frequency representation allows to ana-
lyze such non-stationary signals and can be obtained using
spectrogram algorithms. Mathematically, the spectrogram
of a signal x(t) is calculated using

S(τ,ω) =
∣∣∣∣Z ∞

−∞

x(t)g(t− τ)e− jωtdt
∣∣∣∣2 (6)

where g(t) is a gate function.

The spectrograms obtained from this approach suffers
from the well-known fundamental “uncertainty principle”
limitation [20]. This principle implies an inherent trade-off
between time resolution and frequency resolution, where in-
creasing time resolution decreases frequency resolution, and
vice-versa.

Recently, based on the spectral-spatial decomposition
property of the CRLH LWA, a novel analog real-time spec-

trum analyzer (RTSA) was proposed and experimentally
demonstrated [22], [21]. The proposed CRLH RTSA is
shown in Fig. 9. It is based on the following three successive
operations:

1. Spectral-spatial decomposition using a CRLH LWA
to discriminate the frequency components of the test-
ing signal. As the testing signal propagates along the
LWA, its various spectral components are radiated in
space following the beam-scanning law.

2. Probing and monitoring of the time variation of each
frequency component. Probing is achieved by antenna
receivers, while monitoring is performed by envelope
demodulation;

3. Post-processing (power normalization taking into ac-
count the frequency dependent gain of the LWA, and
spectrogram linearization to correct for the nonlinear
beam-scanning law), including analog/digital conver-
sion, data processing, and display.

To demonstrate the RTSA principle shown in Fig. 9,
the CST Microwave Studio full-wave simulator (finite inte-
gration time domain) is used and various time-domain wave-
forms are injected into the LWA as testing signals. The ob-
tained spectrograms are shown in Fig. 10 for several time
domain signals where a faithful representation of rapid com-
plex spectral variations can readily be seen.

The proposed analog RTSA system offers several ad-
vantages compared to the conventional real-time analysis
systems such as digital RTSAs. Firstly, it is a completely
analog system and does not require any digital computa-
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Fig. 9. Analog RTSA showing the CRLH LWA, the antenna probes, the envelope detectors, the A/D converters, the DSP block, and the display
with the spectrogram.

tion thus requiring neither fast processors nor large mem-
ory. Moreover, since the measurements are single-shot (no
memory buffers), the systems operate in a real-time mode.
Secondly, the proposed RTSA is a frequency-scalable sys-
tem. The CRLH LWA may be designed at any arbitrary fre-
quency to meet the requirements of the specific applications
[1]. Thirdly, the proposed RTSA is inherently broadband or
ultra-wideband, with bandwidth controllable by proper de-
sign of the CRLH transmission line.

The time and frequency resolution of spectrograms
generated using this technique unfortunately depends on the
physical length of the CRLH LWA. This dependence of the
spectrogram on the length is suppressed in the system de-
scribed next.

4.2 Frequency-Resolved Electrical Gating
Frequency resolved electrical gating (FREG) is the mi-

crowave counterpart of the optical frequency resolved opti-
cal gating (FROG) system used for the characterization of
ultrashort optical pulses [23]. This system also computes the
spectrogram of a broadband signal. In order to compute a
spectrogram of a signal A(t), a gating function g(t) is al-
ways required, as shown in Eq. (6). Whereas RTSA is based
on a space-gating principle, FREG is self-gating system: in-
stead of using a separate time signal for the gate function,
it used the envelope of the testing signal itself as the gating
function, i.e. g(t) = |A(t)|. The spectrogram of a signal A(t)
is thus modified as

S(τ,ω) =
∣∣∣∣Z ∞

−∞

A(t)|A(t− τ)|e− jωtdt
∣∣∣∣2 . (7)

A CRLH LWA FREG system, also using the spatial-spectral
decomposition property of the CRLH LWA, was recently

proposed [24]. This system is depicted in Fig. 11. The test-
ing signal, whose spectrogram is to be generated, is split into
two channels. One of the channels is envelope-detected and
passed through a tunable delay line. The two channels are
then mixed together. The mixer thus performs the self-gating
process at a given time delay instant τ. The self-gated sig-
nal is then injected into a CRLH LWA which spectrally re-
solves it in space. Once the frequency components are sep-
arated in space, antennas circularly placed in the far-field of
the LWA receive the different frequency components corre-
sponding their angular position. All the received signals are
then digitized and summed, before being stored for spectro-
gram display.

The FREG system exhibits significant advantages over
the analog RTSA system and purely digital systems. Due
to the self-gating process, neither the time and nor the fre-
quency resolutions of the generated spectrogram depend on
the physical length of the antenna. The time and frequency
resolutions are thus dependent only on the time signal itself
and the hardware dependence spectrogram is suppressed.
The LWA simply plays a role of spectral decomposer which,
when longer (higher directivity), provides better separation
of frequencies in space. however, since it uses a multi-shot
measurement procedure, where the testing signal is gated
several times with different time delays τ, the FREG sys-
tem requires a periodic signal. This is the main constraint
of the FREG. Fig. 12 shows FREG-generated spectrograms
demonstrating the capability of the proposed FREG system
to analyze a wide variety of non-stationary signals [24].

4.3 Spatio-Temporal Talbot Effect
The spatial-temporal Talbot phenomenon occurs when

the CRLH LWA array elements, acting as the microwave
counterpart of optical diffraction gratings, are simultane-
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Fig. 10. Full-wave (CST Microwave Studio) spectrograms. a) Multiple modulated gaussian pulses. b) Nonlinear cubicly chirped gaussian pulse.
c) Doubly negative chirped gaussian pulses. d) Oppositely chirped gaussian pulses. e) Self-phase modulated pulses. f) Dispersed pulse
through a CRLH TL. The input signals are generated by the time domain functions and parameters provided in [22].

Fig. 11. Frequency resolved electrical gating (FREG) system.
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Fig. 12. Simulated spectrograms from a FREG system for a) a down-chirped gaussian pulse (C1 =−10, C2 = 0, f0 = 4 GHz), b) a non-chirped
super-gaussian pulse (C1 =C2 = 0, f0 = 3 GHz), c) an up-chirped gaussian pulse (C1 = +10, C2 = 0, f0 = 4 GHz), d) a cubically chirped
gaussian pulse (C1 = 0, C2 = 0.25×1028). All the pulses have a full width half maximum duration of 1 ns with a initial pulse offset of
t0 = 6.5 ns.

ously fed with a single temporal pulse. Due to the spatial-
spectral decomposition property of the antennas, the pulses
are spectrally decomposed in space following the CRLH
beam-scanning law of Eq. (4), as illustrated in Fig. 13. The
spatial beams corresponding to the different temporal fre-
quencies interfere in space creating an interference pattern,
i.e. produce the spatial Talbot effect. Due to the non-zero
bandwidth of the input pulse, the Talbot planes occurring in
the case of the monochromatic wave are replaced by Talbot
zones corresponding to the bandwidth of the temporal pulse.
This Talbot effect is mixed spatial-temporal since the Talbot
zones are localized both in space and time. [25]. These Tal-
bot planes are located at propagation distances given by:

zT =
s
m

∆x2

λ0
(8)

where ∆x is the separation between the neighboring anten-
nas in the LWA array and λ0 is the modulation frequency of
the input temporal pulse which should also be the transition
frequency of the CRLH LWA.

Figs. 13 (b-d) show the simulated radiation fields
for different Talbot planes using an efficient time-domain
Green’s function approach [26]. The original field distribu-
tion is either self-imaged at the basic Talbot plane (z = zT ) or
is imaged with higher periodicity in space z = zT /m, m being
an integer.

4.4 Analog True-Time Delayer
The array factor of a linear phased-array antenna of K

elements is given by

AF(θ) =
N

∑
n=1

e j(n−1)ϕ, with ϕ = k0d cosθ+φ (9)

where k0 is the free-space number, φ is the element to ele-
ment phase shift, d is the element separation and θ is the an-
gle of radiation from endfire. The main beam direction cor-

responding to maximum gain occurs at θ = θ0 when ϕ = 0
leading to

θ0 = cos−1
(

φc
2π fRF d

)
(10)

where fRF is the radiation frequency and c is the velocity of
light in free space. If φ remains constant, as in conventional
phase shifters, a variation in fRF induces an inverse variation
in θ0 and hence the beam squints, i.e. its different spectral
components radiate in slightly different directions. In con-
trast, if true-time delayers with delay τg and corresponding
phase shift φ = 2π fRF ∆τg are used instead of phase shifters,
Eq. (10) leads to the following expression for θ0:

θ0 = cos−1
(

∆τgc
d

)
, with ∆τg 6= ∆τg( f ) (11)

where δτg = τg,n+1− τg,n is the phased array’s element-to-
element time delay difference. Therefore by controlling
∆τg (by controlling fLO,K), the main beam scans in a de-
sirable direction θ0 and the the main beam direction θ0 has
been rendered independent of fRF , hence eliminating beam-
squinting.

This principle was recently applied in [27], where the
CRLH based tunable delay line configuration described in
Sec. 3.1 and shown in Fig. 14 [11] was employed as the
phase shifting device. Figs. 14(a) and (b) show the CRLH
true-time delay system and its proposed implementation in a
phased array, respectively. By operating the CRLH transmis-
sion line in the frequency bandwidth exhibiting an approx-
imately linear group delay (or quadratic phase), the beam
squinting can be suppressed, as shown in Eq. (11).

Fig. 14(c) illustrates beam-squinting in a phased array
employing ideal phase shifters where ∆φ is constant with fre-
quency. With fRF = 5 GHz and δ fRF =±0.5 GHz, the beam
squints by a total of 15◦. By employing the proposed CRLH
TD system, Fig. 14(d) illustrates the suppression of beam-
squinting.
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Fig. 13. Spatio-temporal Talbot effect. a) System schematic showing an array of LWAs placed at z = 0 along the x-axis, radiating in space for
an impulse input. b) Field magnitude radiated by the CRLH LWA array for an antenna element spacing of b = 0.5 m and modulated
gaussian pulse excitation as a function of the position x and the time at the propagation distance z = zT = 2.738 m, z = zT /2 = 1.369 m
and z = zT /3 = 0.9127 m. c) Field magnitude in the integer talbot plane z = zT and d) fractional Talbot place z = zT /3.

Fig. 14. Tunable CRLH TD system (a) Single TD system with corresponding τg (IF). (b) K-element TD systems for phased array scanning.
Computed beam-squinting radiation patterns withK = 8 and fRF = ±0.5 GHz for ideal phase shifters (φ 6= φ( fRF ) and the CRLH TD
system.
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5. Conclusions
Several novel dispersion-engineered CRLH TL meta-

material analog signal processing systems, exploiting the
broadband dispersive characteristics and design flexibility
of CRLH TLs, have been presented. They represent a new
class of impulse-regime metamaterial structures, while pre-
viously reported metamaterials were mostly restricted to the
harmonic regime.
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