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Abstract. This study explores the extraction of the radiation
mode field from backscattering field components of a com-
posite right/left-handed (CRLH) leaky wave antenna (LWA)
to estimate the relative angle to the radiation mode field
within its frequency band of operation. Two methods, trans-
mission line delay (TLD) and impedance loading (IL), for
extracting the radiation mode from backscattering field com-
ponents, are employed to isolate the radiation mode field of a
CRLH LWA. In the IL method, backscattered fields are mea-
sured by terminating the CRLH LWA with short and open
load impedances to express the radiation mode and struc-
ture mode field components. The TLD method uses a coax-
ial transmission line to connect the CRLH LWA to a high-
gain X-band horn antenna, enabling isolation of the radiation
mode field component from the backscattered field compo-
nents, using time gating. This analysis employs two mea-
surement setups for TLD, one in which both the CRLH LWA
and the horn antenna rotate along the azimuth and the other
in which only the CRLH LWA rotates. The analysis shows
the frequency-angle relationship of the CRLH LWA radiation
mode field, which reveals the frequency-dependent features
of the CRLH LWA. Additionally, an evaluation of frequency
ambiguity is done to provide more insights into the effective-
ness of each approach for angle estimation of CRLH LWA
relative to the incident wave.

1 Introduction

A leaky wave antenna (LWA) is a type of travelling wave
antenna that radiates electromagnetic waves along its length,
gradually leaking energy to produce a highly directed radi-

ation pattern (Johnson and Jasik, 1993). LWAs are partic-
ularly effective in frequency-based beam scanning applica-
tions. These antennas perform frequency scanning in a sin-
gle sweep without mechanical tuning, unlike phased array
antennas that require complex mechanical devices or active
electronic components for antenna beam control. Mechani-
cal beam scanning usually requires complex control struc-
tures, and electronic beam scanning mechanisms are gen-
erally lossy, and the amount of loss depends on the char-
acteristics of the components at higher frequencies. Since
their development, there has been a significant increase in
the use of LWAs, such as in 5G networks (Karmokar and
Guo, 2017). Microstrip leaky wave antennas (LWAs) have
gained significant attention due to their planar structure, cost-
effectiveness, and ease of integration (Caloz and Itoh, 2005).
Unlike traditional LWAs, which use waveguides or dielec-
tric slabs, microstrip LWAs can be fabricated using standard
printed circuit board (PCB) technology, making them com-
pact, lightweight, and low-cost (Saeed et al., 2024). Their
planar nature allows for seamless integration with other mi-
crowave and millimeter-wave components, enabling their use
in advanced communication and radar systems (Xu et al.,
2010). They are used in various fields, including human
tracking, automotive radars, imaging, MIMO systems, and
low-cost radars for object detection and navigation (Suliman
Munawar, 2020; Yang and Ling, 2013).

A promising yet underexplored application of LWAs is
in autonomous ground vehicle (AGV) navigation, where
they can be used to realize low-cost passive radar tags with
frequency-selective radar cross-section (RCS).

In an automated warehouse, passive radar tags can be af-
fixed to containers, enabling AGVs to determine the cor-

Published by Copernicus Publications on behalf of the URSI Landesausschuss in der Bundesrepublik Deutschland e.V.



60

Broadside scan

Backward scan f{\“

. Forward scan

J. A. Oladapo et al.: Backscattering-Based Radiation Mode Analysis

L}
CRLHLWA

Container n

Radar

fi [| % &

Container 2

CRLHLWA

.
I\ |

Container 1 CRLHLWA
CRLH LWA

(@ ®)

AGV

@

Figure 1. Frequency scanning of a CRLH LWA (a) and scanning capability illustration with an AGV-mounted radar system (b).

rect approach angle for precise positioning and alignment.
By leveraging the natural frequency-scanning properties of
LWAs, a single-channel radar system could estimate the rel-
ative angle to the tag based on the received frequency re-
sponse of the radiation mode field of the tag, as illustrated in
Fig. 1b. While this concept presents a promising alternative
to conventional AGV angle estimation techniques, standard
LWAs often exhibit limited azimuth scanning range, partic-
ularly in the backward direction. This constraint can restrict
their effectiveness in certain AGV navigation scenarios. For
example, Yang and Ling (2013) demonstrated that the RCS
characteristics of a half-width microstrip LWA are strongly
frequency-dependent only in the forward direction (0 to 90°)
and cannot seamlessly transition to backward scanning un-
less a balanced structure is used, which limits the angular
scanning range of the LWAs.

Yang and Ling (2013) established that the radiation mode
field of LWAs reveals their dispersion characteristics and
controls their radiation behaviour, such as beam direction and
frequency scanning. These characteristics are crucial for sys-
tems that depend on leaky-wave structures for accurate an-
gular information. However, in backscattering applications,
when the LWA is illuminated by an external incident wave,
both the structure and radiation modes coexist in the scat-
tered field, with the structure mode often masking the radia-
tion mode. Therefore, isolating the radiation mode from the
total backscattered signal is necessary to ensure reliable an-
gle estimation in potential applications such as autonomous
guided vehicle (AGV) navigation.

Several methods have been proposed in the literature for
separating the radiation mode from the total backscattered
field, including the minimum/maximum backscatter method,
transmission line delay (TLD) method, gain method, series
method, and impedance loading (IL) method (Oladapo et al.,
2024). Among these, the IL method has been reported to
provide high accuracy in certain scenarios (Appel-Hansen,
1979), while the TLD method, originally introduced by Lind-
sey (1989), relies on time delay principles and is widely used
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in various applications. Details of these methods are provided
in later sections.

In this work, we address the limitation of standard LWAs
by utilising LWAs created from right-handed (RH) and left-
handed (LH) metamaterials, which enables continuous fre-
quency scanning across forward, broadside, and backward
directions. The physical structure of the CRLH LWA, includ-
ing its unit cell, is shown in Fig. 2, which illustrates the an-
tenna’s geometry and design. We adopt and study the TLD
and IL method for this CRLH LWA. Specifically, we employ
time gating to remove clutter, and our study shows that both
methods can isolate the radiation mode field, demonstrating
the effectiveness of these methods in analysing the CRLH
LWA for enhanced scanning capabilities.

2 LWA under test

A CRLH LWA enables continuous bidirectional beam scan-
ning by integrating RH and LH elements within its unit
cells. This can create a balanced dispersion curve, allowing
a smooth transition from negative to positive phase veloc-
ity. As frequency increases, the radiation pattern shifts from
backward scanning (negative angles) to broadside and then
to forward scanning (positive angles), overcoming the unidi-
rectional limitation of conventional LWAs (Caloz and Itoh,
2005).

Frequency bands where radiation occurs can be predicted
by the phase constant §(w) of the propagation mode and the
free-space wave number kq. For fast waves, where the phase
velocity exceeds the speed of light (| 8(w)| < ko), the propa-
gation constant of the leaky mode is real, indicating that the
structure radiates power. The frequency scanning character-
istics of CRLH LWA are depicted in Fig. 1a with scanning
angle 6y at different frequencies in the forward, backward,
and broadside directions. As shown in Fig. 1, the scan an-
gle 6 is the angle between the main beam radiation and the
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Figure 2. Dimensions (mm) of the CRLH unit cell (a) and the fabricated LWA based on a cascade of unit cells (b) (Eberspécher and Eibert,

2010).

normal to the propagation axis given as

—an-l( 2
6p = sin (ko) (1)

and beamwidth A0
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where ) is the free-space wavelength and L is the aperture
length of the antenna.

The antenna aperture governs the beamwidth and direc-
tivity (Balanis, 2016), and in LWAs, these properties can be
adjusted by modifying the leakage rate and the number of
unit cells. The CRLH LWA analysed in this work is based
on the design methodology presented by Eberspédcher and
Eibert (2010), which includes capacitive and inductive stubs
forming the shunt capacitance and inductance. Specifically,
the stub lengths are Lcyp =3.85mm and Ling = 6.35 mm.
Figure 2 illustrates the physical structure of the antenna, in-
cluding its unit cell.

3 Backscattered field modelling

The backscattered field is composed of both a structural
mode and a radiation mode of scattered fields, correspond-
ing to load-independent and load-dependent scattered fields,
as shown in Fig. 3 (Green, 1963).

According to Fig. 3a, the scattering from an antenna is
classified as structural mode scattering when its feed port is
connected to a matched load. In this configuration, no load
impedance contributes to the backscattered signal. However,
if a mismatched load is applied at the antenna terminal, part
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of the received energy is reradiated. As a result, the backscat-
tered field contains contributions from both structural mode
and radiation mode fields (Jiang et al., 2009).

Determining the radiation mode field is challenging be-
cause only the total backscattered field is measurable. From
this, the component associated with the CRLH LWA’s radia-
tion mode must be extracted. To accomplish this, the IL and
TLD methods are employed. These methods were chosen be-
cause the TLD method requires only a single VNA measure-
ment, reducing measurement effort, while the IL method has
demonstrated higher accuracy compared to other available
techniques.

3.1 IL method

To analyse the backscattered field components individually,
Ho et al. (2009) suggested a model which employs two
impedances terminated at the antenna terminal. By examin-
ing the scattering fields in these two scenarios, one can de-
termine the scattering components of an antenna separately
for any arbitrary load. According to Ho et al. (2009), the to-
tal backscattered field, E((Z} ) of the AUT, when an incident
wave is impinging on it, is given as

E«(Zy) = E; (Z:) — I EtT'Loads 3

where E; (Z;’:) is the scattered field of the conjugate matched
AUT, 1, is the current flowing into the load Z1, when the
AUT is matched to Z7, E, is the radiation mode field of the
AUT when excited by a unit current and

Zy—Z*
ZL+Za

is the load reflection coefficient. Figure 4 shows the equiva-
lent circuit of a receiving antenna with impedance Zj,.

“4)

ILoad =
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Figure 4. AUT with the impinging field E; and the total scattered field E; and its equivalent circuit model.

Thus, when the load (Z1) matches the conjugate of the
antenna impedance (Z}), the antenna reflects only the struc-
ture mode. In this scenario, all incident power is assumed to
be absorbed by the load, leaving only the structure mode re-
flected by the antenna. Structure mode reflection depends on
the AUT shape, material properties and any fixture attached
to AUT and is not influenced by the load reflection coefficient
(T'Load) like the radiation mode that varies in proportion to it.
To ensure that the radiation mode contributes to the backscat-
tered field, the load impedance must not be equal to the con-
jugate of the antenna impedance. Therefore, a mismatched
load should be used as Zj, so that both radiation mode and
structure mode are contained in the backscattered field. In
real application environments, clutter field E. is included in
the backscattered field E((Z1) and Eq. (3) becomes

Em(ZL) = E. + E; (Z:) — L ET'Load, )

where E, (Z1) is the modified total backscattered field. The
clutter includes the field reflection from the surrounding en-
vironment and the coupling between the interrogating anten-
nas of bistatic measurement. This clutter field is independent
of the load impedance Zi, and it is removed by either co-
herent background subtraction or time gating technique. The
time gating technique is used in this work. After the clutter
filtering, the next is to filter out the structure mode. With the
IL method, the structure mode field and the radiation mode
field can be separated. The IL method is based on connecting
short and open loads at the terminal of the AUT, leading with
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Eq. 3) to
E open = Es (Zz) — LiE T open(ZL = 00), (6)
Ehort = Es (Z:) — LE T short(ZL = 0), @)

where Z, = |Z,|e™?, Tgnore = —€ 7279, Topen = 1 and 6 =
tan~! (I;'e’gig((zzd“‘)) ) From Egs. (6) and (7), radiation mode
E, = I,E, and structure mode Ej are given by

Esgort — E open

o= ®
E. — Eshort‘|’e_2J0E0pen )
. 1 4 e—2i¢

Equations (8) and (9) are considered radiation mode and
structure mode fields for ideal load impedance termination.
For non-ideal cases, the I'gpen and Ispore contain parasitic ef-
fects due to the load itself or the coaxial port connecting the
load to the antenna port. This parasitic effect added capaci-
tance in the case of open load and inductance in the case of
short load. These two reflection coefficients can be measured
and considered in radiation mode and structure mode fields
computation in Egs. (10) and (11) respectively. Equations (8)
and (9) for the ideal radiation mode and structure mode fields
can be rewritten for non-ideal cases as

(Eopen — Eghort)
Dshort — 1—‘open
_ (E open Lshort — E shortropen)

IaEr = Ea = s (10)

E; Y

[short — Fopen
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The relationship between the Eg, E; and the incident field
E; can be established through RCS, which is generally given
by Lazaro et al. (2013)

E 2

E | 12)

_ lim 2
o= 4w R

where E is the either E or E; and R is the distance between
the scatterer and the radar. The unknown incident field E;
is determined by performing an additional backscatter mea-
surement of an object with a known RCS, which is in this
case a sphere with a radius of 0.1 m. If ogphere represents this
known RCS, with E given as either Egs. (8) or (9), for the
ideal case and Eqs. (10) or (11) for the non-ideal case then
the RCS can be computed using

E 2

E sphere

13)

Osphere

o=

3.2 TLD method

The TLD method is an alternative method which allows the
extraction of the radiation modes (Huang, 2016). It is a sim-
ple method of tag interrogation as shown in Fig. 5, where a
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CRLH is connected to a transmission line to produce a delay
between radiation mode and structure mode field response.
This delay isolates specific structure mode components of
the signal based on their arrival time provided the delay be-
tween the backscattered fields is sufficiently large. In Fig. 5,
the horn antenna and delay line structure effect need to be
isolated to extract the radiation mode field of CRLH LWA.

This is done by the time-gating technique (Lambert et al.,
1990). The time gating is used to remove the clutter as well
as isolate the structure mode component by setting the gate
after the delay line, where the late arriving signal (radiation
mode field) is extracted. The horn antenna here serves as are-
ceiving antenna that broadcasts the transmitted incident wave
from the interrogation antenna to the CRLH LWA which is
the AUT under consideration. The CRLH LWA also receives
the transmitted incident wave from the interrogating antenna
and reradiates back to the horn through a delay line. The in-
terference of these radiations from the horn antenna and the
CRLH LWA propagating can interfere and cause side lobes.
To minimize this effect, the horn antenna and CRLH LWA
can be configured to operate with orthogonal polarizations.
This would reduce coupling between the horn antenna and
the CRLH LWA, thereby reducing the side lobes.

Adyv. Radio Sci., 23, 59-69, 2025
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Figure 6 shows the amplitude of the backscattered signal
against relative distance in the range domain. The relative
distance (R), is derived from time-domain information using
Fourier transformation principles. The relationship between
time delay and relative distance follows R = ﬁ where ¢
is the speed of light and Af is the frequency step size. As
shown in Fig. 6, the delay line response starts immediately
after the early-arriving signal (structure mode) and ends be-
fore the first late-arriving signal (radiation mode). By setting
the gate range at the end of the delay line (2.8 m) and the
end of the late-arriving signal (3.2 m), the radiation (antenna)
mode response of the CRLH LWA is extracted while gating
out the structure mode, the coupling, and other clutter effects
in the backscattered signal. The radiation mode RCS for the
TLD method can be computed using Eq. (13).

4 Measurement setup

The bistatic measurement technique is used and the set-up
consists of a VNA and two X-Band WR-90 standard gain
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horn antennas as transmit and receive antennas. Each X-Band
horn antenna is connected to port 1 and port 2 of the VNA
respectively. The anechoic chamber contains a rotary support
and a linear drive. The CRLH LWA is the AUT for the case
of the IL method and the CRLH LWA is connected to the
horn antenna through a transmission (coaxial) line for the
case of the TLD method. The AUT is placed in both cases
on the rotary table in the anechoic chamber and aligned to
face the X-Band horn antennas on the measurement table.
The AUT and the horn antennas are separated by 1.5 m au-
tomatically by the linear drive. The distance of 1.5 m corre-
sponds to the far field distance based on the largest dimension
of the CRLH LWA. The setups for both methods are shown
in Figs. 7 and 8. The VNA continuously collects frequency
sweeps of S»; data from 8 to 12 GHz in 201 points for differ-
ent azimuth angles from —50° to 50°.

The collected data are again processed in the time/range
domain to extract reflection by applying the Tukey window
(Harris, 1978) and time gating. In this post-processing, in-
verse fast Fourier transform (IFFT) is applied to convert the
collected S»; parameter of the total backscattered signal to
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the time domain. For the case of the IL method, the IL model
is applied according to Eq. (8), and then time gates were ap-
plied to remove the coupling effect between the transmitting
and receiving horn antennas and clutter that may occur. For
the TLD method time gate applying Tukey window is used
to isolate the coupling effect between the two horn anten-
nas and the structure mode effect of the CRLH LWA and the
connected horn antenna. After the time gating process in the
IL method and windowing in the TLD method, inverse fast
Fourier transform (FFT) is applied to convert the time do-
main radiation mode S>; to the frequency domain radiation
mode S»1. Radiation mode RCS is computed using Eq. (11)
with a sphere of 0.1 m of radius chosen as a reference tar-
get. The post-data processing procedure for both IL and TLD
methods are summarised as shown in Figs. 9 and 10 respec-
tively.
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The difference between the IL and TLD methods is that IL
involves twice the number of VNA measurements of CRLH
LWA with two terminated impedances, one after the other,
unlike the TLD method, which involves a one-time VNA
measurement. Also, both the radiation mode and structure
mode field can be determined using IL as shown in Fig. 9
while the TLD can only determine the radiation mode. The
acquired measurement data used for analysis is available in
(Oladapo, 2025b).

5 Results and discussion

Figures 11 and 12 show the peak values of the radiation mode
S>1 and RCS within the operating frequency band of the
CRLH LWA. The analysis reveals the frequency-dependent
features of the CRLH LWA across azimuth angles. The IL

Adyv. Radio Sci., 23, 59-69, 2025
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method shows S>; and RCS amplitude peaks over a fre-
quency range from 9.14 to 10.66 GHz, with an angular range
from —50 to 50°. The TLD method, which uses a static
horn antenna and a rotating CRLH LWA, achieves S»; and
RCS amplitude peaks over a frequency range from 9.22 to
10.84 GHz, with a reduced angular range from —50 to 36°.
The reduced angular coverage is due to side lobes which are
more significant in the TLD method than the IL method.
These side lobes cause some amplitude peaks to appear at
the same frequency but at different azimuth angles. The side
lobes arise because the CRLH LWA receives the incident
wave simultaneously with the horn antenna from the inter-
rogating antenna. This wave reradiates back to the horn an-
tenna through the coaxial cable and interferes with the ra-
diation mode of the CRLH LWA. To minimize this effect,
the horn antenna and CRLH LWA should operate with or-
thogonal polarization. This will be investigated in the future.

Adyv. Radio Sci., 23, 59-69, 2025

When both the CRLH LWA and the horn antenna rotate in
the TLD method, S>; and RCS amplitude peaks span from
9.28 to 10.92 GHz, with the least angular range from —50 to
18°. This setup of TLD shows less frequency dependency of
the CRLH LWA across the azimuth angles and indicates the
reason for limited angle coverage across the azimuths.

It is also worth noting that the TLD method with a static
horn antenna results in higher amplitude values, as shown in
Figs. 11 and 12. This is because the horn antenna remains
fixed and oriented perpendicular (normal) to the direction
of the incoming wave, allowing it to maintain high gain and
efficiently receive energy across all azimuth angles. In con-
trast, when the horn antenna is rotated, its orientation devi-
ates from the incident wave direction, reducing its effective
gain and resulting in a lower received amplitude.

The RCS computed using Eq. (11) follows the same pat-
tern as the radiation mode S,; in Fig. 11 except that the am-

https://doi.org/10.5194/ars-23-59-2025
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Table 1. Summary of frequency ambiguity and the corresponding azimuth.

IL \ TLD static \ TLD rotate
Frequency (GHz)  Azimuth ‘ Frequency (GHz) Azimuth ‘ Frequency (GHz) Azimuth
9.58 13°x1° 9.82 —10°+2° 9.86 —7°x1°
9.36 29°+1° 9.36 20°42° 9.74 1°+1°
9.26 38°42° 9.3 19°£1°
10.12  —26°£1°
10.92 —49°+1°

plitude changes as shown in Fig. 12. The reason for this is
attributed to the gain contribution from the horn antenna as
explained earlier.

Figure 13 shows the frequency at which the maximum ra-
diation modes S>; and RCS occur, providing a frequency
to relative azimuth angle mapping of the CRLH LWA. As
shown, the peaks of the RCS and $>; of the radiation mode
occur at the same frequencies at some azimuth angles, caus-
ing frequency ambiguity. Table 1, extracted from Fig. 13, in-
dicates that the worst frequency ambiguity along the azimuth
is 4°. These ambiguities are present in both the IL and TLD
methods, as shown in Table 1, and may be attributed to side
lobes that appear at the same frequency but at different an-
gles. In the TLD method, side lobes could result from inter-
ference between the horn antenna and the CRLH LWA, while
in the IL method, side lobes may arise due to the inherent
parasitic effects of the coaxial ports and the impedance ter-
mination at the CRLH LWA terminal.

https://doi.org/10.5194/ars-23-59-2025

6 Conclusions

An analysis has been carried out on estimating the relative in-
cident angle to the CRLH LWA using the frequency response
of the radiation mode S7; and RCS, extracted through the
IL and TLD methods for separating backscattered field com-
ponents. The IL method provides broader angular coverage
within the operational frequency band of the CRLH LWA but
requires two measurements per reactive load condition at the
antenna terminal. In contrast, the TLD method, particularly
when using a static horn, offers a more streamlined, one-time
measurement process, albeit with reduced angular and fre-
quency coverage. Both IL and TLD (with static horn) meth-
ods demonstrate potential in estimating the relative angle due
to the dispersive and frequency-dependent characteristics of
the CRLH LWA across a wide azimuth range. The choice be-
tween these methods depends on application-specific trade-
offs between angular coverage and measurement simplicity.
Although the TLD method successfully isolates the radi-
ation mode using a coaxial delay line and time-domain gat-
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ing, some residual interference from the illuminating horn
antenna was observed. As mentioned earlier in the previous
section, one potential mitigation approach is to employ or-
thogonal polarisation between the CRLH LWA (AUT) and
the horn antenna. In addition, future work may explore in-
troducing slight frequency offsets between the CRLH LWA
(AUT) and the horn antenna. This frequency shift could facil-
itate spectral separation of the radiation and structure modes,
enhancing isolation via joint time-frequency analysis. More-
over, advanced signal processing techniques inspired by In-
verse Synthetic Aperture Radar (ISAR) imaging and Fre-
quency Selective Surface (FSS) measurement methods may
offer additional opportunities for improving angular resolu-
tion and robust radiation mode extraction.
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