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Abstract

A new, efficient, and accurate analytical model is introduced for estimating the beam
direction of rampart line antennas with microstrip radiators that can change beam di-
rection with feeding frequency. The model takes its origins from 1-D array theory, in
which the bends represent the radiating elements, and the interconnecting lines represent
the phase shifters. A mathematical expression accounting for the equivalent length of the
bends for the correct estimation of the distance between the radiators is introduced. The
model was tested for various substrate relative permittivity values ranging from 2.9 to
6.45. This model can be used for atbitrary rampart line configurations by providing the
equivalent dipole direction, depending on the orientation of the bends. An alternative
geometry was proposed to reduce the coupling between the parallel line segments. A
prototype operating in a bandwidth of 1 GHz around 7.8 GHz was realized on a Rogers
RO4350B high-frequency laminate with a thickness of 1.524 mm. Both the radiation
pattern and the reflection coefficient were measured and show a good agreement with the

1 | INTRODUCTION

Frequency scanning antennas are commonly used for wide-
band applications that require the investigation of directions
different from the broadside. Typical examples are ultra-
wideband (UWB) radars that can employ these antennas to
perform two-dimensional localization by providing range and
azimuth information [1-6]. Compared with multiple-input
multiple-output (MIMO) systems that have also been used
for this application [7-9], the main advantage is that only two
radiators are required, one for the transmission and one for the
reception. Indeed, MIMO radars require an array of antennas,
and consequently, multiple transmitters and receivers. These
additional components cause higher power consumption, need
complex and lossy feeding networks, and require a higher
amount of data to be processed. In addition, with MIMO ra-
dar, the information along one specific direction is recon-
structed by collected by
omnidirectional sources. This

combining  signals low-gain

radiating reconstruction
approach is in contrast to frequency scanning antennas with
which only one direction at a time is investigated by the
electromagnetic radiation with a high gain beam, thus mini-
mizing the influence of other targets or static reflectors located

in neighbouring directions. The classic frequency scanning

proposed analytical model and commercial full-wave simulation tool results.

linear array antenna is the slotted waveguide array antenna,
initially proposed in [10] and mote recently revisited in [11-17].
The main drawback of this kind of antenna is its bulkiness, a
characteristic that is not always acceptable. For this reason,
printed antennas, thanks to their smaller dimension, are a
preferable solution. However, resonant printed antenna ele-
ments seem unsuitable because they inherently have an
extremely narrow frequency bandwidth.

In [18-21], the rampart line antenna, a frequency scanning
printed antenna, is proposed. This radiator is a travelling wave
antenna realized with a meandered microstrip line that guaran-
tees a wide band and reduced complexity. The antenna has been
revised more recently in [22, 23]. Various models have been
developed over the years for this antenna topology [19, 24-27].
In [19], the antenna is treated as a 1-D array of radiating ele-
ments, but this model is formulated only for the geometry
described in the work and does not consider the effective length
of the microstrip bends. In [24], empirical relations for the
design of this radiator topology are proposed. In [25], a trans-
mission line model for travelling wave antennas with right-
angled bends is presented. This approach yields accurate re-
sults but is limited mainly to configurations with right-angle
bends and requires complex analysis to obtain the far-field in-
formation. In [26], a circuital model of the unit cell is presented.
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In addition, in this case the model is made for a rampart line
antenna with right-angle bends and requires quite complicated
and computationally expensive preanalysis work. In [27], a
method of moments approach for analysing lossless right-angle
rampart line antennas is proposed. This solution, even if accu-
rate, is computationally expensive. In the cited references,
rampart line antennas are designed using hardware or software
experiments [20, 22|, applying phased array antenna (PAA)
theory [18, 19, 21, 22, 25], or applying leaky-wave antenna
(LWA) theory [26, 28, 29]. Both theoretical approaches are valid.
Here, we have chosen to adopt the PAA design approach, as in
[18, 19], where we aim for an analytical model that is easy to
implement in software and is easy to use. The model will be used
to generate an initial design that is fine-tuned through the use of
full-wave electromagnetic analysis software.

In this work, an efficient and accurate model based on 1-D
array theory [30] is proposed. Contrary to previous models,
fundamental aspects are modelled that are challenging to
retrieve, such as the effective length of the corners, thus
guaranteeing precise prediction of the main beam pointing
direction. Model accuracy is assessed by comparing the ob-
tained results with those resulting from full-wave electromag-
netic analysis. Furthermore, a modified geometry of the
rampart line antenna is proposed to reduce the coupling
between parallel microstrip lines. An antenna operating in
the bandwidth ranging from 7.3 to 8.3 GHz is designed
with the proposed geometry, and a prototype is realized. Both
the reflection coefficient and the radiation pattern at multiple
frequency values inside the bandwidth have been measured.
They are in good agreement with full-wave simulation results.
The proposed model accurately estimates the main beam
pointing direction for the realized prototype, showing a
maximum error of about 2.8° for a 3 dB beamwidth of 16.9°.

The rampart line antenna radiation mechanism and the
geometric parameter influences on the far-field are presented
in Section 2 together with the traditional and modified ge-
ometry. Section 3 reports the model formulation, which is first
derived for the traditional geometry and then extended to the
newly proposed one. In Section 4, simulation results are
shown. Section 5 reports the measurements and compares the
proposed model and the simulations for the realized prototype.
In Section 6, conclusions are drawn. In Section 7, the LWA
theory used to describe this kind of antenna is presented and is
compared with the proposed model.

2 | ANTENNA CONFIGURATIONS AND
RADIATION MECHANISM

Rampart line antennas are microstrip travelling wave radiators
realized by the periodic repetition of a printed block wave
structure formed by sections of microstrip transmission lines
interconnected with chamfered corners. The antenna is fed from
one of its extremities and terminated by a matched load at the
other one. The characteristics of the antenna can be modified in
terms of area occupancy, coupling between parallel microstrip
segments, and antenna polarization by changing the number of

(b)

FIGURE 1 Rampart line antenna: (a) traditional geometry [18]
(b) proposed geometry with half the periods flipped

corners per period and their physical disposition. In this work,
the geometry described in [18] (Figure 1a) is analysed along with
anew one (Figure 1b) obtained by flipping half the periods of the
structure to reduce the coupling between adjacent vertical
microstrip lines without compromising the antenna perfor-
mance in terms of scan range (see Section 2.3).

In this kind of antenna, the radiation sources can be rep-
resented by magnetic currents at the edge of the conductors
[18, 19]. These currents are oppositely directed on the edges of
the straight microstrip line sections, tending to cancel one
another's radiation. In contrast, the magnetic current in the
excess length created by a corner acts as the dominant radiation
source. Nevertheless, the interconnecting microstrip lines
introduce a phase shift between two consecutive tadiators/
bends. This phase shift, which depends on the line length and
frequency, influences the variation in the main beam direction.
The horizontal distances d and d + [ shown in Figure 1 define,
for a given bandwidth, the main beam scan range. In contrast,
the length a of the first and last horizontal segments connected
with the feed or the matched load only influences the
impedance matching of the antenna. The height b contributes
to the phase shift between consecutive radiators, and W de-
terminates the microstrip characteristic impedance for a given
substrate height (by,,) and permittivity (&,).

To investigate the effect of the geometric parameters, a
numerical analysis of the two structures, shown in Figure 1, has
been performed using the CST Studio Suite® inside a band-
width of 1 GHz centred at 7.8 GHz. This range of frequencies
was chosen because it respects the UWB indoor radio regu-
lations in most countries worldwide [31, 32], resulting in a
good solution for indoor UWB radar monitoring systems.
Simulations were performed for a 1.524 mm thick Rogers
RO4003C substrate [33]. Figure 2 reports a 3-D view of the
rampart line antenna in the traditional geometry together with
the adopted coordinate system.
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FIGURE 2 3-D view of the rampart line antenna and adopted
reference system

2.1 | Effect of unit cell trace length

The effect of the unit cell trace length (2b + 2d + [) on the
far-field gain patterns was first investigated. Figure 3 shows
the far-field cuts (¢ = 7/2 in Figure 2) at 7.3 and 8.3 GHz.
For simplicity, this analysis is carried out only for the
configuration of Figure 1b. However, as will be shown in
Section 2.2, an equivalent result can be obtained for the
configuration of Figure la. Two antennas with 10 periods
were designed. Both radiators have the same geometric pa-
rameters W = 2 mm, 2 = 52 mm, d = 6.5 mm. The value
of [ amounts to —3.5 mm for the first antenna (blue curves
in Figure 3) and 2.5 mm for the second one (red curves in
Figure 3). In addition, while » = 18.2 mm for the first
configuration, it has been modified in the second structure
to maintain the length 2 + 2d + [ constant. Despite
showing completely different scan ranges (53.3° and 35.4°
for the first and the second design, respectively), the fre-
quency at which the main beam is pointing towards
broadside is approximately equal for both configurations.
Furthermore, Figure 3 clearly shows that rampart line an-
tennas vary the main beam direction with a varying feeding
frequency.

2.2 | Effect of horizontal distances

Figure 4 shows how variation in the horizontal distances (y
direction) affects the scan range of the antenna, both for the
conventional geometry and for the one with half the periods
flipped. For all simulations, d = 5 mm and W = 2 mm, while
b, equal to 19.2 mm at [ = —2.5 mm, has been modified to
maintain the total period length (2(b + d) + /). In Figure 4, it
is clear that to increase the scan range, it is necessary to
decrease the value of /, consequently reducing the distance
between the vertically oriented microstrip lines. Furthermore,
Figure 4 shows that the same geometric parameters provide
the same scan range with a maximum discrepancy of 2.4°
between the two geometries. This discrepancy increases for
lower values of /, for which 2 consecutive periods are brought
much closer. This can be explained by considering the dif-
ference in coupling between the considered geometries.
Indeed, while for the geometry with half the periods flipped
(Figure 1b), the coupling is mainly defined by the distance of
the vertical microstrip lines inside the same unit cell, for the
traditional geometry in Figure 1a, the lines belonging to the
adjacent period also contribute to the coupling enhancement.
Figure 5 instead represents the effect of the variation in d and
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FIGURE 4 Scan range as a function of the distance between the

radiators (horizontal direction) for d = 5 mm and /, varying from —2.5 to
18.5 mm

[ while keeping 2d + [ constant. Simulations have been per-
formed on the topology of Figure 1b, which achieved an
identical scan range as the topology of Figure 1a with identical
geometric parameters. Five different values for 2d + [ have
been considered (i.e. 5.5 mm, 9.5 mm, 13.5 mm, 21.5 mm, and
29.5 mm), W has been set equal to 2 mm, and b has been
modified, starting from 20.2 mm at [ = —4.5 mm and
d = 5 mm, to maintain 2(b + d) + [ constant. As can be seen
in Figure 5, these configurations determine five scan ranges:
60°, 50°, 35°, 30°, and 20°. When 2d + [ is kept constant, the
scan range does not change by more than 2.4° for multiple
combinations of d and /. This shows that with different hor-
izontal length combinations, the same scan range can be
obtained.
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2.3 | Effect of coupling and proposed
solution

As has been evidenced, reducing the horizontal distances
leads to an increase in the scan range for a given bandwidth,
but as a drawback, the vertical microstrip lines along the x-
direction are brought closer to one another. If d or d + [
decreases too much, the coupling between the microstrip
lines will no longer be negligible, which has nasty conse-
quences for antenna performance. In particular, the reduced
distance between vertical microstrip lines can be responsible
for stronger resonances in the attenuation constant [28]. The
effect on antenna performance is evident in Figure 6, which
shows the far-field radiation pattern of two rampart line
52 mm, W = 35 mm,
/| = =5 mm, d = 7 mm, and » = 15.1 mm for the ge-

antennas with a4 =

ometries of Figures 1a and 1b. In these configurations,
d + [ = 2 mm, representing a condition of elevated
coupling. Because the two radiators have the same geometric
parameters, the frequency at which the main beams are
pointing towards broadside and the scan range are the same.
However, while the beam direction is almost unchanged, the
shape of the pattern is highly perturbed. For a wide scan
range within a narrow frequency band, the horizontal dis-
tances between the radiators must be reduced, while multiple
combinations of d and / can ensure the same scan range.
For these particular cases, the best solution is to choose the
proposed configuration of Figure 1b with / = —d and the
higher value of d to ensure the required scan range.

3 | THEORY AND MODELLING

According to the description in Section 2, the rampart line
antenna can be modelled as an array of radiating sources.
Each element can be represented as a magnetic dipole with
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FIGURE 6 Directivity in the plane ¢ = /2 of two rampart line
antennas with 2 = 5.2 mm, W= 3.5 mm, / = =5 mm, d = 7 mm, and
b = 15.1 mm for the traditional (dashed lines) and proposed (solid lines)

geometries

the same direction as the corresponding diagonal chamfered
corner. The total radiation pattern can then be obtained as
the superposition of the dipoles' electric far-fields appro-
priately weighted in amplitude to account for the dielectric
and metal losses of the interconnecting lines. Further, these
are weighted in phase as a consequence of the geometric
disposition of the bends and the phase shifts introduced by
the interconnecting lines. Figure 7a represents the first 2
periods of the structure: the red arrows indicate the dipole
directions, while the green dots identify the assumed phase
centres required to calculate the phase shifts between two
consecutive radiators. All the dipoles are projected along the
y-axis, and the physical separation along the x-axis is
ignored, allowing application of the array theory into its 1-D
form [34]. The microstrip lines parallel to the x-axis with a
length b are then only responsible for a phase shift between
the radiators. The phase shift between two consecutive ra-
diators is induced by the microstrip line interconnecting two
consecutive green points in Figure 7a. It is assumed that
higher-order modes ate absent and that the effect of sub-
strate surface waves is negligible. The new model will first
be applied to the standard geometry (Figure 1a) and then
extended to the other configuration, as shown in Figure 1b.
The model in the present form is extremely versatile
because it can be easily adapted to multiple meandered ge-
ometries (that could also differ from those described here).
The model can be modified by only changing the orienta-
tions of the dipoles—tepresenting the radiating sources—to
describe various geometries.

As can be seen in Figure 7b, dipole 1 is rotated by an angle
of @ = 7m/4, dipole 2 by an angle of @ = 37/4, dipole 3 by an
angle of @ = w/4, and dipole 4 by an angle of a = 57/4. The
generic expression for the electric far-field when considering

¢ =7/2is
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M M
E(0) = Z E gy (0)ame 10 eE07nsn(0) — Z en(0), (1)

m=1 m=1

where M is the number of radiators, E,,(6) is the electric field
of the my, magnetic dipole, ky is the free space propagation
constant, 4,, is the excitation amplitude, 8, is the excitation
phase, and y,, is the y coordinate of the my, radiator consid-
ering the reference system in Figure 2. Both the total pattern
and those of the individual elements are expressed as a func-
tion of the angles 6 (see Figure 2). It is worth noting that the
far electric field is not identical for all radiators but varies ac-
cording to corner orientation.

In the following, all contributions of the total radiation
pattern are analysed in more detail.

3.1 | Small magnetic dipole radiation pattern

To obtain the complete radiation patterns of the rampart
antenna, it is necessary to know the radiation patterns of the

single elements modelled as small magnetic dipoles.
Considering the coordinate system reported in Figure 2, the
electric vector potential F of this first clement can be

written as [30].

Imlmg(ie_j/e“y
4mr

= ]—mlmgoe_ik“rc

irr sin(@)uy,  (2)

os(a)uyx +

where 1,1, is the magnetic dipole moment, I,,, is the mag-
netic current, & = 8.854 - 10_12, F/m is the free space
permittivity, 7 is the radial distance, ky is the wave number in
free space, and @ is the dipole rotation angle. Using the
vector potential, it is possible to compute the element electric
far-fields E,, [30]. The expressions of the electric far-fields
for the magnetic dipoles constituting the antenna for
¢ = /2 are given by

ie_ik“ylmlmki)
—_———uy
4/ 27r

ie ko I, L, kocos(0)
4\/571'7

E4m+1 (9) = _E4m+2(9) =

u,, m=0,...M/4-1
(34)

e kg

———1u,
4/ 27r ¢

je_ik‘”]mlmkocos(e)
427y

En15(0) = —Eu4p14(0) =

uy, m=0,...,M/4—1.

(36)

Because of the ground plane presence, it is, strictly
speaking, necessary to consider each dipole's corresponding
image source, although we have observed that the contri-
butions may be ignored without serious consequences. For a
magnetic dipole over a perfect electric conductor, the image
source has the same direction as the original and is posi-
tioned at z = —hy, as represented in Figure 7c. Adding the
contribution of the ground plane, the resulting electric
vectors are

E,, = E2cos(kohgancos(0)). (4)

It is worth noting that the current model used for the
elementary radiating source does not consider the effect of
the substrate, which will only be included in the definition
of the phase shift between two consecutive bends. This
effect could be considered by replacing the elementary
magnetic dipole with an aperture on the side of the
microstrip bend, as detailed in [25]. However, this solution
produces negligible variations in the 1-D antenna pattern
and would then be responsible for increasing the model
complexity without improving its accuracy.
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3.2 | Contribution due to the physical
distance between radiators

In the presented model, all the dipoles are projected along the
y-axis to apply the 1-D array theory. The total electric field
computation takes the physical distance between the radiators
into account by means of the factor

elkomsin(0) (5)

where v, is the y coordinate of the 72, radiator considering
the reference system in Figure 7a.

3.3 | Element phase and amplitude
excitation

The different dipoles are connected by microstrip lines that
cause a phase shift and an attenuation of the excitation signal
between two consecutive radiators, depending on the substrate
properties. In general, the propagation constant of a microstrip
line is given by

kg:ﬂg_jagv (6)

where @, and f, are the attenuation and phase constants,
respectively. The attenuation constant considers the losses in
both the dielectric and the conductors [35]. The phase constant
B is related to the guided wavelength 4, as

2t 2w

ﬂg:_:_

PR et (f), (7)

where Ay is the free space wavelength, and e (f) is the
effective permittivity of the material due to the fringing field
effect between strip and ground plane, which is computed at
the considered frequency according to [36]:

ecff(f) = <—\/a ~ ver(0) +

where
4ho e — 1 w\\*
F=m+<0.5+<1+210g<1+b )) ) 9)
0 sub

The above equation gives the correct effective relative

permittivity for the microstrip dimensions used to create
Figure 9 and for the frequency range used (7.3-8.3 GHz).
However, the beam direction is quite critical with respect to the
correct value of the effective relative permittivity. In general,
different equations need to be applied for different microstrip
dimensions and frequency ranges [37].

For a proper rampart antenna design, we need to know
which equation to apply before we set out to design the

antenna. It appears that the effective relative permittivity values
generated by the full-wave analysis program for a length of
microstrip transmission line, using standard waveguide ports,
lack sufficient accuracy for our needs.

To quickly generate the correct value for the effective
relative permittivity, using the full-wave analysis software, we
virtually replicate the measurement procedure of [38], adding
SMA or at least coaxial connectors to the microstrip
transmission line under test in our full-wave analysis pro-
gram. We then analyse the scattering parameters for two
lengths of transmission line, where we maximize the line
length difference, as recommended in [38], while—at the
same time—ensuring that the radiation is kept to a
minimum.

The found values (as a function of frequency) from this
simulated measurement can be used directly in the model, or—as
we have done—can be compared with the equations listed in
[37], after which the correct equation for use in the model is
chosen.

Relating the equations in [37] to a wide set of microstrip
dimensions, relative permittivities, and frequencies is the sub-
ject of an ongoing study.

The phase and amplitude variations between two consec-
utive elements due to the microstrip lines are given by

¢ hede (10)

where d. is the effective distance between the radiators.
Contrary to what happens for the phase shift due to physical
position, it is now necessary to consider an effective distance
taking into account not only the line length but also the
presence of the corners. In this work, two configurations have
been considered: two radiators connected by a vertical
microstrip line and two radiators connected by a horizontal
microstrip line. The effective length is then computed as the
geometric mean of the length of the centreline through the
microstrip structure (blue lines in Figure 8) and of the shorter
path connecting the starting and ending points of the centre-
line with the middle point of the bend (red line in Figure 8).
For two radiators separated by a vertical line (Figure 8a), this
results in

o=y (+ %) + (%) (4 Xv2).

For two radiators separated by a horizontal line, the
effective length is computed by

deffl, 2

) 2 o

where d; = d and d, = d + [. Replacing the physical lengths by
the effective lengths for the phase shift computation allows
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FIGURE 9 Effect of the bend correction on a rampart line antenna
with the modified geometry designed on a substrate of Rogers RO4003C

with by, = 1.524 mm, 2 = 5.2 mm, W= 3.5mm, [ = —6.5 mm, d = 7 mm,
and h = 14.2 mm

better reconstruction of the effective distance between
consecutive dipoles and better prediction of the main beam
pointing direction. Figure 9 compares the far-field simulated by
CST with the one computed by the model with and without
length correction for the phase shift computation. Figure 9
shows the main beam direction obtained considering both the
red and the blue paths of Figure 8. Without the correction, the
main beam direction cannot be propetly reconstructed and for
both the longer and the shorter paths an error of about 6° is
obtained. Cleatrly, it is fundamental to take into account the
effective length of the bends to correctly reconstruct the main
beam direction.

3.4 | Model formulation

Collecting all the contributions presented in Sections 3.2 and
3.3, it is possible to express the complete formulation of the

model. For all dipoles in the array, an initial phase shift and loss
are given by the microstrip feeding line. This contribution,
being common to all the radiators, does not modify the main
beam direction but rather influences only the return loss of the
structure. This first term can be written as

ej(ﬁo — e_jkgﬂcffejk()(ﬂ+W/4)Siﬂ<H>

; (13)

where 4. is the effective length of the feeding line (Figure 1).
Considering  the  first  period, the  contributions
en(0),m=1,2,3,4 of the first four dipoles ate

e (0) = Eq1(0)e” (14a)
€(0) = —Eqy(0)eh eV /200 gksh (14b)
e;(0) = _Ed3(g)ei¢(.eiko(d+W)sm(9)
‘ , (14c)
X e_lkg(dcfﬂ +hess)
e.(0) = E ;12(0)e%oeko(d+3W/2)sin(0)
4(0) = Eas(0) (14d)

X e—ikg (deger +2hesr ) .

Generalizing for an arbitrary number of unit cells N, the
complete expression of the total electric far-field is

N-1
Etot(9> — 65(6) Zeik(,Zn(d+W+l/2)sin(0)
n=0 (15)

—ikgn(detr1 +deirr+2het
X e Rg ( 1 ff2 ﬂ)’

where

ec0)= " (Ear(0) + Eas(0) V)0

% e—jkg(bcfﬂrdtm)) (1- oikoW /2sin(0) e-i/egbtff).

(16)

The result of Equation (15) can be easily modified to the
geometry of Figure 1b, considering that in the flipped periods,
the electric field @ component is the same as the one computed
for the geometry of Figure 1a, while the ¢ component is the
opposite.

4 | SIMULATION RESULTS

To validate the presented model, full-wave simulation results
were compared with the predictions made using the equa-
tions in Section 3. The structures represented in this section
have not been optimized in terms of performances and are
only used to verify the ability of the model to predict the
effective main beam pointing direction. The simulations re-
sults refer to the geometry of Figure 1b with the same scan
range of the one in Figure 1a without the inconvenience of
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the coupling. Simulations were performed considering three
different materials, being Rogers RT/duroid 6202 (&, = 2.90
and tand = 0.0015 at 10 GHz) [39], Rogers RO4003C
(e, = 3.55, tand = 0.0027 at 10 GHz) [33], and Rogers RT/
duroid 6006 (&, = 6.45, tand = 0.0027 at 10 GHz) [40]. For
each substrate material, a rampart line antenna working in the
band of 7.3 to 8.3 GHz was designed. To verify the accuracy
of the model for different substrate thicknesses, simulations
with the Rogets RT/duroid 6202 substrate, obtained by
means of the proposed model and full-wave simulations, were
petformed for a substrate thickness of by, = 0.762 mm, on
RT/duroid 6006 substrate for a substrate thickness of
hea, = 0.254 mm, and on Rogers RO4300C for a substrate
thickness of b, = 1.524 mm. The normalized far-field gain
patterns for the structures designed employing the Rogers
RT/duroid 6202, Rogers RO4003C, and Rogers RT/duroid
6006 are shown in Figures 10, 11, and 12. The dimensions of
the different antenna designs are listed in the captions of the
corresponding figures. For all tested configurations, substrate
thickness, and permittivity, the model results are in close
agreement with full-wave simulations, with a maximum error
of about 2°.

5 | PROTOTYPE REALIZATION AND
MEASUREMENTS

A prototype of the rampart line antenna was realized on a
Rogers RO4350B substrate [33] with a 1.524 mm thickness.
The selected configuration is the one with half the periods
flipped as shown in Figure 1b. The optimized antenna di-
mensions are d = —/ = 5 mm, W= 3.5 mm, and » = 16.5 mm.
The antenna is designed to support a scan range of about 60°
in a bandwidth of 1 GHz at a central frequency of 7.8 GHz. To
further reduce the coupling, [ has been chosen equal to — d,
thus allowing selection of the largest value of d that can assure
the required scan range. Figure 13 compares the radiation
patterns in the ¢ = 7/2 plane obtained with CST with those
calculated with the proposed model. As can be seen, the model
results are in agreement with the full-wave simulations, and the
maximum error in the beam direction estimation amounts to
2.8° at 8.3 GHz for a 3 dB beamwidth of 16.9°. In addition, the
prototype was characterized while deployed inside an anechoic
chamber. A comparison between the simulated and measured
antenna reflection coefficient is reported in Figure 14. Radia-
tion pattern measurements were performed in the anechoic
chamber using an Otbit/FR antenna positioning system with
the set-up shown in Figure 15. The far-field gain pattern of the
antenna under test (AUT), being the rampart line antenna
prototype, is retrieved by means of a gain transfer procedure
[41]. First, a free space far-field link was set up between
the AUT and a UWB horn (R&S HF906 oriented towards the
AUT) with their phase centres separated by 4.60 m. Using a
calibrated Keysight N5242 B PNA-X vector network analyser
and the antenna positioning system, the two-port scattering
parameters for various otientations of the AUT are measured
for both horizontal and vertical polarizations of the UWB
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FIGURE 10 Main beam pointing directions of a rampart line antenna

with the geometry of Figure 1b designed on a substrate of RT duroid 6202
(&, = 2.90 and tand = 0.0015 at 10 GHz), with b, = 0.762 mm,
a=52mm, W=35mm,[=-55mm,d=06mm,and » = 16.5 mm
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FIGURE 11 Main beam pointing directions of a rampart line antenna

with the geometry of Figure 1b designed on a substrate of Rogers
RO4003C (g, = 3.55, tand = 0.0027 at 10 GHz), with by, = 1.524 mm,
a=52mm, W=35mm,/=—-65mm,d =7 mm, and » = 142 mm

horn, yielding the uncalibrated gain pattern of the AUT. Sub-
sequently, the rampart line antenna prototype is replaced by a
standard gain horn (MI-12-5.8 and MI-12-8.2 [42]) such that
its phase centre is at the same position. By measuring the two-
port scattering parameters for a few well-chosen orientations
of the standard gain horn, the gain pattern of the AUT ob-
tained in the first step can now be calibrated, as the gain of the
horn is now accurately known. The calibrated far-field gain
patterns of the rampart line antenna in the upper-half-space
(@ < 90°, see Figure 2) from 7.3 to 8.3 GHz ate shown in
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FIGURE 13 Simulated and computed normalized gain of the realized
rampart line antenna

Figures 16 and 17. A good agreement can be noticed between
simulations and measurements with a minor discrepancy
around @ = 90°. This may be attributed to the fact that
simulations did not consider the presence of the feeding cable.
Figure 18 represents instead the simulated and measured
antenna gain and main beam direction as a function of the
frequency. While measured data refer only to the antenna
operating band (7.3-8.3 GHz [1]), the simulated points also
report the value inside the range 6.9-7.2 GHz to show the
antenna behaviour while the beam is pointing towards
broadside. This kind of antenna is known for the open stop

Reflection Coefficient (dB)

| |
7.3 7.5 7.7 7.9 8.1 8.3
Frequency (GHz)

FIGURE 14 Simulated and measured reflection coefficient of the
realized rampart line antenna
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'

—= aa
= b ;

(b)

FIGURE 15 Photo of (a) complete set-up and (b) designed antenna
prototype on a dielectric easel

band effect that is responsible for suppressing radiation at
broadside. This phenomenon can be described from a LWA
point of view through the use of the Bloch-Floquet theorem
[26, 28, 29, 43, 44], but also from a PAA point of view. In
the latter, small reflections from the radiating elements and
the phase shifters will add in phase at the broadside frequency
and create a backward wave, causing a high attenuation [21].
As it is possible to see, with the proposed solution the an-
tenna gain remains reasonably constant while the beam points
towards broadside. At 7.3 GHz, the gain reduction is
about 1 dBi.
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6 | CONCLUSION
This work focuses on rampart line antennas as a compact
and low-cost solution for applications requiring frequency-
steering of the main beam direction. An analytical model
based on 1-D array theory was proposed. The radiation

f(GHz)
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73

—90 —60 —30 0 30 60 90
Theta (°)
FIGURE 16 Simulated and measured gain of the realized rampart line
antenna

C))

Gain (dBi)

—20

(d)

FIGURE 17

(b)

(e)

sources are associated with the bends and represented by
magnetic dipoles with the same orientation as the corners,
while interconnecting microstrip lines determine the phase
shifts and attenuations between these radiators. Contrary to
previously proposed models, the effective distance between
two radiators is computed by taking the equivalent length of
the bends into account instead of their physical distance.
Furthermore, the proposed model can be easily adapted to
different antenna configurations by solely modifying the
dipole orientation according to the disposition of the corners.
The model has been tested for several substrate relative
permittivity values ranging from 2.9 to 6.45. An alternative
geometry has been proposed that is obtained by flipping half
the periods of the structure around the y-axis in Figure 2.
Using this solution, the coupling is influenced only by the
microstrip lines in the x-direction belonging to the same
periods and not those of the adjacent periods. Therefore, this
configuration provides a solution when wide scan ranges in
narrow frequency bands are required, for which the distance
between the x-direction-oriented antenna lines must be
drastically reduced. A prototype of the antenna with the
proposed geometry has been realized and characterized,
validating its performance. Both the reflection coefficient as a
function of frequency and the far-field radiation patterns at
multiple frequencies were measured. The computation time
of the model implemented in software is orders of magnitude
smaller than a run with a full-wave analysis program, making
design optimization easier.

Gain (dBi)
Gain (dBi)

—20

U]

3-D gain measurement in the upper-half-space at (a) 7.3 GHz, (b) 7.5 GHz, (c) 7.7 GHz, (d) 7.9 GHz, (¢) 8.1 GHz, and (f) 8.3 GHz
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where P = 2d + [ + 2W is the period of the structure, and A
and D are the elements of the ABCD matrix of the unit cell
obtained from the scattering parameters with conventional
conversion formulae [35]. According to the Bloch—Floquet
theorem, the wave numbers of space harmonics that can
be excited in a LWA can be expressed as [45—47].
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see that no strong variation in the attenuation constant
appears while the beam is pointing towards broadside
(7.3 GHz), thus confirming the results of Figure 18, where
only a moderate gain reduction can be observed at this

TABLE 1 Absolute error in the main beam pointing direction and
3 dB beamwidth with the proposed model (PAA) and the leaky-wave
antenna (LWA) model

L) Abs45 (°)
Frequency (GHz) PAA LWA PAA LWA
7.3 0.69 2.26 0.57 1.89
7.5 0.29 1.66 1.26 2.89
7.7 0.52 0.68 1.43 2.78
7.9 1.60 0.73 2.35 3.07
8.1 2.12 0.74 3.67 3.86
8.3 2.81 1.45 4.01 6.03

Abbreviations: LWA, leaky-wave antenna; PAA, phased array antenna.
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frequency. The main beam pointing direction can be
computed considering

mww:%? (19)

while the main 3 dB beamwidth results from [48, 49].

Osi = O — arcsin (B, [k = 1y(An) /L), (20)

where L,, = koPN/2, A,, = a/kyL,, and

ty(An) = 1.3915(1 = tanh(q,A,)) + Ay tanh(p,A,) (21)

with g¢; = 0.021 and p; = 0.21. Table 1 shows the absolute
value of the error in the main beam pointing direction
(Af,) and in the 3 dB beamwidth (Af348) obtained
comparing the CST results with the one proposed and the
LWA model. It can be seen that the proposed model re-
sults are comparable to those obtained with the LWA
formulation, with the advantage that with our model,
the solution can be obtained solely with knowledge of the
geometric parameters without requiring simulation of the
unit cell.
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