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PAPERS

A novel planar, broadband, high gain lateral wave
antenna array for body scanning applications

Fikret Tokan1 , Daniele Cavallo2 , Andrea Neto2

Three-dimensional body scanning systems are increasingly used in sensitive public areas such as airports. By providing
a high resolution image of a person from all sides, it is possible to detect potential metallic, ceramic and explosive threats.
For these systems, it is essential to design broadband antennas with a fan beam, highly directional radiation in one plane
and wide in the other plane, and characterized by phase center stability as a function of frequency. In this paper, the
planar lateral wave antenna (LWA) array is proposed to achieve these radiation requirements. The LWA has two critical
shortcomings: the flaring part and the dielectric matching layers (MLs), to operate over very broad frequency bands. In this
work, these shortcomings are overcomed by forming a connected array of planar LWAs to improve broadband performance
and by applying necessary perforations on the dense dielectric lens antenna to create different effective relative permittivity
regions. An eight element connected and perforated LWA array is designed to operate in the 8–24GHz frequency band. The
drilled holes are proved to play a similar critical role of MLs in internal reflection suppression. The results emphasize all
crucial demands for body scanning systems.
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1 Introduction

In the field of security screening, new imaging tech-
nologies are being developed for the detection of con-
cealed weapons or explosives, in order to protect the civil-
ians in sensitive public areas such as airports. Millimeter
wave (mm-wave) three-dimensional body scanning sys-
tems are the most promising ones since modern threats
including plastic or ceramic handguns and knives, as well
as extremely dangerous plastic and liquid explosives, can
be detected with high resolution images. Besides, it is
not harmful for human since mm-wave radiation is a
non-ionizing solution that is considered safe [1]. Three-
dimensional body scanning systems are typically realized
with linear arrays composed of separate antenna elements
capable of providing a highly focused beam in one plane
and a broad fan beam in the other plane [2]. This is be-
cause the lateral resolution is defined in one plane by
the narrow beamwidth of the antenna array and in the
other plane by a mechanical sweep and synthetic aper-
ture imaging techniques. Flat lens concepts have been
proposed to achieve fan-beam radiation patterns in [3, 4],
but most designs operate over limited frequency ranges.
A concept to achieve a flat lens with wide bandwidth
was proposed by these authors in [5] and was referred to
as the lateral wave antenna (LWA). The LWA provides,
over a broad frequency bandwidth, highly directive radi-
ation in one plane, broad beam in the other plane and
phase center stability as a function of the frequency. In-
deed, when phase centers of radiation for each of the
orthogonal planes move as a function of the frequency,

time consuming compensation algorithms should be em-
ployed [5]. In this work, the scope is to introduce an array
of LWAs, with the aim to reduce the complexity of the
antenna in terms of assembly and manufacturability. The
structure of LWA, shown in Fig. 1, consists of a dielec-

tric filled parallel plate waveguide (PPW) that supports
the propagation of a TEM wave. To convert the cylin-
drical wavefront propagating in the PPW into a planar
wavefront, the structure is truncated to become a pla-
nar lens. High dielectric material εr = 9.8 is chosen as
dielectric material to couple most of the power from the
feed points into the dielectric. However, when the relative
permittivity of the selected lens material is high, consid-
erable amount of internal reflections occur at the high
dielectric-air interface [6, 7]. The internal reflections dete-
riorate the return loss and the radiation characteristics of
the antenna. Thus, in order to reduce the internal reflec-

tions and consequently achieve a broadband impedance
matching, three matching layers are added at the open
end of the lens structure. Moreover, in order to facili-
tate the smooth transition to free space, a short metallic
flaring is also added after the matching layers. The mea-
surement results of LWA highlighted highly directive fan
beam radiation and frequency stable phase centers, over
a bandwidth exceeding 3:1 [5]. Lateral wave excitation
and the radiation mechanism (Cherenkov radiation) of
the antenna are investigated in [5] and are not repeated
here, for the sake of brevity.

Although the LWA satisfies the above mentioned nec-
essary requirements for three-dimensional body scanning
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Fig. 1. Quasi-planar lateral wave antenna

Fig. 2. The reflection coeffients of LWA with three different design
scenarios: With both flaring and MLs, without flaring and without

flaring and MLs

antenna system, it has two critical shortcomings that in-
crease the complexity of the assembly during manufac-
turing: (1) the flaring part and (2) matching layers. The
metallic flaring is added to allow radiation, so that the
open end of the PPW is at least half a free space wave-
length at the lowest operational frequency. Therefore,
the antenna structure is quasi-planar and it cannot be
manufactured resorting to standard printed circuit board
technology. Adding matching layers is also required to
implement a smooth transition to air and consequently
achieve broadband impedance matching. Possible para-
sitic effect due to air gaps between these layers can be-
come problematic especially for high frequency applica-
tions [8]. Besides, adding three different MLs increases
the manufacturing cost of the antenna due to bonding
processes. The necessity of both flaring part and MLs for
broadband impedance matching is highlighted in Fig. 2.
It is clear from Fig. 2 that the reflection coefficient of
the LWA without flaring and MLs has the highest value,
which is above -5 dB in the whole frequency band. When
MLs are added at the radiating end of the antenna, but
still without flaring, the reflection coefficient is slightly
decreased. However, this level is still higher than -10 dB

within the broad frequency band. When including also
the metal flaring structure, the LWA achieves a reflection
coefficient lower than −10 dB in the 8–24GHz frequency
band.

In this work, a novel, planar, broadband, high gain
lateral wave antenna array is proposed and designed in
8–24GHz frequency band. The array elements do not ne-
cessitate flaring parts and MLs with different dielectrics.
Thus, a fully planar printed circuit board implementation
is obtained. This is achieved by composing a connected
planar LWA array. It is shown that mutual coupling be-
tween array elements is essential and has a beneficial ef-
fect for broadband operation. Furthermore, a perforated
structure is obtained by drilling holes in the dielectric slab
to approximate lower effective dielectric constants and re-
alize a smooth transition between dielectric and air. By
drilling holes in the lens core of the LWA, only one dielec-
tric material is used in the design rather than using one
material as lens core and three different materials as MLs.
The separation between the holes is kept small compared
to the operating wavelength; under this assumption, the
perforated dielectric substrate can be approximated as an
equivalent uniform dielectric with a desired relative per-
mittivity. These design improvements decrease the cost
and complexity of the manufacturing process and makes
the connected planar perforated antenna array a perfect
candidate for 3-D body scanning systems. The analysis of
the dielectric lens antennas is carried out using three di-
mensional full-wave electromagnetic (3-D EM) simulator
of CST Microwave Studio time-domain solver [9].

The proposed antenna can be compared to horn anten-
nas which can also be used for the considered application.
However, while H-sectoral horns also provide a fan beam
radiation, they are characterized by smaller frequency
bandwidth compared to the presented solution [10, 11].
This is mainly due to the waveguide feed that limits
the relative bandwidth. Although Transverse Electromag-
netic (TEM) horn has been demonstrated to achieve ex-
cellent bandwidth [12, 13], this solution is known to be
affected by a shift of the phase center as a function of
frequency. One of the advantage of the proposed solution
with respect to TEM horn is the non-dispersive behavior,
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Fig. 3. Connected LWA array with its feeding structure, each element has three MLs

Fig. 4. Possible implementation of the feeding network: (a) – three-dimensional perspective view; (b) – exploded view of the multi-layer
stack up

since the phase center location of the lateral wave radia-
tion mechanism is independent from the frequency [14].

2 Connected LWA array

In standard narrowband array designs, the objective
is to keep low mutual coupling between the radiating ele-
ments not to alter too much the performance of each iso-
lated element. In recent years, a new approach has arisen
for the design of broadband arrays, in which high mutual
coupling between the array elements is intentionally in-
troduced to enhance the bandwidth [15–18]. A simple way
to enhance the coupling between neighboring elements is
to bring them closer to each other. A connected array
can be briefly described as an array of antennas which
are electrically connected to each other. Therefore, in this
work we stack several lateral wave antennas together in a
connected array environment, with the aim of achieving
broadband impedance matching thanks to the enhanced
mutual coupling.

2.1 Array design

A connected array composed of LWAs is designed, as
shown in Fig. 3, with its feeding structure. Each LWA

consists of a parallel plate waveguide structure made of
copper, σ = 5.8 × 107 filled by Rogers TMM10i with
relative permittivity εr = 9.8 and dielectric loss tan-
gent value of 0.0022. Physical dimensions of each ele-
ment are adjusted for the target operation bandwidth
of 8 to 24 GHz. The thickness of each array element,
h = 2.54 mm and total thickness of the array (8 × h)
is 20.32 mm. This total aperture size is almost equal to
the width of the flaring (Wf ), shown in the original sin-
gle antenna design in Fig. 1. Thus, the total height if
the array is at least half of the free space wavelength
at the lowest operational frequency. The shape of each
PPW consists of a semi-circular part, with radius R
which is 40.25 mm, and a rectangular extension base,
characterized by E = 0.35R , to approximate an ellip-
tical profile. Three matching layers are utilized to sup-
port free space radiation formed from dielectric materials
RogersTMM6 (εr = 6.3, loss tangent= 0.002), Roger-
sTMM4 (εr = 4.7, loss tangent= 0.0027) and Rexo-
lite (εr = 2.54, loss tangent= 0.0009) and thicknesses
a = 1.77 mm, b = 2.65 mm, c = 3.79 mm, respectively.

The feeding structure of the array is composed of
8 lumped ports, one for each slot, that are connected to
a bow-tie tapered transition to improve matching per-
formance, as shown in the inset of Fig. 3. This feeding
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Fig. 5. Active S-parameters of the connected array elements
(a) – with MLs, (b) – without MLs

supports the lateral wave propagation on the interface
between free space and the dielectric. A possible imple-
mentation of the feed is depicted in Fig. 4. It consists
of 8 tapered feeds with a co-planar waveguide excitation,
connected through vias to a lower metal layer, where a
microstrip corporate feed network is used to provide a
1-to-8 power combiner.

2.2 Active S-parameter calculations

While the conventional impedance matching parame-
ter for an antenna element is S11 , in an array environ-
ment, the active reflection coefficient should be investi-
gated. It can be described as the percentage of power re-
flected back from the radiating element when all array ele-
ments are simultaneously excited. Considering equi-phase
and equi-amplitude excitation of the array for broadside
radiation, the active reflection coefficient Γm can be cal-
culated as follows [18]:

Γm(θ) =

N∑

n=1

Smne
−jknd sin θ , (1)

where k = (2π/λ), m is the index indicating the mth ar-
ray element and Smn is the transmission coefficient from
port n to port m . d is the spacing between the array
elements and θ is the beam steering angle. In our appli-
cation all array elements radiate to broadside direction,

thus θ is taken as zero in active reflection coefficient cal-
culations. In this equation, the mutual coupling between
array elements is taken into account, thus an array ele-
ment can achieve broadband active impedance matching
even if it has poor isolated S11 . Indeed, the LWA with-
out flaring part has very poor reflection coefficient value
as demonstrated in Fig. 2. However, as shown in Fig. 5(a)
in a connected array environment, active reflection coeffi-
cients of each array element are lower than −10 dB in the
operation frequency band, thanks to the favorable cou-
pling effect between elements. The elements of the con-
nected array are enumerated from bottom to the top of
the structure.

Thus, the variation of Γ1 with frequency is obtained
for the bottom element of Fig. 3. Due to the symmetri-
cal placement of each element with respect to the center
of the array, the curves Γ1 , Γ2 , Γ3 and Γ4 are equal
to Γ8 , Γ7 , Γ6 and Γ6 , respectively. When an array is
large enough, the central element performs similar to an
element embedded in an infinite array, whereas the edge
elements of a finite array behave differently from the in-
ner ones. These finite edge effects are clear from Fig. 5(a),
where the active reflection coefficient of the edge element
Γ1 has the highest value. However, all the active reflec-
tion coefficient remain lower than −10 dB, within the fre-
quency band under consideration.

Figure 5(a) demonstrates that each of the planar ele-
ments can achieve broadband impedance matching in the
connected array environment without need for the flar-
ing parts. The active reflection coefficients of the array
elements when the MLs are not employed at the open
end of the lens structure are reported in Fig. 5(b). It can
be observed that the active reflection coefficients of the
array elements are excessively high due to the dielectric
contrast at the high dielectric-air interface. Figure 5(b)
proves the necessity of MLs for smooth transition of ra-
diation to free space in high dielectric applications.

2.3 Influence of matching layers on power flow inside

the connected array

In dense dielectric lens antennas, deterioration in ra-
diation characteristics occurs due to the strong internal
reflections inside the lens. The intensity of these internal
reflections is directly proportional to the dielectric con-
trast between lens and air. The influence of strong inter-
nal reflections on the active reflection coefficient of each
array element is illustrated in Fig. 5. The power reflected
from the dielectric-air interface corrupts the radiation
characteristics as well as the return loss. The Poynting
vector inside the connected LWA array with and without
MLs is shown in Fig. 6. The reflected power is simulated
using CST software. The power flow given in Fig. 6(a)
demonstrates the presence of Cherenkov radiation in to
the dense dielectric. Thanks to the properly applied di-
electric MLs to the top of the connected LWA elements, a
smooth transition is achieved from dielectric to free space.
The power inside the connected LWA elements cannot be
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Fig. 6. Power flow for connected LWA elements: (a) – with three MLs, (b) – without MLs

Fig. 7. The influence of dielectric MLs on the total efficiency of: (a) – planar LWA; (b) – connected LWA array

directed to the broadside direction properly in the with-
out MLs design, as highlighted in Fig. 6(b). When power
flows in Fig. 6(a) and (b) are compared, it can be easily
observed that not only the strength but also the amount
of the internal power reflections are considerably higher in
the array design without MLs. The power reflected from
the dense dielectric-air interface will contribute to radia-
tion to arbitrary directions rather than to broadside di-
rection, therefore side lobe levels of the radiation pattern
will dramatically increase when MLs are not employed to
the top of the connected LWA array elements. In Fig. 7,
total efficiency variations of the planar LWA and the con-
nected LWA array with and without MLs are given. The
efficiency includes ohmic and mismatch losses. The total
efficiency of planar LWA without MLs is around 0.2 at
the whole operation frequency band where the total ef-
ficiency is between 0.3 and 0.5 in the same frequency
band when three MLs are employed as given in Fig. 7(a).
Higher total efficiency value is obtained when MLs are
utilized since impedance mismatch loss of planar LWA
is considerably higher without dielectric MLs as given in
Fig. 2.

The total efficiency of connected LWA array without
MLs has the highest value of 0.7 at the lowest frequency
of the operating frequency band and this value decreases
to 0.48 at the highest frequency of the band due to in-

crease of dielectric loss with the frequency. Besides, the
total efficiency of the connected LWA array with MLs is
almost 0.1 higher since the return loss of array elements
with MLs are considerably lower than the array elements
without MLs as given in Fig. 5(a). Due to the increase
in dielectric losses of an antenna at high frequencies, the
total efficiency of connected LWA array highlighted in
Fig. 7(b) decreases to 0.6 at 24 GHz.

3 Perforated LWA array design

When dealing with dense dielectric materials, internal
resonances are excited within the lens, resulting in gain
reduction, beam distortions and increase of side lobes as
well as significant deterioration of the input impedance
of each radiating element [19]. The most common way to
considerably minimize these undesirable effects for nar-
rowband applications is coating the top of the antenna
with quarter-wave dielectric layer [8]. In wideband ap-
plications, a multi-layer coating having optimized thick-
nesses should be applied [20]. This approach requires the
fabrication of different dielectric materials and the assem-
bly of the multi-layer structure to top of the lens surface.
In elliptical lens types such as the LWA, small air gaps
may remain between the lens and the coating due to the
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Fig. 8. Perforated LWA structure designed for 8–24GHz Fig. 10. The active S -parameters of perforated LWA array ele-
ments

Fig. 9. Perforated dielectric material structure with: (a) - triangu-
lar, (b) – square lattices

inaccuracy of the surface curvatures. Placing linear or
circular corrugations on the open end of lens surface can
be a reasonable solution to significantly reduce these un-
desirable internal reflection effects [21]. Strong internal
reflections can also be minimized using wave transform-
ers made of homogeneous [19] or artificial [22] dielectrics
at the top of the lens antenna. In this work, a perfo-
rated structure is designed by drilling periodic holes in
the dielectric slab to create regions of equivalently lower
dielectric constants. In this way, only one dielectric ma-
terial is used in the design rather than using one material
as lens core (εr = 9.8) and three other different materi-
als (εr = 6.3, εr = 4.7 and εr = 2.54) as MLs. These
design improvements can decrease the cost as well as the
complexity of the manufacturing process.

3.1 Perforated dielectric design

The high dielectric lens core of LWA is extended as
much as the width of MLs given in Fig. 3, for the per-
forated design. The radius of the semi-circular lens R ,
width of dielectric extension E and thickness of dielec-
tric lens h given in Fig. 5 are set as 40.62 mm, 0.35×R
and 2.54 mm respectively. The widths of MLs are also re-
calculated to for the target bandwidth as a = 1.77 mm,

b = 2.65 mm, c = 3.79 mm. Hence, the total radius of
semi-circular part of the lens is equal to R+ a+ b+ c =
48.83 mm. The perforated LWA is obtained by drilling
holes in the extended part of lens surface as given in
Fig. 8.

The effective relative permittivity of a dielectric ma-
terial can be altered by perforating the substrate. The
perforation is implemented as uniform square lattices for
the first and second ML regions and as a triangular lattice
of holes drilled through the high dielectric substrate for
the third ML region. In this way, a higher air filled volume
and consequently a lower effective relative permittivity is
achieved in the third ML region by applying a triangular
lattice, since the holes can be packed closer than for the
corresponding square lattice [23]. A perforated dielectric
substrate with either a rectangular or triangular lattice
is depicted in Fig. 9. The dielectric perforation is per-
formed with air holes, and for simplicity, each hole of the
ML regions has a uniform diameter through the layers.
To approximate the perforated dielectric as homogenous
at the desired operating frequency band, the lattice spac-
ings d and hole radius of each layer region r1 , r2 , r3 are
limited to half of the guided wavelength at the highest
frequency [24]. The density of perforations in the sub-
strate controls the effective relative permittivity of each
region. In order to derive equations based on these mod-
els, a unit cell concept is adopted for both triangular and
square lattices as given in Fig. 9. The effective relative
permittivity εeff of each region can be calculated by the
following equation if we consider the orientation of elec-
tricfield perpendicular to the axis of perforations [25]

εeff = εm + 2fεm
εi − εm

εi + εm − f(εi − εm)
, (2)

where εm and εi are relative permittivies of lens mate-
rial and air, respectively and f denotes crucial parameter
of the porous materials called porosity or simply a vol-
ume fraction. The porosity lies between 0 and 1 and is
often given in percent. It can be defined as π(r2/d2) and
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Table 1. Perforation characteristics applied to the LWA

ML region Lattice type εeff f1 Hole radius (mm) Number of holes

1-st square 6.3 0.58 0.45 342

2-nd square 4.7 0.71 0.5 649

3-rd triangle 2.84 0.78 0.4 1232

πr2/d2 sin(π/3) for our square and triangular lattices, re-
spectively. Considering polarization of electric field par-
allel to the axis of perforations, the effective relative per-
mittivity is determined as

εeff = fεi + (1− f)εm . (3)

Each of the planar LWAs in Fig. 3 needs three dielec-
tric matching layers to support a smooth transition to
free space in broad frequency band. The relative dielectric
constants of the utilized dielectric materials are 6.3, 4.7,
2.54, thus it is aimed to obtain these effective permittivity
values in each matching layer region by appropriate hole
spacing. In the first ML region, 342 holes having 0.45 mm
radius are considered to approximate the relative permit-
tivity of region to 6.3 which corresponds to 0.58 vol-
ume fraction of air; 649 holes with 0.514 mm radius
are obtained in the second ML region. Here, greater air-
dielectric volume ratio of 0.71 is used to approximate 4.7
relative permittivity value. In the outermost ML region, a
triangular lattice is selected since lower effective relative
permittivity values can be achieved. Namely, when a tri-
angular lattice of perforations is applied to a dense dielec-
tric material, with εr2 = 9.8 and r/d = 0.475, εeff = 2.84
can be obtained, while for the same r/d value and a
square lattice, an effective relative permittivity value of
3.2 occurs. Thus, 1232 holes are drilled in the outermost
layer region of the lens. The radius of the holes is 0.4 mm
and the effective relative permittivity of the region is ap-
proximately 2.84. It should be noted that by drilling ex-
tra narrower cylindrical holes between the larger holes in
the material, it is possible to create a lower εeff value.
However, drilling narrower holes next to wider holes will
remove the simplicity of perforation process. The number
of holes, their radius in each ML region and the synthe-
sized effective relative permittivity values of the regions
are given in Tab. 1. The radius of the circular holes is de-
termined considering the machining accuracy (generally
0.1 mm). It is clear from Tab. 1 that the volume ratio of
air is 0.78 which yields an effective permittivity of 2.84.

Although this value is higher than the target value of
2.54 for the outermost region, the active S-parameters of
perforated LWA array elements given in Fig. 10 proves
that the perforations on the dense dielectric lens material
play a similar crucial role of the homogeneous dielectric
MLs. The active S -parameters of the perforated LWA
array elements are shown in Fig. 10 to achieve broadband
impedance matching. Note that since VSWR describes
the power reflected from the antenna which is the function

of the reflection coefficient, the active VSWR level of

each antenna element of the perforated LWA array will

be lower than 2 in the whole operation frequency band.

4 Radiation characteristics of

connected and perforated LWA array

In this section, the radiation characteristics of con-

nected and perforated LWA array are investigated by

comparing radiation patterns and directivity versus fre-

quency. The simulated radiation patterns of connected

and perforated LWA array at three frequencies within

the operating bandwidth are reported in Fig. 11, for H-

and E-planes. It can be observed from Fig. 11(a) that

the θ3dB beamwidth of radiation pattern decreases from

±5◦ to ±2.9◦ with the increase of frequency from 8 to

24 GHz. Similarly, θ3dB beamwidth of radiation pattern

in E-plane (given in Fig. 11(b)), varies ±32.5◦ to ±20◦

within the operating bandwidth. These results character-

ize the directive radiation of connected and perforated

LWA array in one-plane and the desired fan-beam char-

acteristic in the other plane which is necessary for 3-D

body scanning systems. The interferences of multiple re-

flections within the lens result in oscillation of the direc-

tivity curves in absence of dielectric coatings [26]. The

directivity variations with frequency in Fig. 12 show that

there are no ripples in the directivity curves. This proves

the effectiveness of the flaring part in the quasi-planar

antenna, the three MLs or the perforations in connected

arrays in avoiding reflections at the lens top interface.

At higher frequencies up from 18 GHz, the directivity of

the perforated array remains stable up on 18 GHz. In

dense dielectric lens antenna applications although the

MLs or other types of coatings prevent strong reflec-

tions, 3-dB beamwidth can still significantly vary with

frequency. However, the directivity variation of perforated

array highlights the frequency stability of the main beam

between 18 GHz and 24 GHz frequencies. One can note

that the single antenna has comparable gain with respect

to the array, since it is terminated with a metal flaring

which implements matching to free space and increases

the gain. The flaring is not used in the array design,

where a similar gain improvement is obtained with the

array factor.
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Fig. 11. Normalized radiation patterns in: (a) – H -plane, and (b) – E -plane at the frequencies 8, 16 and 24 GHz

Fig. 12. Broadside directivity values with respect to frequency

5 Conclusion

We presented the design of a broadband dielectric lens
antenna array, based on the lateral wave radiation phe-
nomenon. The antenna consists of a number of PPW
elements realizing two-dimensional focusing structures,
stacked in an array configuration. The overall height of
the stack is 0.54λ at the lowest frequency of operation,
thus it is large enough to enable radiation in free space,
without the need of additional metal flaring. Therefore,
while each individual PPW element would be strongly
mismatched at its open end, the assembly of more ele-
ments in a connected array environment allows achieving
very broadband impedance matching, from 8 to 24 GHz.
We showed that multiple dielectric MLs play a crucial role
to reduce internal reflections. Nevertheless, this approach
requires the use of different materials fabricated and as-
sembled to the lens surface with the risk of creating air
gaps between the lens and the coating due to the toler-
ance of the surface curvatures. Thus, proper perforations
are employed to the top of lens material to approximate
lower effective dielectric constant regions. The connected
array accomplishes the frequency stability of radiation
patterns at high frequencies of the operation band. Sim-
ulation results were shown to assess the effectiveness of

the design improvements, aiming at decreasing the cost
and complexity of the manufacturing process. The pre-
sented antenna array is a promising design to be used in
three-dimensional body scanning systems.
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