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The Ultrawideband Leaky Lens Antenna
Simona Bruni, Member, IEEE, Andrea Neto, Member, IEEE, and Filippo Marliani

Abstract—A novel directive and nondispersive antenna is pre-
sented: the ultrawideband (UWB) leaky lens. It is based on the
broad band Cherenkov radiation occurring at a slot printed
between different infinite homogeneous dielectrics. The first
part of the paper presents the antenna concept and the UWB
design. The issues that are specifically addressed include the
impedance matching, the radiation pattern and the phase purity.
Subsequently the hardware demonstrator and the results of the
measurement campaign are shown. The results fully validate
the antenna concept. The antenna presents decade bandwidth
impedance matching, directive and frequency independent pat-
terns in the -plane over two octaves, negligible cross-polarization
levels, weak amplitude dispersivity and, according to the authors,
the most stable phase center for a directive antenna over an ultra
wide frequency range.

Index Terms—Cross polarization, pulse excited antennas,
transfer functions, ultrawideband (UWB) antennas, ultrawide-
band radiation.

I. INTRODUCTION

RECENTLY, the United States Federal Communication
Commission opened the spectrum from 3.1 to 10.6 GHz,

permitting the use of a new unlicensed radio transmission
technology, the ultrawideband (UWB) systems. UWB systems
entail temporarily short pulses, below the nanosecond, and
occupy a wide band with the only restriction to limit the radi-
ated emissions levels. In addition the European Commission
is following the same road and has been allocating the bands
from 3.4 to 9 GHz for UWB systems.

Antennas act like filters and are critical elements in the signal
flow for UWB systems. Antennas operating in UWB scenarios
face the difficulty to maintain invariable performances, i.e.,
phase linearity, radiation efficiency and impedance match over
large bandwidth. One typical problem is the “ringing effect,”
i.e., the sub-nanosecond pulse is spread in the time domain
and the wave form is altered resulting in the consequent dete-
rioration of the time resolution of the system. Hence, the ideal
impulse response shall show low amplitude and negligible
phase distortion. This latter, being the most critical requisite,
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demands the conception of antennas with fixed phase centers
and nondispersive feeding networks. Hence, base station an-
tennas with high directivity may be used for high speed data
networks.

Most, if not all, existing antennas can meet only a subset of
the requisites listed above. They suffer from various types of
limitations. One of the most successful examples, the Vivaldi
antenna, typically trades off the bandwidth with high cross po-
larization levels (that can also be viewed as losses of efficiency)
and the phase center stability, [1], [2], even more so when the
aim is high directivity as in the long tapered slot (LTS) configu-
rations[3]. In [4] these problems seem to be solved with a bril-
liantly arranged log periodic antenna that also achieves a mod-
erate 11 dB directivity. However, a log periodic arrangement of
dipoles intrinsically gives rise to phase dispersivity.

In [5], a novel UWB leaky lens antenna has been introduced.
This antenna is weakly dispersive in amplitude and phase, polar-
ization pure, reasonably efficient and directive. It is an evolution
of the one presented in [6], where the first prototype of a leaky
lens antenna had been presented. Leaky lenses are based on the
almost frequency independent Cherenkov radiation mechanism
occurring on a slot printed at the interface between two different
dielectrics [7], [8]. If the two media are free space and a dense
dielectric, radiation occurs primarily in the dielectric. This type
of leaky radiation does not suffer from the typical dispersion
effects that characterize all previously proposed leaky wave ra-
diation mechanisms.

In this paper, the UWB leaky lens antenna and the physics be-
hind its design are described in depth. The first part of the paper
includes the antenna concept and the guidelines for the UWB
design. The issues that are specifically addressed include the
directivity, the impedance matching and the phase purity. The
tradeoffs are described based on the discussion of physical con-
siderations, analytical approximations as well as full wave nu-
merical simulations. The hardware demonstrator and the results
of the intense measurement campaign are subsequently shown.
The results validate the antenna concept.

II. ANTENNA CONCEPT

The leaky wave radiation that occurs at an infinite slot etched
on a ground plane that separates two different infinite dielectrics
and is fed at a central point is intrinsically an UWB phenom-
enon. As explained in [8], in the canonical problem the radi-
ated power is split in two conical beams. Each of the two beams
forms an angle with the slot. This angle sets the shadow
boundary line that defines the existence region for the leaky
waves emerging from the slot, see Fig. 1(a). In order to achieve
an unidirectional beam the two halves of the ground plane need
to be tilted [Fig. 1(b)] as described in the following.

0018-926X/$25.00 © 2007 IEEE
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Fig. 1. Side view (H-plane cut) of the leaky waves existence zones: (a) in a
planar structure (b) in a bent structure.

To estimate the main beam angles one can approximate the
magnetic current distribution in each cross section of the slot as

(1)

where is the dimension transverse to the slot, [7]. Then, for
slots sufficiently narrow, where is the wave-
length in the denser medium, the leaky wave propagation con-
stant, can be approximated as follows:

(2)

where

(3)

Here , are the propagation constant and characteristic
impedance of free space and , for ,2, are the propagation
constants in the two media of dielectric constant . Also,

and the derivative of can be written
in analytical form (see [7]).

The real and imaginary parts of the propagation constant as
a function of the frequency are shown in Fig. 2(a) and (b), for

, and .

Fig. 2. Normalized propagation constant (a) and attenuation constant (b) of
the leaky wave as a function of the frequency when � = 1, � = 3:27 and
w = 0:25 mm.

As explained in [7], [8], the angle formed by a leaky
wave with the corresponding slot is almost constant with
frequency, . If the metallic plane is bent
in correspondence of the feed, as shown in Fig. 1(b), the two
shadow boundaries associated to the leaky waves coalesce and
the resulting beam is unique at least in the , plane.

In the bent structure, the diffracted fields, denominated space
waves in [8], have a lower impact and will not be considered
in the design. We will not give analytical proof of this opera-
tive hypothesis that instead will be validated by simulations and
measurements. In the planar case, [8], the space waves emerging
from the source, asymptotically play the role of providing conti-
nuity to the shape of the pattern radiated by the slot. Beyond the
shadow boundary angles, see Fig. 1(a), the field would be zero if
it was not for the space waves; thus a nonphysical discontinuity
would exist. In Fig. 1(b) the shadow boundaries associated to
each of the two leaky waves coalesce at broadside. When one
leaky wave ceases to exist, it is replaced by the specular one,
with respect to . Thus no discontinuity is to be found in
the field in absence of space waves. For this reason there are es-
sentially no space waves. This picture is valid in the , plane,
but it is more involved in the 3D case as will be discussed in
Section IV-A.

A. Lens Description

A practical implementation of this concept is depicted in
Fig. 3. The lens geometry can be thought of as the union of two
dielectric lenses. Each lens is obtained as a union of an infinite
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Fig. 3. Geometry of the UWB leaky lens antenna with simplified rays in the
central cross section. Inset: Side view.

set of cross section planes of truncated elliptical shape and
decreasing dimension. In the lower focus, each of the ellipses
contains a slot etched on a ground plane. The eccentricity of
each ellipse is , with the dielectric constant of the
lens. In correspondence with the junction of the two slots and
of the two original lenses, the shape of each one of the lenses
is altered in order to host a ground plane of width (see the
side view in the inset of Fig. 3). This ground plane hosts the
coplanar waveguide (CPW) transmission line that will feed the
unique slot.

For the sake of convenience the origin of the reference system
is in the center of the CPW ground plane.

In Fig. 3, a schematic and simplified representation of the ra-
diation inside the lens is given for each of the elliptical cross
sections. One can imagine that each of the leaky wave rays: a)
emanating from one point in the slot as explained in [8], lies in
the elliptical cross sections. Resorting to the description intro-
duced in [9] they can then be imagined to undergo the following
path: they are b) transmitted after the first interface (focusing
effect in the far field); c) reflected at the first interface; d) trans-
mitted at the second interface (unfocused); and e) reflected at the
second interface and refocused toward the slot. The first trans-
mitted rays, which carry most of the power due to small reflec-
tion at the lens-air interface, are all focused in the direction.
Asymptotically, only doubly reflected rays, which already lost
power in the first two transmissions, return to the focus (slot
line). This guarantees that the present lens simulates well the
ideally infinite dielectric configuration discussed in [7], charac-
terized by very low frequency dispersivity. The reader should
notice that, although simplified and therefore approximate, as
will be explained in Section IV-A, the ray description of Fig. 3
has constituted an essential support for the design of the UWB
leaky lens antenna

III. SLOT DIMENSIONING

The width and the length of the slot, combined with the di-
electric constant, constitute the parameters to be fixed in the de-
sign of the antenna illustrated in Section II. In order to prove the

Fig. 4. Circuit to evaluate the input impedance of the long slot as the shunt
connection of two infinitely extended transmission lines.

validity of the antenna concept it has been decided to limit the
maximum dimension of the lens to 16 cm. Consequently
each half slot was taken to be 13 cm. As a general rule the dielec-
tric constant should be relatively low so that reflections from the
dielectric air interface would be minimized. A reasonable choice
appeared to be , which is commercially available and
suited to be machined. Finally, the slot’s width remained to be
selected.

The attenuation constant of the leaky wave propagating along
the slot is significantly influenced by the width of the slot and
the frequency, as shown in Fig. 2. In order to minimize the trun-
cation effects, it is good engineering practice to size the slot
(length and width) in such a way that the power at the edges is
attenuated to one tenth with respect to the feed level (end-point
requirement). The end points constitute a source of space waves
which contributions appear relevant especially at lower frequen-
cies. In our design, we have relaxed the requirements on the pat-
tern purity and aimed at a good match over a large frequency
band, one decade. Consequently, we have sized the width of the
slot to guarantee the end-point requirement only above 7.5 GHz
but a good 50 ohm match between 4 and 40 GHz, as explained
in the following section.

A. Matching

As anticipated, the apparent degree of freedom in the slot’s
width disappears when the impedance matching of the slot is
accounted for. In the design of an antenna aimed at operating
over a decade bandwidth, it is not necessary to concentrate on
second order details as one would typically do when dealing
with narrow band antennas. Consequently, full wave simulations
are out of the scope. Instead, we have developed a simplified and
analytical formula for the input impedance of the leaky slot line
that was used in the optimization of the CPW to slot transition.

The bulk of the current that is fed to the long slot flows par-
allel to the slot and supports two leaky waves that propagate in
opposite directions (outgoing from the source). Accordingly, the
input impedance of the long slot can be approximated as the par-
allel of two equal characteristic impedances each associated to
one of the leaky waves, see Fig. 4. Overall, the input impedance
of the center fed slot can be expressed as

(4)

The characteristic impedance of a leaky transmission line can
be evaluated resorting to the method discussed in [10]. In the
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Fig. 5. Characteristic impedance of slot lines as a function of the slots width
in free space wavelengths. Comparisons for different permittivities: � = 10:2,
� = 3:27.

Fig. 6. Approximate input impedance of the slot with w = 0:25 mm from 4
to 40 GHz.

present case the evaluation turns out to be analytical and it can
be expressed as

(5)

is proportional to and this implies that the
characteristic impedance has both a real and imaginary part,
while nonleaky TEM lines would have purely real characteristic
impedances.

The characteristic impedance curve as function of the width
in terms of the wavelength is shown in Fig. 5. For a slot width

, Fig. 6 shows the approximation of the input
impedance of the slot for the frequencies from 4 to 40 GHz.
This result demonstrates that a CPW with characteristic

is well suited to feed the radiating slot under analysis
of width , which has finally been selected.

In order to validate this design procedure the antenna described
has been analyzed using two different commercial tools. The 3D
tool HFSS has been used up to a frequency of 10 GHz, while for
higher frequencies a completely planar structure has been ana-
lyzedusingAnsoftDesigner.Thereflectioncoefficientreferredto
the 50 Ohm line is shown in Fig. 7. It is apparent that the matching
is good for frequencies higher than 4 GHz. The most significant
differences between the results of the two commercial tools are

Fig. 7. Reflection coefficient, referred to 50 Ohm. Comparison between the
numerical results, calculated with HFSS and Designer, and analytical results,
calculated using the input impedance predicted in (4).

associated to the double reflections occurring at the dielectric air
interface [9], which are not included in the Designer simulations,
while they induce oscillations (of period less than 1 GHz) in the
reflections coefficient as a function of the frequency in the HFSS
results. The same oscillatory behavior had been observed in [6].
In addition to the two numerical simulations the prediction based
on our analytical expression, (4), is reported. It is clear that our
approximation matches fairly well the results of Designer. Small
differences arise for the lowest frequency ranges (in which case
the finite length of the slot also introduces an oscillation with fre-
quency) and for the higher frequency ranges, because designer
simulations have been performed accounting for the CPW slot
transition; the small piece of CPW lines introduces the very wide
oscillations (15 GHz period).

IV. -PLANE RADIATION PATTERN

The shape of the lens described in Section II-A was chosen
because it guarantees an -plane pattern weakly dependent on
the frequency. Since this is a very unusual characteristic for di-
rective antennas, this section will provide a physical mathemat-
ical demonstration of this property. A model for the -plane
pattern will not be given because in this plane the pattern is
frequency dependent as similar dielectric antennas of elliptical
cross section, [11].

A. Aperture Integration

With reference to the smaller elliptical cross sections drawn
in Fig. 8, the lens edges can be identified via a subtended angle,

. All rays charac-
terized by angles smaller than after a refraction at the di-
electric air interface are focused in broadside. The secondary
radiation pattern, the one outside the lens, can be evaluated re-
sorting to the standard aperture integration technique described
[13, Ch. 3 and 12]. The procedure involves the evaluation of
the Fourier transform (FT) of the electric and magnetic cur-
rents in the tetragonal aperture representing the projection of
the lens surface on the plane with respect to Fig. 8 (note

). In first approximation, it is assumed that the field
outside such tetragon is equal to zero.

An accurate estimate of the equivalent currents on the aper-
ture plane would involve the ray tracing of all rays propagating
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Fig. 8. Aperture integration domain and aperture reference system.

Fig. 9. Realistic picture of the direct rays emerging from every slot point.

in the lens. The tracking of all direct, reflected and multiple re-
flected rays can be quite cumbersome. Fig. 9 shows a realistic
picture of only the direct rays incrementally radiating from the
slot, inside the lens. These rays, at difference with the simpli-
fied ones in Fig. 3, constitute conical beam whose centers lay
on the slot. In order to estimate the field on the integration aper-
ture with higher precision, the relevant algorithm should resort
to an accurate ray tracing (direct rays and rays with multiple re-
flections) that would become numerically cumbersome. In this
paper it was decided that, in order to estimate the equivalent
currents, only the rays directly emerging from the slots and re-
fracted into the aperture plane, would be considered. Moreover,
it was also decided to adopt the simplified ray picture of Fig. 3,
with all rays lying in the planes, which renders
the tracing of such rays analytical. In fact, the simplified ray
picture implies constant phase on the aperture plane for every
coordinate as in the right hand side of Fig. 10, at difference with
the realistic ray picture shown in the left of the same figure.

Fig. 10. Realistic (left) and simplified (right) ray distribution on the radiating
aperture plane assuming the directly radiated rays only.

These approximations, although rough, enabled the deriva-
tion of an analytical, and physically enlightening, estimate of the

-plane beam shape as a function of the frequency and of the
geometrical parameters of the lens. The expressions, reported
in the following sub-section, will be shown to be accurate when
comparing the shape of calculated -plane patterns with mea-
sured results in Section VII. However, it can be anticipated that,
since the central portion of the lens is less excited than our sim-
plified picture imagines (see Fig. 10 and the grey area), the am-
plitude of the -plane patterns are overestimated by our simpli-
fied model, especially at high frequencies.

B. -Plane Pattern Analytical Formula

The approximate procedure (see Appendix ) to evaluate the
far field in the -plane eventually leads to

(6)

where

(7)

where is an unknown multiplication constant that accounts
for the amplitude overestimation. and can be expressed
analytically as follows:

(8a)

(8b)

where and the asterisk de-
notes complex conjugation.

The approximations adopted in deriving (6) imply that its
validity is restricted to the main beam region, where the radi-
ation mechanism described is dominant. Fig. 11(a) shows the
beam widths obtained using (6) for a test case characterized by

, , , .
The curves pertinent to two different frequencies, 16 and 32
GHz, are reported after having being normalized in amplitude.
One can notice that the patterns are essentially superimposed on
this octave. The reason for this high frequency behavior is not
obvious and some clarifications are in order. The attenuation
constant for the present slot as a function of the frequency was
shown in Fig. 2(b). It is apparent that, unlike the pointing angle,
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Fig. 11. Normalized radiation pattern evaluated using (a) the complete expres-
sion (6), (b) using only the first addend I in (6).L = 0:108m,L = 0:16m,
� = 1, � = 3:27 and w = 0:25 mm.

it is not a very slowly varying function. Its amplitude grows by
a factor 1.25 over an octave, suggesting the beam width at 32
GHz should be 25% larger than the one at 16 GHz. If the slot’s
dispersivity was the only important effect present, only the first
of the two terms in (6), would represent the radiated field and
the results would be those reported in Fig. 11(b).

However, the lens is tapered in such a way that the elliptical
cross sections are smaller as they are closer to the ends of the
slot. The rays emerging from different points undergo trans-
missions through larger or smaller elliptical cross sections. For
lower frequencies the fields emerge from the entire slot and con-
sequently the radiation is heavily affected by the lens tapering,
represented by the term in (6), which causes broader beams.
For higher frequencies the fields are predominantly radiated by
the central part of the slot and thus they are not heavily affected
by the tapering of the lens. Thus, in practice, the lens tapering
tends to compensate for the dispersivity in the attenuation con-
stant of the slot as a function of the frequency.

V. ANTENNA MANUFACTURING

A prototype of the UWB leaky lens antenna has been man-
ufactured at the workshop of TNO. The lens was obtained as
the union of two half lenses of material TMM-3 from Rogers
( ). The dielectric was machined mechanically to as-
sume the characteristic elliptical cone shape and the slots were
etched on the outer flat slab, which is covered in metal. The
shaping of the two half lenses is done in such a way to leave
some space in the region of the common ground plane between

Fig. 12. UWB leaky lens prototype.

the two lenses (insertion region). The CPW feeding line, which
is machined on a separate small piece of the same dielectric, is
then slided in the insertion region. In order to achieve 50 Ohm
characteristic impedance and for the structure to be only weakly
dispersive at the maximum operating frequency of 40 GHz, the
slots composing the CPW had to be very small. The CPW lines
printed between two infinite dielectrics also define a leaky type
of propagation and its characteristic impedance was discussed
in the Appendix of [15]. In the presence of a CPW printed be-
tween air and a dielectric of , and

are appropriate. This was also the minimal
slot’s width that could be machined by TNO. Finally, the CPW
line is connected to a SK coaxial connector. The final dimen-
sion of the UWB leaky lens are given in Table I and the antenna
prototype is shown in Fig. 12.

VI. REFLECTION COEFFICIENT MEASUREMENTS

A measurement campaign was performed to evaluate the
performances of the UWB leaky lens. The first parameter that
was measured was the reflection coefficient, which is shown in
Fig. 13 in the band from 1 to 50 GHz.

The reflection coefficient is below 8.5 dB over the entire de-
sign band (4–40 GHz). The measured results match very well
with the expectations that were based on the calculations shown
in Fig. 7, except for the fact that in Fig. 13 the actual length of
the CPW transmission line was included. The only significant
difference between calculations and measurements is that the
small period oscillations due to the double reflections inside the
lens, [9], are now visible over the entire frequency band. The
main observation from Fig. 13 is that the amplitude of the os-
cillations is much stronger for lower frequencies than for higher
frequencies.

The reason for this frequency dependence is that the realistic
ray paths highly resemble the simplified ones in Fig. 3 at low
frequency and thus double reflections are coherent. At high fre-
quency, however, the various doubly reflected rays to the feed
differ significantly in phase and therefore do not add coherently.
The most important consequence of the double reflections can
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TABLE I
GEOMETRICAL DIMENSIONS OF THE UWB LEAKY LENS

Fig. 13. Measured and calculated reflection coefficient of the UWB leaky lens
as a function of the frequency.

be found in the radiated fields. The radiation of a broad band
time pulse is followed by radiation associated to the double re-
flected rays, which is roughly delayed for each different cross
section by , with the phase velocity in the dielec-
tric and defined in Fig. 8 as the major semi-axis of the
elliptical cross section at . The coherence of these doubly re-
flected pulses renders the ringing radiation significant only for
the lower frequencies. The bigger the lens is in terms of the
wavelength, the smaller is the ringing.

VII. RADIATION PATTERNS MEASUREMENTS

The measurements of the radiation patterns were performed
in the Compact Antenna Test Range (CATR) of the European
Space Agency Research and Technology Center (ESTEC) in
Noordwijk, the Netherlands. Both co- and cross-polar compo-
nents in the , and (diagonal) planes were measured. The
results are shown in the following sections.

A. -Plane

The co-polar radiation patterns in the -plane are shown in
Fig. 14(a) and (b).

The patterns are mostly symmetric with respect to broadside.
While for low frequencies the patterns are very large, the beam
width decreases linearly with frequency, which is congruent

Fig. 14. E-plane radiation pattern amplitudes parametric with respect to fre-
quency. (a) Co-polar component (4–10 GHz), (b) co-polar component (12.8–40
GHz), and (c) cross-polar component (4–40 GHz).

with a diffraction limited pattern. The measured side-lobes how-
ever are higher than one could wish for. The side lobes be-
come higher as the frequency increases, as high as at
40 GHz. With reference to the smaller elliptical cross sections
drawn in Fig. 8, defines the edges of the lens.
corresponds to the critical incidence angle for the dielectric air
interface, at which point the reflection coefficient is equal to
one. In this situation the prediction of a simplified geometrical
optics [9] algorithm would imply no transmission through the
lens. An analysis that included noticeable diffracted contribu-
tions emerging from the edge of the lens [12] would explain
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the higher side lobes, as the frequency increases. This diffrac-
tion was not a major problem in integrated lens designs that
involved directive feeds such as twin slots [11]. However, the
feed is now a single slot on focus and thus nondirective in each
( , ) cross section. Thus, even if the angles in the

-plane decrease linearly with frequency the directivities in the
-plane are in general much lower than imagined by the sim-

plified model (right hand-side of Fig. 10).
Once the focus is on the elliptical cross sections it is worth

noting that from simple geometrical considerations it is evident
that rays impinging on the dielectric air interface for angles
larger than 56 certainly do not contribute to the main beam
as they are not focused broadside. This implies that 37% of all
the power launched by the slot is not radiated in the main beam
but scattered in arbitrary directions. This power can be consid-
ered lost and thus, using a terminology typical of reflector an-
tennas, one can estimate the spill over efficiency, [13], of this
lens at 63%. Any other slot configuration, for instance a design
involving two parallel long slots, would reduce the spill over and
the side lobes, but the enhancement would have to be traded off
with the bandwidth of the antenna.

The cross polar radiation patterns in the -plane are shown in
Fig. 14(c). These patterns are at least 25 dB below the co- polar
ones.

B. -Plane

The amplitudes and phases of the radiation patterns in the
-plane are shown in Figs. 15 and 16.
The patterns in the -plane are essentially symmetric with

respect to broadside. Again, at low frequencies they are much
wider than at higher frequencies. This is mostly due to the fact
that the field levels at the end of the slot are still very high for low
frequencies. As the frequencies increase, the behavior of the an-
tenna becomes asymptotic, as described by the two asymptotic
contributions in Section IV-B. The much desired frequency in-
dependent pattern can be observed for frequencies higher than
10 GHz. In this plane the side lobes are 15 dB lower than the
main lobes. This is congruent with the fact that the outer part of
the lens (towards the end points of the slot) is weakly excited.
The cross polarized radiation patterns in Fig. 15(c) are still low
( with respect to the co-polar levels) even though not as
low as in the -plane.

The upper part of Fig. 16 shows a detail of the measured
co-polar radiation patterns in the -plane at three frequencies
covering 2 octaves (8–16-32 GHz). These patterns are compared
with the patterns predicted by the simplified model given in
Section IV-B and already shown in Fig. 11(a). It is apparent
that the main beams predicted analytically are congruent with
the measured ones. In fact, the beam widths differ in all
cases by less than 1 degree.

The lower part of Fig. 16(b) presents the measured phases of
the radiation patterns in the main beam, normalized to zero at
broadside. The phase center of an antenna at a given frequency

, is the geometrical point in space from which all waves appear
to emanate with a spherical spreading. It is apparent that the
antenna presents the same phase center at all frequencies and
thus it would be well suited to excite a reflector over two octaves
of BW. The phase center is localized at the origin of the ( , ,

Fig. 15. H-plane radiation pattern phases parametric with respect to frequency.
(a) Co-polar component (4–10 GHz), (b) Co-polar component (12.8–40 GHz),
and c) Cross-polar component (4–40 GHz).

) reference system defined to evaluate the radiation patterns
in Fig. 8.

Another example of directive antenna in which the Fourier
Transform of the aperture distribution is completely real, is a
uniformly excited reflector. However, in reflector design, phase
errors typically occur because realistic feeds present phase cen-
ters that move with frequency. In the present UWB leaky lens
the entire path from feeding transmission line to radiating aper-
ture has been considered and obvious sources of phase distortion
could not be identified (except for weak double reflections in-
side the lens). According to (6) the only variation of the phase
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Fig. 16. H–plane radiation pattern detailed view. Top: Comparison between
measured (solid lines) and approximate (dashed lines) amplitudes. Bottom:
Measured phase.

of the field as a function of the frequency is
. A linear variation of the phase as a function

of the frequency corresponds to a pure time delay. The antenna
can therefore be described as nondispersive in phase. Within the
limits in which double reflections are neglected, the UWB leaky
lens radiation described by (6) should also be capable of pre-
serving time domain pulses. This specific point is the object of
an ongoing investigation that will include time domain measure-
ments.

C. -Plane

The amplitudes and phases of the radiation patterns in the
-plane are shown in Fig. 17(a)–(c), presenting the co and cross

polar components. The co-polar patterns are an average of the
- and - plane and are thus well behaved. The cross polar

patterns are higher than in the main plane leading to of
peak with respect to the co-polar components as typical value.
These values are still excellent when compared with those asso-
ciated to other UWB directive antennas [3] and [14].

D. Directivity

The beam widths of the antenna on the three main planes as
well as the measured directivities are detailed in Table II for
different frequencies. It is worth noting that the directivity es-
timated from the 3 dB beam-width only would be significantly
higher than that calculated from measurements, accounting for
the patterns for all fields of view, thus revealing that the UWB
leaky lens antenna loses considerable power in the secondary
lobes.

The measured directivity in the direction of maximum radi-
ation, , is compared (Fig. 18) with the measured abso-

Fig. 17. D-plane radiation pattern amplitudes parametric with respect to fre-
quency. (a) Co-polar component (4–10 GHz), (b) co-polar component (12.8–40
GHz) and (c) Cross-polar component (4–40 GHz).

lute gain. This latter could only be obtained accurately until 16
GHz. The overall result is that the directivity essentially satu-
rates around 13 GHz. The measured directivities are
from 13 to 40 GHz. The reason for this has been traced to the
actual field distribution in the radiating aperture. From the re-
alistic ray picture in Fig. 10 it is clear that the excitation of the
central cross section ( ) of the lens is widely nonuniform
especially at the highest frequencies. Direct leaky waves from
the slot do not reach the zone of the radiating aperture depicted
in grey. At low frequency, the presence of space waves emerging
directly from the feed point compensates the absence of direct
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TABLE II
HALF POWER BEAM-WIDTHS IN THE E, H , D PLANES AND MEASURED DIRECTIVITIES

Fig. 18. Measured gain and directivity of the UWB leaky lens antenna.

leaky rays, rendering the aperture distribution roughly uniform
(at least in amplitude). However, even if the ray picture is fre-
quency independent, the extension of the region where the space
wave compensation is important becomes smaller as the fre-
quency increases. Thus in the higher frequency regime (above
20 GHz), an increasingly significant portion of the central part
of the lens is under-illuminated. For this reason the antenna is
probably less dispersive in amplitude than all known broad band
directive antennas. Directivity and gain are very similar up to 16
GHz, indicating negligible dielectric losses, at least in the lower
frequency regime.

VIII. CONCLUSIONS

The measurements of the hardware presented in this paper
show that the UWB leaky lens antenna has the following.

• Good impedance matching over a decade bandwidth;
• Directive radiation patterns that are frequency independent

in the -plane over two octaves;
• The most stable phase center for a directive antenna over

two octaves;
• The smallest amplitude dispersivity for a directive antenna;
• Negligible (with respect to other UWB nondispersive an-

tennas) cross polarization levels.
These characteristics alone render this antenna one of the best

performing UWB antennas. In particular, they render this an-
tenna the most suited to excite reflector antennas characterized
by moderate to high F/D over and an ultra wide frequency band.
The wave mechanisms described in this paper also indicate very
weak phase dispersivity. To this regard a dedicated study of the

time domain pulse preservation of UWB leaky lenses is the sub-
ject of ongoing study.

APPENDIX

To evaluate the Fourier transform (FT) of the electric and
magnetic currents in the radiation aperture of Fig. 8, it is con-
venient to introduce an aperture reference system ( , , )
centered at and parallel to the original one ( , , ). The
domain of integration is then a tetragon of major lengths
along and along , see Fig. 8.

Assuming negligible cross polarization, which is verified by
measurements in Section VII and makes the procedure simpler,
the electric fields oriented along as a function of the obser-
vation angle in the -plane ( ) can be expressed as

(9)

where is the electric field component along
after the transmission through the dielectric air interface,

defines the domain of the pro-
jection of the lens onto the radiating aperture along and

. The distribution of the electric field, , on
the aperture plane, for each , will be assumed to be constant
with respect to : . This is a
brutally simplifying hypothesis. However due to the symmetry
of the geometry with respect to the , plane, the pattern in
the -plane is essentially insensitive to the distribution along

. Using this approximation, the inner integral in (9) can be
evaluated analytically leading to

(10)

In order to actually obtain the radiated field from (10), the
distribution should be
evaluated. This task can be rendered simpler if one uses the two
following simplifying hypotheses.

• Reflections from the end point of the slots will be ne-
glected. In the present design this hypothesis limits the va-
lidity of the model to frequencies higher than 8 GHz.
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Fig. 19. Two dimensional cross section of the UWB leaky, local reference
system, central reference system and aperture reference system.

• Reflections at the dielectric air interface will be neglected,
so that the field distribution in ( ), except for a
transmission coefficient, , is assumed to be the same as if
each slot was printed between air and an infinite dielectric.

With reference to Fig. 19, the leaky wave emanating from the
slot located for is more conveniently expressed in the
local reference system ( , , ), which has axis parallel to
the slot. In [8], the -oriented electric vector potential, was
derived. It was radiated by the slot when this was fed by a uni-
tary current source at the center of a planar canonical structure.
The potential would present space wave and leaky wave compo-
nents. As in the present case the space waves are considered to
be negligible, the focus will be on the leaky waves only, .

The electric field can be derived by applying ,
and the component reduces to

(11)

The partial derivative can be performed analytically and pro-
vides two terms, one that decays as which can be asymp-
totically neglected, and a second dominant one . The ex-
pression of the as a function of the position in the aperture
plane can then be obtained analytically by means of simple, but
tedious algebraic manipulations leading to

(12)

where is the feed electric current. The distribution presents
constant phase and has an amplitude that is essentially exponen-
tially attenuated. The presence of a cylindrical spreading at the
denominator can be neglected in order to render the evaluation
of (10) more easy

(13)

This latter simplification is partially justified, at least at high fre-
quencies, by the fact that when at the denominator becomes
large, the numerator is already strongly dumped, so that the con-
tribution of the spreading is rarely noticeable.

Finally, one should include a transmission coefficient to ac-
count for the dielectric air interface. This transmission coeffi-

cient can be assumed to be uniform and equal to the value as-
sumed for normal ray incidence in first approximation:

and for , .
An estimation of the -plane far field can then be obtained

substituting (12) and (13) in(10)

(14)

where

(15)
and

(16a)

(16b)

The two integrals and can be performed analytically and
can be expressed as follows:

(17a)

(17b)

where . Note that the final expres-
sions in (6)–(7) are obtained from (14)–(15) after noting that in
the far field region , and .
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