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On the Near-Field Spherical Wave Formation in
Resonant Leaky-Wave Antennas: Application
to Small Lens Design

Sjoerd Bosma™, Graduate Student Member, IEEE, Andrea Neto", Fellow, IEEE,

and Nuria Llombart

Abstract—In this work, we show that the near field of
leaky-wave resonant antennas (LWAs) radiating into a dense
medium can be locally represented as a spherical wave in a
certain solid angle around broadside using an accurate definition
of the phase center. The near field in this solid angle can
be efficiently evaluated through the integration of the spectral
Green’s function along the steepest descent path (SDP). Beyond
this solid angle, defined as the shadow boundary angle, a residual
contribution due to the leaky-wave pole must also be added
to fully describe the near field. It is found that this shadow
boundary angle can be used to define the phase center and
geometry of a truncated lens that couples well to leaky-wave
antennas, even in electrically small-to-medium sized lenses and
low-contrast cases. To demonstrate the applicability of the pro-
posed study, we combine the SDP field calculation with a Fourier
optics (FO) methodology to evaluate the aperture efficiency and
radiation patterns of small-to-medium sized lenses in reception.
A truncated silicon lens with a diameter of only four free-space
wavelengths is presented with almost 80% aperture efficiency.
Excellent agreement with full-wave simulations is achieved, which
demonstrates the accuracy of the proposed design and analysis
methodology.

Index Terms— Leaky-wave antennas, lens antennas, near fields,
phase center, spherical wave.

I. INTRODUCTION

EAKY-WAVE resonant antennas (LWAs), also called

Fabry Pérot antennas, have been widely studied in the
literature to increase the directivity from a small source by
using a planar stratification consisting of a dielectric [1]
or metallic [2] superstrate. Multiple demonstrations of these
antennas have been shown at various frequencies up to the
submillimeter wave spectral region [3]-[7]. A fundamental
trade-off between the directivity and bandwidth of these
antennas exists, which depends on the level of reflection
between the cavity and superstrate [8], [9]. In the literature,
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shielded cavities [10] and the addition of lenses [11], [12]
or phase-correcting geometries [13], [14] have been proposed
to increase the directivity of these classic geometries without
compromising the bandwidth.

At mm- and sub-mm wave frequencies, when scanning
to limited angles is required, there is an interest of devel-
oping sparse arrays to reduce the integration complex-
ity [15]-[18]. Leaky-wave antennas with overlapped feeds
have been proposed for improving the performances of sparse
arrays [8], [19]-[21] where sparse arrays with periodicities in
the order of a free-space wavelength (1¢), bandwidths smaller
than 10%, and scanning angles of at most 10° have been
demonstrated. Larger periodicities will only come at the cost
of even smaller bandwidths in such geometries. For example,
sparse leaky-wave phased arrays with a period of 21, will have
less than 5% bandwidth as shown in [21]. In [16] and [17],
the use of leaky wave antennas with dielectric lenses was
proposed to enable sparse arrays with large periodicity (>24¢),
wide bandwidth (35%), and larger scanning angles up to +25°.
One of the difficulties that arises in the design of such small
size lenses or phase-correcting structures in combination with
resonant leaky-wave feeds is the efficient evaluation of the
leaky-wave near-field [17].

Most of the works in the literature on leaky-wave or
Fabry—Pérot antennas consider only the far-field radiation
patterns of the feed [1], [8], [9], [11], [22] and often make
approximations on the solutions of the potentials in stratified
media [1], [22]. For lenses that are small to medium in
diameter (i.e., smaller than ~154, where A is the free-space
wavelength) fed by leaky-wave feeds, as in the lens-phased
array application [16], [17], the lens surface is in the near
field of the feed. The design of such lenses has previously
been approached as a parametric optimization by combining
Physical Optics with full-wave simulations [23] or full-wave
simulations with optimization algorithms [12] for other phase-
correcting geometries.

In this article, we describe a way to design such lenses
without the need for time-consuming full-wave simulations.
To achieve this, we derive the shape of the lenses directly from
the propagation constants of the leaky-wave modes. For that
purpose, we use a spectral-domain method to efficiently and
accurately compute the near-field radiation patterns, which,
additionally, brings the needed physical insight. The spectral
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analysis decomposes the near field of these antennas into
the summation of a branch contribution or space wave that
can be evaluated by an integration over the steepest descent
path (SDP) when a proper phase center is introduced, and
multiple leaky-wave modal fields, associated with poles that
are captured in the deformation into the SDP [24, p. 468].

The asymptotic decomposition of the near field in leaky-
wave antennas was previously investigated in a differ-
ent configuration, based on a single-mode leaky-wave slot
antenna [25], where the phase center is stable and coin-
cident with the feeding point of the antenna. It has also
been applied to a very high contrast resonant leaky-wave
antenna in [26] (equivalent to an air cavity with an infinite
medium of ¢, = 100) as well as to other resonant leaky-wave
antennas [27]-[29]. For a resonant LWA, the phase center is
not coincident with the feeding point [30]. Moreover, in these
later works no explicit link has been made between the space-
wave near-field evaluation and the phase center of the LWAs.
Here, we will extend this analysis to the understanding of
the formation of a clean spherical wave in the near field by
making this link, also for low contrast cases, where the leaky
wave poles lie far away from the real axis.

We show that the near field in resonant LW antennas is well
modeled by a spherical wave in a solid angle Qgp around
broadside emanating from the phase center located far below
the ground plane. We find that, also for points close to the
source, the space—wave contribution to the total field can be
calculated by integration over the SDP when the reference
system is chosen to coincide with the phase center of the
antenna, located at Az. Both the solid angle, Qgp, of the
spherical-wave representation and the phase center can be
defined with the knowledge of the shadow boundary angle
defined by the SDP deformation angle.

The spectral analysis gives a physical insight into the
formation of the local spherical wave and leads to the deriva-
tion of an analytical geometry of an ideal lens, with high
aperture efficiency, which is defined using only the propagation
constants of the main leaky-wave poles. Moreover, the SDP
integration can then be efficiently combined with a Fourier
optics (FO) approach to calculate the aperture efficiency and
radiation patterns of the lens-coupled leaky-wave antenna in
reception [11], [31]. The combined method is computationally
very fast and shows excellent agreement with full-wave lens
simulations, removing the need for time-consuming parametric
analyses as in [12] and [23].

The rest of this article is structured as follows. Section II
describes the geometry under consideration and introduces the
near-field spectral approach. In Section III, the near field is
decomposed into the sum of an SDP contribution and (mul-
tiple) LW contributions. In Section IV, the phase center of
resonant LWAs is discussed, which brings physical insight into
the decomposition of Section III. In Section V, we show that
the near field can be considered a local spherical wave in the
solid angle Qgp around broadside. The near-field spherical
wave representation is combined with an FO approach in
reception in Section VI to evaluate the lens efficiency and
radiation patterns of electrically small lenses. Conclusions are
drawn in Section VIL

Source

!

I th=1o/2
Ground plane o

Fig. 1. Cross section of the geometry considered in this contribution with a
semi-infinite dielectric separated from a ground plane (containing the source)
by a h = Ap/2 air cavity. The origin of the reference system is Az below
the source. The shaded blue regions are separated by the shadow boundary
associated with the leaky-wave modes. The solid and dashed semicircles and
associated arrows are centered at O and the source, respectively.

II. PROBLEM STATEMENT

The physical phenomenon exploited in a standard resonant
LWA is the excitation of a pair of nearly degenerate TM,/TE,
leaky-wave modes inside a resonant dielectric cavity [1],
such as air, placed between a ground plane and a partially
reflecting surface. These modes propagate radially by means of
multiple reflections along the cavity, leaking at the same time
energy into the infinite air medium. This effect increases the
antenna’s effective area and thus its directivity. In [7], it was
shown that an enhancement in the bandwidth x directivity
performance of a resonant LWA can be achieved by using
a resonant air cavity below a semi-infinite dense medium
(the lens), as displayed in Fig. 1. When comparing the
radiation of a LWA into a semi-infinite medium with a dense
permittivity ¢, to a standard LWA with a partially reflecting
surface radiating into free space, both antennas present the
same propagation constants and therefore the same effective
area, A,. However, the LWA radiating into a dense medium
achieves a ¢,-times higher directivity since the directivity
is 47[Aee,//1(2), where Ao is the wavelength at the center
frequency fy. One of the implications of this enhanced direc-
tivity is that the far-field region will be at a much further
distance.

To illustrate this effect, we analyze the near field of the
geometry shown in Fig. 1, consisting of a source located in
an infinitely extended ground plane and a lossless semi-infinite
dielectric medium with relative permittivity &, = 11.9 (silicon)
separated by a h = A¢/2 air cavity. The origin of the reference
system is taken at a distance Az below the ground plane, since
it is known that these kinds of leaky-wave antennas have the
phase center below the ground plane [30]. The electric field
at observation point 7(p, ¢, z), located in the semi-infinite
silicon, can be evaluated by resorting to a spectral Green’s
function representation [32]. The electric field radiated in the
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infinite medium by a magnetic current source located in the
ground plane and, without loss of generality, oriented along ¥
can be expressed as

1 oo plm
SO7\ — F~em 5
e(r)—m/0 /0 G (kp,a)M(kp,a)y
cemIhoreosta=Pemikzg dadk, (1)

with G (k,, ) being the dyadic spectral Green’s function for
stratified media that gives the electric field at the top of the
air cavity due to a magnetic current source, k, = (k3 — k/%)l/ 2
with k4 = ko+/¢, the wavenumber in the infinite medium and
M(k,, o) the Fourier transform of the equivalent magnetic
current of the source. The cylindrical spectral coordinates
are given from the cartesian spectral coordinates by the
transformation k, = k,cosa and k, = k,sina and the
cylindrical spatial coordinates are given by the transformation
X = pcos¢, y = psing, respectively. The spectral Green’s
function can be expressed as a function of the forward voltage
Vi srg solution in the infinite medium at the air-dielectric
interface of the corresponding transmission line problem as
follows [32]:

s R . k
G (ky, a) = Vigak, — Vi k,a + k—pv;Mza )

where Igp = (ku% + ky9)/k, and & = (ki) — kyX)/k,.
To make the dependence of the phase center explicit, one can
consider the spectrum of the electric field assuming the origin
of the reference system centered at the ground plane wherein
the source is located, VT’LM/TE(kp, Az = 0), and construct the
following auxiliary functions:

V;M/TE(kp, Az) = V;M/TE(kp’ Az = O)efjk,Az (3)

so that integrand in (1) now contains G (k,, a)e /%P e=iki?
where 7 = z+ Az

For an elementary source, the a-integral can be closed
analytically into Hankel functions, where H(? are Hankel
functions of the second kind with order n, such that only
the k,-integrals remain [24]-[26]. For a distributed source,
similar steps can be taken for observation points far from the
source when the spectral current M (k,, ) can be assumed to
be slowly varying in a compared to G and can therefore be
evaluated in the a-saddle point, i.e., M(k,, ¢#). The complete
¢(¥) and h(F) expressions given in Appendix A are then of
the form

oo
/ V;M/TE H’52) (kpp)M(kp, ¢)€_szzkpdkp (4a)
—o0
with n = {0, 2} or
o0
/ I;MHIQ) (kpp)M (ky, ¢)eijk7zkzdkp- (4b)
-0

When the observation point is in the far-field of the LWA,
an asymptotic evaluation in both saddle points for k, =
kgsin@ and o = ¢ can be done arriving to the following
expression:

é(Foo) & jha(—0OVi, cos ¢ + @V cos O sin ¢)
efjkr

X M(kp, a) 5)

Ay’

m R=0.75)\ @
= 4 _ =
= -5 3 ——R=1 5/\0 = -
210 T—RE g
2 « —R=12)\, Z
S-15 TR0y, 2T
s [
£-20 S —R=120\ E-
S i+ | S
Z 25 4 —Farfield Z _
S 0 FO | i .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
0 [deg] 0 [deg]
(a) (b)
Fig. 2. Electric fields in the (a) E-plane (9 component) and (b) H-plane

(¢ component) radiated by a §-oriented elementary magnetic current source
evaluated over a spherical region with radius R from the source (i.e., Az = 0).
Solid lines: (5), crosses: CST.

As a first example, let us consider an elementary magnetic
current source with the reference system located in the source
as most cases in the literature [26], [27]. The 9-component
of the electric field in the E-plane radiated by this source
into the semi-infinite (silicon) medium is shown in Fig. 2(a).
The electric field has been calculated using (1) over several
spherical cuts in the E-plane with radii R between 0.751¢ and
120/ centered at the origin (the spheres are shown as dashed
lines in Fig. 1). For reference, the far-field approximation
of (5) is also shown. We can observe that the shape of the
near fields shown in Fig. 2 is strongly dependent on R and
converges to the far field only at very large distances from the
source. This is due to the TMy modal field that dominates the
field in the angular region close to the complex pole location
even for very large R. Furthermore, the radiation patterns are
asymmetric in ¢, since the TMy mode does not radiate in the
H-plane. Therefore, to efficiently feed electrically small silicon
lenses, it is clear that the TMy mode must be suppressed, for
example, by using a double-slot iris [7], [11], [33], [34] or
dipole source configurations [35]. To illustrate the accuracy
of (1), the obtained fields are compared to those obtained
from the time-domain solver of CST [36], a commercial
full-wave solver. Open boundary conditions were applied to
an elementary source or a double-slot iris radiating into
a semi-infinite structure made of the considered dielectric
materials.

The fields radiated into the same stratification as above but
now for the double-slot iris source with the same dimensions
as in [7] are shown in Fig. 3(a) and (b), taking again the coor-
dinate reference system located at the center of the double slot.
The inset of Fig. 3(b) shows the geometry of the double-slot
iris and the dimensions are given as a; = 100°, p; = 0.554¢
and w; = 0.154¢ [7]. The near field is calculated over the same
spherical regions as for the elementary source in Fig. 2, again
using (1) (solid lines) and full-wave simulations (crosses)
to validate the fields. The small discrepancy at the closest
distances comes from the approximation of the spectral current
M(k,,a) ~ M(k,,$). At distances smaller than 1o from
the double-slot source, the approximation on the a-integral is
not accurate anymore. The use of a double-slot source leads
to much faster convergence of the near field to the far field
compared to the elementary source due to the suppression of
the TM, mode.
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Fig. 3.  Electric fields radiated by the double-slot iris of [6], evaluated

over a spherical region with several radii calculated using (4): (a) E-plane
(9—component) and (b) H-plane (é—component) amplitude seen from the slots
(Az = 0) and (c) E-plane (@—component) and (d) H-plane (q@—component)
amplitude seen from the phase center according to [30] (Az = —5.64).
Dashes: 7-component, crosses and circles: CST.

It is well known that the phase center in LWAs lies below
the ground plane in the far field. In [30], the following
approximate formula for the phase center, dependent only on
the normalized attenuation constant of the leaky-wave pole
arwi, was given:

AZ,‘ - 1

b 2w Al wiv/e,
where, in case of a LW radiating into a dense medium dw; =
Im{k"/kq) and the term /&, appears in the denominator.

We can now plot the near fields of the same source consid-
ered in Fig. 3(a) and (b), but evaluated at spheres centered at
this approximated phase center, which is Az = —5.64¢ for a
silicon semi-infinite medium (the spheres are shown as solid
lines in Fig. 1). We can see that the amplitude converges even
faster to the far-field approximation indicating that the field
may be considered, also very close to the source, as a spherical
wave but with a more accurate phase center evaluation. In [30],
other phase-minimization formulas were also considered to
improve the accuracy of (6); however, these were not closed-
form and were given as a function of a generic solid angle.

To properly understand the properties of the field radiated
by this kind of LWA close to the source, we will employ a
spectral analysis that decomposes the total field in terms of a
space wave, calculated by integration over the SDP from the
phase center, and multiple leaky-wave modal fields, associated
with poles that are captured by the SDP path deformation [24,
p. 468] in Section III.

(6)

III. SPECTRAL FIELD DECOMPOSITION OF THE NEAR
FIELD IN RESONANT LEAKY-WAVE ANTENNAS

In this section, we apply a spectral-domain field decomposi-
tion to the near field radiated by resonant leaky-wave antennas

LEGEND
Top RS:
.BSDP(Q =0° Im{k,} <0

Bottom RS:
Im{k,} >0

Q @ () (DB rell>0

=0 o ST e (2)(4) Retky <0

i efk,} <
£E O 50
(}. Bsoe (6 = 20°)
- -7/2 0 /2 T
Re{f}
Fig. 4. SDPs fspp in the complex S-plane for observation points § = 0°

and € = 20°. The choice of Riemann sheet for the fspp-integral is indicated
in the legend.

into a semi-infinite medium. This near field is expressed as the
summation of (multiple) leaky-wave modal fields plus a space
wave contribution. This latter one can be evaluated with an
integration path over the branch point close-by the source as
in [28] or using the SDP for larger distances [24, p. 467].
Here, in contrast to [26] and [28], we apply this SDP directly
for the near-field evaluation in resonant LWAs, provided that
the reference system is located in the phase center and that
the near field is evaluated at a distance from the source such
that the asymptotic decomposition holds (i.e., the observation
point is outside the region that includes the phase center and
source points).

To evaluate the SDP field contribution, a change of spectral
variables k, = kg sin 8, k, = kg cos f suggests using a spher-
ical coordinate system for the observation point 7 (0, ¢, R)
in (4a) and (4b) with origin in the antenna phase center, Az.
The resulting integrals are then of the form

/ v;M/TEH,§2> (kap sin B) x M (kqsin 8, ¢)
C

x e~ kazeosPi% sin B cos pdf - (Ta)
with n = {0, 2} or
/ Iy Hy? (kap sin pYM (kg sin B, ¢)

¢ e~ IkazeosB3 sin® B cos fdf - (Tb)

with the integration path C shown in the complex f-plane
in Fig. 4. The odd- and even-numbered regions indicate
Refk,} > 0 and Re{k,} < O and the red and green regions
indicate the top and bottom Riemann sheets (i.e., Im{k,} <
0 and Im{k, > 0}), respectively [24, p. 463].

When the original path C is deformed and no singularities
are crossed, the total field e(r) is given by the integration
over the deformed path. When the deformation leaves a pole
between the original and the new path, the residue contribution
corresponding to the pole encountered must be summed to the
new path integral to obtain the total field.

It can be shown using the method in [25] that for large
observation distances, i.e., where the large-argument approx-
imation of the Hankel functions [24, p. 467] is valid, the
parameterization of the SDP in (7) is achieved with a change of
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Fig. 5. Leaky-wave poles kTM/TE kd(sm(JTM/TE + ja TM/TE) that

propagate in the stratification of F1g 1 with semi- 1nﬁn1te dielectric permittivity
& = 11.9 (silicon). The shadow boundary angle [see (9)] is also shown.

variable f — 7 with 7 € [—o0, oo] and 7 given by inverting

Pspp =6 +2 asin(rej%/«/z). (8)

Accordingly, this contribution, when evaluated asymptotically,
will give rise to a dominant spherical wave emerging from
the phase center. From Fig. 4, one can note that the path of
the SDP includes portions in the bottom Riemann sheet, and
thus the poles encountered are leaky-wave poles and we call
the residue contribution of these poles the leaky-wave modal
field E LW (;: )

The leaky-wave poles k LW "E arise from the denomina-
tor of V/, e i (4). They may be found by solving the
appropriate dispersion equation (or by using approximated
analytical expressions [37]). They are conveniently represented

as kKTM/TE _ o (sin oLy TM/TE | TM/TE) GTM/TE

p.LW
wave pointing angle and aTM/ TE is the leakage rate [1] of the

TM or TE pole. The stratlﬁcatlon of Fig. 1 supports three
leaky-wave modes: TMy, TM;, and TE;, with their propaga-
tion constants shown in Fig. 5 as a function of frequency.

The SDP crosses a TE or TM leaky-wave pole when
0 > HSTéW / TE, i.e., when the observation point lies below
the corresponding shadow boundary, see Fig. 1. The shadow
boundary angle is a function of the pole’s complex propagation
constant as follows [24, p. 468, 25]:

HSTIQ/I/TE Re{ LTx/TE}—f-acos(sech(Im{ LTxlTE}» )

in which g7//"* = asin(k!" /ks). This shadow boundary
angle is also shown as a function of frequency in Fig. 5 for
each of the leaky wave poles present. It is clear that GTM/ TE
is not close to the corresponding HLW/ TE , except for the TM
mode, which does not enhance the broadside directivity of the
antenna, as explained in Section II.

If multiple leaky-wave poles are crossed, the total field is
given by adding the modal fields associated with each crossed
pole to the contribution from the SDP

e(r) _ eSDP(r) + Z —»TM/TE

is the leaky-

(10)

lozogme

as long as the observation point is outside the elliptical
transition region [25] and the LW poles are not close together.

(a) (b)

Fig. 6. Three-dimensional view of the considered LWA. (a) In the spherical
cone region Qgp as seen from the phase center at Az below the ground plane,
the total field is given by éspp (solid arrows). (b) Outside this cone, the LW
modal field ¢,y (dotted arrows) must be added to the SDP contribution to
obtain the total field.

Expressions for sz/ "E(7) may be found in Appendix B.
The LW modal field is a cylindrical wave that propagates
in the HLTVZ:;’ /TE_direction (see Fig. 5) in the infinite medium.
Therefore, this field decomposition indicates that the total field
could only be represented by a spherical wave until the shadow
boundary when éspp dominates. The field representation
of (10) in terms of an SDP contribution and LW modal field
contribution is shown in Fig. 6. The origin of this spherical
wave will be at the phase center of the antenna, Az, which
will be evaluated in Section IV.

IV. PHASE CENTER EVALUATION

The phase center in the considered resonant LWAs can
be defined for the near field, similar to the far field, as the
apparent origin of radiation such that the phase of the integrals
in (4) is minimized over a certain solid angle. Based on the
understanding that the near field could only be a spherical
wave when 6 < Ogp (see Section III), the solid angle over
which to minimize this can be given as Qgp(f, ¢) such that
60 € [0,0sp] and ¢ € [0,2x], instead of a generic angle as
in [30]. Since the considered LW antennas are nearly rotation-
ally symmetric (with similar TE;/TM; modes), the location
of the phase center will be along the z-axis. The phase in
(4) is dominated by the phase of the transmission-line voltage
solutions, V;, srE- In [30], an approximated expression of this
phase is given using only the LW propagation constant.

To find the most appropriate value Az that guarantees the
path deformations in Fig. 4 correspond to the SDP, one can
consider a nonuniform asymptotic evaluation of the integral in
(4). The integral can be deformed into an SDP and recognized
as a spherical wave, if the kernel, now (3), separated from the
exponential oscillating phase associated with the observation
point in (2) is slowly varying. Expressing k, = ky sin f8, the
normalized phase of VT’LM /T g(k,, Az) can be expressed as a
function of S as [30]

P8, Az) = atan(sin2ﬁ/Za%W)—dezcosﬁ. (1)

In Fig. 7(a), ¥(B, Az) is shown for a silicon medium
and Az = 0 together with the phase of ¢/ when Az =
—3.24¢. It can be seen from the figure that the two phases are

Authorized licensed use limited to: TU Delft Library. Downloaded on February 11,2022 at 12:59:33 UTC from IEEE Xplore. Restrictions apply.



806 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 70, NO. 2, FEBRUARY 2022

200
150
100 -
50 F

0
-50

Phase [deg]

——R=3) - Az

Normalized phase [deg]

i

[ ——R=12) - Az |
-100 - ——R=30) - Az ! El

J150 F —R=1200, - Az

——Far field I

5 . . 2200 i I
0 5 10 15 20 0 5 10 15 20
6 [deg] 0 [deg]
(a) (b)

Fig. 7. (a) Phase ¥ (@, Az = 0) of (3) along with its approximation (blue).
The corrected phase for the phase center of (13) W(0, Az = —3.24¢) is also
shown (black). The shadow boundary angle is indicated. (b) Phase of the
E-plane near field radiated by the LWA with a double-slot iris, evaluated at
different radii from the phase center Az = —3.21.

very similar until the shadow boundary angle 6sz. Therefore,
we can evaluate the phase center Az ™/TE associated with
the TM and TE poles by imposing that the two functions are
equal at the shadow boundary for each of the poles
\P(g?ﬁl/TE’ Az — 0) — k;:g{g/TEAZTM/TE (12)
where k;}g/};m = kg sin HST ;W TE, Solving this equation, a good
evaluation of the phase center per pole can be given by

2
atan(sin2 HST;WTE/Z(aZV%I/TE) )
(13)

4o Ve, 2 (1 — cos HST;WTE)

A MITE

in which a negative Az' ¥/TE refers to a phase center position

below the ground plane. In general, the TM pole will give the
E-plane phase center and the TE pole will give the H-plane
phase center. For high dielectric contrast cases, kgf‘fw ~
kaiW [30] leads to nearly overlapping E- and H-plane phase
centers at Az. For example, the phase center of the silicon
LWA described previously is Az = —3.24p when the TE and
TM solutions are averaged. The validity of this equation is
shown in Fig. 7(b) where the E-plane phase radiated by the
LWA fed by a double-slot iris is indeed nearly constant for
6 < O5p when the reference system is taken to coincide with
the phase center given by (13).

With the phase center definition of (13), a uniform asymp-
totic expansion of the integral in (4) over the SDP can be
derived using the approach in [25]. Such a uniform asymp-
totic expansion results in a contribution from a Fresnel-type
transition function in an elliptical region around the phase
center. The equality of the phase of the space wave and the
leaky-wave modal fields, which have spherical and cylindrical
spreading, respectively, at the shadow boundary imposed by
the phase center definition in (13), leads to the smallest
possible dimension of the elliptical transition region.

V. SPHERICAL WAVE NEAR-FIELD REPRESENTATION FOR
RESONANT LWASs

In this section, the formation of a spherical wave in a certain
solid angle around broadside in the near field of resonant
LWAs is investigated based on the previous spectral field
decomposition. In Section V-A the analysis is performed for

Normalized field [dB]
Normalized field [dB]

6 [deg]
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Fig. 8. Electric fields in the (a) E-plane () component and # component)
and (b) H-plane (¢ component) radiated by the double-slot iris of [7],
evaluated over a spherical region with several radii taken from Az = —3.219,
i.e., below the ground plane. The shadow boundary angle of (9) is indicated.
The decomposition into the SDP contribution (solid lines) and LW modal
fields (dashes: main modes, dots: TMO mode) are shown in (c) E-plane and
(d) H-plane.

high-permittivity (silicon) lenses and in Section V-B the analy-
sis is performed for low-permittivity (plastic) lenses. Finally,
in Section V-C, the leaky-wave poles, shadow boundary angle,
and phase center are presented as a function of the permittivity
of the infinite medium (2 < ¢, < 12).

A. High Dielectric Contrast: Silicon Lenses

The fields of the double-slot iris-fed LWA are calculated
using (10) over spheres centered at the phase center, as defined
by (13) with the aim of understanding the behavior of the field
amplitude, polarization, and propagation direction. The radius
of the spheres is chosen between 1.5y — Az and 1201p — Az
so that the spheres have coincident observation points at
broadside with those of Fig. 3. The resulting E- and H-plane
near fields are shown in Fig. 8(a) and (b). The near field,
when evaluated from the phase center, is almost independent
of the distance from the source in the region 6 < 0Ogp.
In Fig. 8(c) and (d) we show the field decomposition into
the space wave evaluated using the SDP and the leaky-wave
terms. The influence of the TM; and TE; leaky-wave modal
fields is observed when & > 6Osp, at which point the field
level is already below —10 dB. The radial field component
diminishes very rapidly with R and is already below —25 dB
at R=1.50— Az

Since the phase over the SDP is nearly constant, the space-
wave evaluation can be approximated using a nonuniform
asymptotic expansion of the SDP integral, which corresponds
to the far-field given in (5)

€spp(Flg<og, ~ €(Foos AZ)g g, (14)

where it is highlighted that this applies only with a proper
phase center definition. The far-field is also shown in Fig. 8.
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This nonuniform asymptotic evaluation can be considered suf-
ficiently accurate to describe the SDP field until fsp because
the field level at the shadow boundary is already very low
(i.e., about —10 dB in Fig. 8). This is due to the fact that the
geometry considered in this article supports two £k, w leaky
waves that cumulatively provide a maximum at broadside, and
a decreasing total field already for observation points close to
the shadow boundaries. For other configurations where the
shadow boundary would correspond to higher field levels,
a uniform asymptotic evaluation as in [25] would be needed
to maintain useful accuracy. The phase in Fig. 7(b) varies by
less than 10° in the region 8 < fgp for any R and can thus
the near field can be considered a spherical wave. Since this
angle also corresponds to the —10 dB point of the radiation
pattern, the lens’ subtended solid angle, seen from the phase
center, can be approximated by Qgp. This solid angle in (9)
and phase center in (13), which are only a function of the
propagation constant of the LW mode, fully define the shape
of the lens needed to enhance the directivity in this kind of
antennas as shown in the next section.

To illustrate that the field close to the LW source can be
well represented by a spherical wave, a 2-D cut of the real
part of the electric field in the E-plane is shown in Fig. 9(a),
which has been obtained from a full-wave simulation. It is
clear from this figure that there is a spherical wavefront in
the semi-infinite medium, even very close to the air-dielectric
interface. Next, the direction of time-averaged power flow has
been calculated from the Poynting vector S = Re{e x h*}/2 in
the E-plane seen from the phase center. This direction is shown
in Fig. 9(c) and is compared to the geometrical radial vector.
Indeed, when the near field is evaluated from the phase center,
the Poynting vector is almost along 7, which confirms that the
near field may be considered a local spherical wave in the
region @ < Hsp and that it will couple well to an elliptical
lens, even for electrically small lenses.

We can also evaluate the fraction of power in the space
wave by integrating the Poynting vector over the solid
angle Q SB

1 (. .
Prad(R):// —Re{eSDp xh’gDP} FR2Q. (15)
Qsp 2

The ratio of this power to the total radiated power by
the LWA, i.e., Pna(R)/ P, will correspond to the spillover
efficiency of the truncated lens. In Fig. 10, this spillover
efficiency is shown as a function of the lens diameter D =
2R sinfgp. From this result, we can see that the spillover
efficiency is higher than 85% for lenses larger than D = 24,.
Thus, depending on the specific requirements, silicon lenses
as small as D; = 2.54¢ can be used. When the double-slot
iris is omitted, and thus the TMO mode is present, the lens
size must be significantly larger in order to achieve the same
efficiency.

B. Low Dielectric Contrast: Plastic Lenses

The use of low-permittivity lenses, which have LW poles
that are much further from the real axis, has recently been
proposed to achieve a very wide bandwidth of 40% [11].
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Fig. 9. Two-dimensional E-plane cut of the field radiated by the double-slot
iris source into an (a) silicon and (b) plastic semi-infinite medium. Poynting
vector angle (solid: E-plane, dashes: H-plane) for the fields in (c) silicon
(see Fig. 8) and (d) plastic (see Fig. 12). The black dotted line indicates the
geometrical angle seen from the phase center.
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Fig. 10. Spillover efficiency as a function of the lens diameter.

The stratification is the same as considered before (see Fig. 1),
except the semi-infinite silicon is replaced with HDPE (¢, =
2.5, considered lossless here), a low-cost plastic commonly
used in mm-wave applications. The proposed lens feed is a
waveguide-fed double-slot iris, similar to [11], with dimen-
sions a; = 120°, p; = 0.64p and w; = 0.2, designed
to suppress the TMO mode. The leaky-wave propagation
constants are shown in Fig. 11 as a function of frequency,
along with the resulting shadow boundary angle. Note again
that Ogp is very far from 6,y for the main TM;/TE| modes and
that they are nearly equal for both modes. Since the main LW
poles are not as close together as in the silicon case, the phase
center Az = —0.641 has been calculated by averaging (13).

The field radiated by this source into the semi-infinite
medium, ¢, has been calculated using (10) over several spher-
ical cuts in the E-plane with radii R between 1.519 — Az and
1249 — Az, centered at the phase center. For reference, the far
field is also shown. The result is shown in Fig. 12(a) and (b)
(solid lines). The field is again not strongly dependent on
R. In Fig. 12(c) and (d) the field is decomposed into the
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Fig. 12. Electric fields in the (a) E-plane (6§ component and 7# component)

and (b) H-plane ((;AS component) radiated by the double-slot iris of [11],
evaluated over a spherical region with several radii taken from Az = —0.6419,
i.e., below the ground plane. The shadow boundary angle of (9) is indicated.
The decomposition into the SDP contribution (solid lines) and LW modal
fields (dashes: main modes, dots: TMy mode) are shown in (c) E-plane and
(d) H-plane.

contributions from égpp (solid lines) and ey (dashes and
dots), which sum to ¢ [see Fig. 12(a) and (b)]. The disconti-
nuity in éspp is due to the SDP crossing the LW pole.

To illustrate that the near field can be considered a local
spherical wave, a 2-D cut of the near field is shown in the
E-plane in Fig. 9(b). Furthermore, the angle between the time-
averaged Poynting vector S and the radial direction, seen from
the phase center, is shown in Fig. 9(d). It is clear that the field
can be considered a local spherical wave for 8 < g even
for observation points close to the source. Thus, the approach
can be used for stratifications that are less resonant than in
Section V-A and much less resonant than previously described
in the literature [26].

VI. APPLICATION TO SMALL ELLIPTICAL LENSES

In this section, the geometry of the elliptical lens fed
by the resonant leaky-wave feed with a double-slot iris is
given analytically, based on the SDP field decomposition,
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Fig. 13.  Leaky-wave pointing angles fpw; and normalized attenuation
constants drw; at the central frequency as a function of the permittivity of
the infinite medium.
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Fig. 14. Shadow boundary angle fsp and phase center Az corresponding to
the main modes as a function of the permittivity of the infinite medium.

for arbitrary lens permittivity. The formulas provided can be
used to design the lens geometry even in the near field with
high aperture efficiency. We apply an FO methodology in
reception [11], [31] to calculate the aperture efficiency and the
radiation patterns of a small silicon lens, which are verified
using full-wave simulations. The aperture efficiency is then
calculated as a function of the lens diameter D;.

A. Spherical-Wave Parameters for Arbitrary Dielectric
Contrast

To define the geometry of an elliptical lens antenna, we must
know fsp and Az for the desired lens permittivity. Therefore,
we present here the LW poles as a function of the permittivity
of the semi-infinite dielectric medium, &,. These are then used
to derive Osp and Az as a function of &,.

The leaky-wave pointing angle 6.y and leakage rate G w
are shown in Fig. 13 as a function of the relative permittivity
of the semi-infinite medium. The LW angle decreases and
the leakage is slower as the permittivity increases, which is
in line with the results for the classical Fabry—Pérot antenna
geometry [1], [37].

The shadow boundary angle #sp and phase center loca-
tion for the main TM; and TE; modes, calculated using
(9) and (13), are shown in Fig. 14 as a function of the
relative permittivity of the semi-infinite medium. The shadow
boundary angles are almost equal for both modes and decrease
with an increasing ¢,. The phase center is further below the
ground plane as ¢, increases. Together, the shadow boundary
angle and phase center location fully define the elliptical
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efficiency of the analytical lens geometry of (a) based on the leaky modes as
a function of the lens diameter.

lens geometry to which the LWA couples well, as will be
demonstrated next.

B. Elliptical Lens Geometry

The analytical elliptical lens geometry that provides high
aperture efficiency [see Fig. 15(a)] is as follows. The lower
focus of the ellipsoid, F», coincides with the phase center
Az of the feed given by (13) and the lens is truncated at
an angle Osp, given by (9), seen from this focus since the
shadow boundary angle corresponds roughly to the —10 dB
field taper angle. The values for Az and #sp can be found in
Fig. 14. The distance from F, (i.e., the phase center) to the
rim of the lens is Rpp = D;/(2sinfsp). The sphere centered
at F, with radius Ry is the FO sphere. The semi-major axis
of the ellipsoid is given by

a= Rro(l — ecos@sg)/(l — ez) (16)

and the inter-focal distance is given by ¢ = a - e, where e =
1/4/e, is the eccentricity of the lens.

C. Lens Analysis in Reception

To calculate the aperture efficiency of the lens, we use the
FO method in reception [31], which we briefly summarize
here. In the FO approach, a plane wave incident on the lens in
the k' = —% direction is propagated into the lens and onto the
FO sphere (Sro with normal 7 = —7 pointing inward) using
geometrical optics (GO). The equivalent electric and magnetic
currents on the FO sphere J;EO =0 X hg::) and M;EO =
—i x &9 are then correlated with the SDP contribution to
the near field of the leaky-wave feed, éspp(¥) and hsp p (),
as follows:

4

Py (k) = ko

16 P,y

L (Ror st k) =sor - 5, 0)) as
Qgp

a7)

2

and the aperture efficiency is given as #,, = Pr/Ppw, where
Ppw = |Epw|*n D,z/(SQ“O) and |Epyw]| is the amplitude of the
incident plane wave. Since we know from Section V that

the field can be modeled by a local spherical wave until
the lens angle, the magnetic field is given by hspp(¥) =
# x éspp(r)/¢s and we can simplify the correlation integral
in (17) to 2foSB (€spp -Eg;ﬁg(l%,'))dA, which is the integral
given in [11]. However, we emphasize that this approximation
is only valid when the lower focus F, coincides with the phase
center of the feed. The main novelty here is that the FO sphere
is in the near field of the LW feed, where only the SDP field
contribution is needed to evaluate the radiation properties of
the lens-coupled LWA. Combining the FO approach with this
spectral field decomposition is computationally very fast.

D. Leaky-Wave Antenna Performance

The aperture efficiency of silicon lenses has been calculated
for lens diameters between D = 1.51p and D = 154 with
a truncation angle fsp and phase center Az given by (9)
and (13), respectively. The rest of the lens dimensions are
derived as described above. The lenses are fed by the double-
slot iris of [7] and have a quarter-wave anti-reflection coating
with a permittivity of ear = 3.45. The resulting aperture effi-
ciency is shown in Fig. 15(b). The highest aperture efficiency
is obtained when D = 4 and is almost 80%. For comparison,
the field over the FO sphere has also been calculated using the
far-field approximation of (14), which corresponds to making
a uniform asymptotic evaluation of the SDP integral. It can be
seen that the aperture efficiency of the proposed lens geometry
varies less than 5% as a function of the diameter with respect
to the numerical evaluation of the SDP integral.

The bandwidth achieved by such silicon LW lens antennas
is in the order of 15% [7]. A larger bandwidth, around 40%,
can be achieved by using a lower permittivity lens [11].
The aperture efficiency of a plastic (¢, = 2.5) lens at the
central frequency is shown in Fig. 15(b), where the elliptical
lens’ geometry has been obtained from the phase center and
shadow boundary angle as described as above. The aperture
efficiency of a LW-fed plastic lens is above 80% when the
lens diameter is larger than 2.54¢. The plastic lens achieves a
higher aperture efficiency than the silicon lens because there
is a better matching of the leaky-wave feed far-field to the
incident GO field [11].

Depending on the source and lens diameter, a fine tuning of
the lens parameters could lead to a slight increase of aperture
efficiency. However, compared to the full-wave approach to
the optimization of the phase correcting structure that have
been presented in the literature [12], the fine tuning of the
lens parameters here could also be achieved by using the
SDP and FO approach, significantly decreasing the required
optimization time.

The radiation patterns of the D; = 44, silicon lens fed
by the LW feed have been calculated using the same FO
method in the near field described above, by varying k; as
explained in [17]. The radiation patterns of this lens are
shown in Fig. 16, along with a full-wave simulation of
the lens. The match between the patterns obtained with the
FO methodology (black) and CST results (red) is excellent,
especially in the main beam. The sidelobe level differs at
most by 1 dB. The directivity of this lens antenna is 21 dBi.
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Fig. 16. Radiation pattern from a silicon lens with diameter of D; = 449
fed by the LW stratification of Fig. 1 and double-slot iris from [7]. Black:
SDP-FO method, red: full-wave simulations.

The performance of this single lens indicates we can effi-
ciently feed lenses as small as 41, which is very relevant for
communication [17], [35], [38] and space [10], [16] arrays that
are not fully sampled. Moreover, the achieved performances of
a lens design based only on the complex propagation constant
provides higher aperture efficiency than other numerically
optimized phase correcting structures or shielded cavity-based
LWAs [10], [12]-[14].

VII. CONCLUSION

In this work, we have shown that the near field of resonant
LWAs radiating into a semi-infinite dielectric medium can be
locally represented as a spherical wave in a certain solid angle
around broadside from the phase center far below the ground
plane. The near field in this solid angle can be efficiently
evaluated using the integration of the spectral Green’s function
along the SDP, which can be approximated by a nonuniform
evaluation, even very close to the LW cavity. Beyond this solid
angle, defined as the shadow boundary angle, a contribution
due to the leaky-wave pole must also be considered to fully
describe the near field. It is shown that the complex LW
propagation constants and the shadow boundary angle can be
used to define the properties of the spherical wave formation
accurately even in low-contrast LW cases. Therefore, the phys-
ical insight gained in this analysis can be extended to other
resonant LWAs made with different kinds of stratifications
such as FSS-based cases.

To demonstrate the applicability of the proposed study,
we apply the understanding of the near-field spherical wave
formation to the design and analysis of small- to medium-sized
lenses. It is shown that the LW complex propagation constants
can be used to define a truncated lens geometry that couples
well to the leaky-wave antennas and achieves a high aperture
efficiency for any diameter. Moreover, we have combined
the SDP calculation with an FO methodology in reception
to efficiently calculate the aperture efficiency and radiation
patterns of such lenses. A truncated silicon lens design with
a diameter of only 4 free-space wavelengths is presented that
achieves almost 80% aperture efficiency. Excellent agreement
with full-wave simulations is achieved, which demonstrates
the accuracy of the SDP-FO methodology.

APPENDIX A
The field expressions for the electric and magnetic field
components along p, ¢, Z after closing the a-integral in (1)
for a magnetic current source along § are

- cos¢p [
e,(r) = — Py / [Vrm(Ho — Hy) + Vre(Ho + Hy)l
—00
x Mye 7%k, dk,
. sing [
ey(r) = o [(Vru(Ho + Hy) + Vrep(Ho — H»)]
—0oQ
x Mye %k ,dk,
- jéacosgp [ - it g2
. = - Iy H M e 7"k dk
e,(r) ank, ) frut ve Hdk,
- sing [
hy(r) = — 3 / [Ire(Hy — H>) + It (Ho + H>)]
T —00
r —Jjk,z
x Mye "’k ,dk,
- cos¢p [
hg(r) = — 3 / [Ire(Ho + Ha) + It (Ho — Hy)|
T —00
1, —jk,z
x Hye ; kydk,
= J sm o —jkuzp2
h, = — VeeHi Mye 7"“k-dk
(r) ariaks ) o reH Mye Lk,

in which the arguments Vry g = Vemyre(ky), Irmre =
Iryyre(k,), Ho = 1:1(52)(kpp)’ H = Hl(z)(kpp)’ H, =
Hz(z) (k,p) and M, = M, (k,, ¢) have been suppressed.

APPENDIX B

The leaky-wave modal electric and magnetic field compo-
nents p, ¢, 2 due to a leaky-wave pole kEWE are given by

e, ") = —@kﬁw”mes(vmw@ ~ Hy)
+ Res(Vre)(Ho + Hy) 1M,

e;"(R) = %kﬁWP[Res(VTM)(HO + Hy)
+ Res(Vre)(Hy — Hy) 1M,

eEVP () = M(/’cLW}D)ZRes(ITM)HlMﬂv

2kg ”

VP Gy = 2 Sznqﬁkf)‘WP[Res(ITM)(Ho + Hy)
+ Res(Irg)(Ho — Hy)1M,

hVP(F) = —#kjWP[Res(ITM)(HO — H,)
+ Res(Irg)(Ho + H2)1M,

ey = Sne (K2Y'P)? Res(Vr ) Hi M,

204ka
where Res(-) indicates the evaluation of the residue at the
pole and the arguments Vzyre = VTM/TE(kaWP), IrmTe =
Irnyre kYD), Hy = HPKEVPp), Hy = HP (VP p),
Hy, = HP kP p) and M, = M,(kE"",$) have been
suppressed. Note that these expressions are only valid when
6 > Osp as described in Section III.
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