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Compact Leaky Wave Fed Frequency-Scanning
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Abstract—In this article, a compact antenna structure capable
of focusing in the near field and composed of a gradient index
(GRIN) lens and a frequency-scanning, longitudinally slitted
waveguide feed is proposed. The slitted waveguide can support
traveling waves propagating with both a positive and negative
phase constant (8), thereby allowing scanning between the
backward and forward quadrants. The scanning is realized by
varying the frequency from 26 to 35 GHz achieving a total
displacement of the focusing spot of about 125 mm along the
z-direction in the H-plane.

Index Terms—3-D printing, additive manufacturing (AM),
frequency-scanning antennas (FSAs), gradient index (GRIN) lens
antenna, leaky wave antennas (LWAs), Mikaelian lens, near-field
focusing (NFF), slot arrays.

I. INTRODUCTION

WING to their inherent characteristic to scan along one

end by changing the position of the feed located at
the opposite end plane [1], gradient index (GRIN) lens-based
antennas have attracted significant interest as beamforming
solutions [2]. Furthermore, these structures are often of a
wideband nature and are flexibly able to meet requirements for
various application areas [3], [4] with the only limitation being
the dispersion of the dielectric material used to fabricate the
lens. One such area of interest is applications requiring near-
field focusing (NFF) [5], [6], where the focusing effect can be
achieved by appropriately tapering the GRIN lens profile.

A class of GRIN lenses that is particularly attractive is
the Mikaelian lens, given its planar and therefore small and
easily integrable, physical profile [1], [7], [8], [9]. Beam
scanning using the Mikaelian lens was explored in [10],
where an open-ended waveguide was mechanically scanned
across the aperture of the lens, and in [11], where an array
of patch antennas was used to feed the lens and scanning
was electronically achieved by appropriately turning on and
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Fig. 1. Proposed leaky wave-fed planar GRIN lens antenna.

off the antennas. To further simplify the scanning along one
dimension and avoid the bulky, time-consuming mechanical
approach or the complicated multiport approach, we propose
to use a slitted waveguide capable of both a positive and
negative §, thereby theoretically allowing scanning through the
broadside from the backward quadrant to the forward quadrant
of the region above the combined structure composed of the
Mikaelian lens and slitted waveguide feed (see Fig. 1).

The novelty in the proposed approach lies in exploiting
both the frequency-scanning capability of the slitted waveguide
feed to instantaneously scan along the H-plane (the xz-plane
in this work as viewed from within the waveguide for con-
venience) and the ease with which the focusing effect can
be achieved by tapering the profile of the Mikaelian lens by
3-D printing. leaky wave antennas (LWAs) capable of NFF
have been studied extensively [12], [13], [14], [15], [16], [17],
(18], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28],
[29], [30], where both the feed and phase tapering mechanisms
are combined in a single structure, which, though provid-
ing a more compact form factor, necessitates complicated
designs, thereby increasing the fabrication complexity as the
antenna structures require specific mechanical modifications
to taper the traveling wave in some manner. Moreover, as a
consequence of these mechanical modifications, the various
antennae’s focusing characteristics cannot be flexibly changed
should the application needs change which would mean the
refabrication of the entire antennae’s structures which might
be a relatively time consuming and expensive endeavor.
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Fig. 2. Slitted waveguide feed structure viewed from (a) transverse direction
and (b) longitudinal section.

To alleviate these issues, the feed is separated from the
phase tapering in this work, which affords us an extra degree
of freedom in the proposed design relative to the conventional
tapered LWAs. As such, in the proposed work, it is theoret-
ically possible to change the focusing characteristics of the
combined structure simply by switching out the cheaply and
rapidly 3-D printed GRIN lens superstrate depending on the
application scenario. Additionally, having an untapered LWA
as a feed reduces the fabrication complexity as mechanical
modification of the guiding structure is unnecessary. The
design of the slitted waveguide feed and the GRIN lens
is treated in Section II. Experimental results to verify the
focusing effect are presented and discussed in Section III.

II. DESIGN OF THE SLITTED WAVEGUIDE FEED AND
GRIN LENS SECTIONS

A. Slitted Waveguide Feed

The waveguide feed to the GRIN lens is based on the corru-
gated waveguide with dielectric fillings proposed in [31] that
is capable of supporting traveling waves with a positive and
negative 8. By using dielectric material in the corrugations,
an electric field is induced within the corrugation with a vector
that lies along the longitudinal direction of the waveguide
region (z-direction) that is in the cutoff region of the dominant
mode of operation of the waveguide region. The corrugations
therefore act as periodic scatterers deflecting this induced
field backward generating the — g traveling waves within the
air-filled waveguide region above the corrugations. When the
frequency is increased, the dominant mode of the waveguide
region appears, and the traveling wave then proceeds to the
positive z-direction with a positive 8 as normal.

To design the =8 waveguide, the physical model shown
in Fig. 2 was used. Taking the reference plane at x = ¢
for a single corrugation in the model, the bottom region
containing the periodic dielectric-filled corrugation and the
air-filled waveguide region above can be viewed as short
circuits. The model can therefore be described in circuit
network terms by the following set of equations and resolved
by the transverse resonance method [32] with g = 0. First,
the bottom and upward admittances viewed from x = ¢ are
described as

Ylot:Y0+Yl:O (1)

where Yy is the input admittance of the corrugation and
Y, is that of the waveguide region. These two values are
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for the fundamental, dominant TE mode of the waveguide with
the periodicity of the corrugation being catered to by the term
in square brackets in (2). The specific terms in (2) and (3) are

given as
T\ 2
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To resolve for k,, (2)-(6) can be substituted into (1) and
solved numerically within solution limits of interest with the
imaginary part (corresponding to the attenuation constant o)
set as zero as no radiation occurs. The real part of the solutions
is then the 8 and the results for the closed waveguide (g = 0)
in the frequency range of 25-35 GHz are indicated by the
black line in Fig. 3 as calculated by the circuit model. The
parameters used were selected to allow a smooth transition
between the —f and +f regions within the desired frequency
range of operation, and as we are primarily interested in the
leaky waves (8 < ko) capable of radiating, the solution limits
were set with |8] < ko, which explains why we describe the
proposed structure as leaky wave fed. The circuit model with
g = 0 can be used to rapidly determine the optimal physical
parameters of the waveguide feed before introduction of the
slit to enable radiation.

To allow the radiation of the traveling wave, a thin longi-
tudinal slit is introduced at an offset along the broad wall of
the waveguide. This is because along the center, the surface
current density distribution along the internal walls of the
waveguide is nulled at the dominant mode, and if a thin slit is
cut along this region, there would be no radiation. Of course,
this can be resolved by increasing the slit width; however, there
would be symmetrically opposed magnetic current vectors
within the longitudinal slit, which then cancel out and the
problem remains. As a solution to this issue, the slit position
can be offset, causing an asymmetry thereby allowing radiation
from the waveguide [33].

The k, characteristics of the slitted waveguide model were
extracted by full-wave simulation software and compared with
the slitted waveguide results (g = 1 mm) in Fig. 3(a). From
these results, it appears that the addition of a thin longitudinal
slit has a noticeable effect on B. Specifically, the red line
corresponding to the g = 1 mm case can be seen to flatten,
which suggests that the radiation direction would be closer
to the broadside in both the lower and higher frequency
regions, which would imply a reduced total scanning range.
The red line can also be seen to jump from a value of

kxl =
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Fig. 3. (a) Normalized propagation constant of the slitted waveguide feed

(n = 0 space harmonic) obtained from full-wave simulation (FDTD) and the
circuit model and (b) normalized phase constants of the n = —1, n = 0, and
n = 1 space harmonics extracted from the circuit model.

about —0.74 at around 25 GHz to about 0.6 at frequencies
lower than 25 GHz. This phenomenon, and the relatively
constant value of 8 between 20 and 25 GHz, may be attributed
to the slot mode that appears between the parallel edges of
the longitudinal slit [34] even in the cutoff region of the
waveguide below the slit and can be suppressed from radiating
by using shorter transverse slots [35] as is done in this work.
Although the slot mode can be suppressed from radiating by
using the shorter transverse slots, its propagation within the
waveguide proceeds unimpeded, which leads to the extraction
of both the slot mode and the fundamental TE mode from
the full-wave simulation (FDTD) model, which explains the
ripples appearing in the red and blue g curves for frequencies
larger than 25 GHz.

There is an increase in « in the —f8 region, which may
be because the slitted waveguide is operating in the cutoff
region of the normal operating mode of the waveguide. This
increase in o means that the effective radiating length of
the slitted waveguide would be reduced in the —p region
compared to the +p8 region, which would lead to a reduced
magnitude of the electric field in this region. This phe-
nomenon might be solved by tapering of « in taking this
variation into account and is to be further studied in future

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 72, NO. 3, MARCH 2024

iterations of the structure proposed here. There is also a
drop in o as the frequency is increased from 27 GHz,
which is caused by the slitted waveguide approaching an
open stopband (OSB), which suggests that no radiation would
take place at this frequency, and consequently, a dip in the
magnitude of the radiated electric field is expected. At and
below the cutoff frequency, o assumes a finite value, which
is a phenomenon associated with the previously discussed
slot mode.

If the slit along the top of the slitted waveguide was
composed of only the longitudinal slit, the main vector of the
radiated electric field would be along the y-direction. However,
because shorter transverse slots are introduced periodically
along the slit to suppress the radiation of the slot mode, the
linear polarization of the radiated field is also shifted by 45°
from the y-axis.

To confirm the influence of adding the GRIN lens on top
of the slitted waveguide on the B, a model of the slitted
waveguide with a dielectric slab (¢, = 2.75 and tan § = 0.01)
positioned on top of the waveguide was calculated and the g
extracted and plotted as the blue line in Fig. 3(a). From the
figure, we may infer that the addition of a dielectric superstrate
has the effect of somewhat suppressing the slot mode from
propagating in the frequency range 21-25 GHz though not
completely as indicated by the presence of ripples in the curve.
It also appears that the addition of the lens would have minimal
influence on the TE mode propagating within the waveguide
as there is a small difference between the red and blue lines
from 25 GHz and above.

As the corrugated waveguide is periodic in nature, the k,
values of the n = —1 and n = 1 space harmonics were calcu-
lated in addition to those of the fundamental n» = 0 harmonic
using the expression

2nmw
ko = ko + 7 N

where k, is the k, of the n = 0 space harmonic and p is
the periodicity of the corrugations and the results presented in
Fig. 3(b). Since a common value of « is shared among the
various space harmonics [36], only B is included in Fig. 3(b)
and o in Fig. 3(a) should suffice for the analysis of the
attenuation characteristics. As the slitted waveguide primarily
exploits the n = 0 space harmonic to accomplish scanning
from the backward quadrant to the forward quadrant, it follows
that the n = —1 and n = 1 space harmonics should be confined
within the waveguide (|8,/kg| > 1) as slow waves to ensure
there is no interference with the radiated field once a slit is
introduced and this appears to be the case in the proposed
structure as observed from the figure.

The length of the feed to the lens was set as L = 103.5 mm
both for manufacturing convenience and easy periodicity of
the corrugations introduced into the bottom surface of the
slitted waveguide feed. With this value in mind, the next
step was to determine the optimal a/ky that would ensure a
radiation efficiency, 1, = 0.9 at the desired center frequency
of 28 GHz (decided upon from the frequency characteristics
of B presented in Fig. 3), which was obtained from

0.5L
Nad = 1 — o2 o5 a(2)dZ ®)
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Fig. 4. Ray trajectory through (a) nongeneralized Mikaelian lens and (b) with
lens — 50 mm, L; = 0, L, = 200 mm, and p = 0.06 in the case of a leaky
wave feed.

as a/ky = 0.02 and the slit width g = 1 mm was found to
ensure this leakage rate at 28 GHz by full-wave simulations.

B. Planar (Mikaelian) GRIN Lens

To gain physical insight into the self-focusing property of
the Mikaelian lens, the ray tracing model shown in Fig. 4(a)
was used. In the model, z; indicates the position of the source
along the z-direction of the ray feeding the lens at L; from
the lens surface. The thickness of the lens is given by ¢!
and 7z, is the position of the ray at the output of the lens
at L, from the lens surface. The generalized ray trajectory
through the lens can then be determined by using the following
matrix [37], [38]:

1 0 L.
|:zz ] |: 1 L, j| 12(Zin) cosgz ——singz
= in ng
& 0 1 0 n —nygsingz  cosgz

1 0
1 L1 Z1
|:O nZ(Zout) j| 0 ! 91

where g = 2mp/t'®™, in which p is the pitch, n,(z,) and
ny(zey) are the refractive indices at the points of incidence
and output, respectively, and n; is the refractive index of air.
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Fig. 5. (a) Refractive index profiles of the Mikaelian lens with different
values of T with D = 200 mm. (b) Focal length L, of the Mikaelian lens
with changing values of '™ and p.

The refractive index profile of the Mikaelian lens is given
as [1]

n2(0)

2npz *
t

ny(z) = (10)

cosh

lens

The relationship between the refractive index profile and the
thickness of the lens was then investigated and the results
indicated in Fig. 5(a) where T = ¢!*"/L!*™ in which L' is
the length of the lens. Increasing the thickness has the effect
of flattening the refractive index profile, which would allow
for more practically realizable GRIN profiles though at the
cost of an increased physical profile.

Owing to the self-focusing properties of the GRIN lens, the
ray trajectory through the lens can be controlled by judiciously
selecting the value of pitch, p, to achieve a desired focusing
performance. As the lens will be fed by the line source
presented by the slitted waveguide, which will be presented
as a plane wave at the interface with the lens, p needs to be
selected, such that the aperture of the lens will be illuminated
by a plane wave and the incident field be tuned to focus on
some desired L, in the Fresnel region. The influence of p on
L, was then studied using the following expression [39]:

lens

L, =

= cot(2mp)
2w pny

(1)
and the results for different /" values given in Fig. 5(b).
To satisfy the requirement for plane wave illumination and
L, = 200 mm in the Fresnel region with a practically
realizable 7,(z), the pitch was set as p = 0.06 and '™ =
50 mm. The value of L' = 195 mm was selected because
we primarily wish to avoid a situation, where the left and right
sides as well as the upper corners of the lens are illuminated
(especially at lower and higher frequencies) by the longitudinal
slit, which would lead to unwanted diffraction that would
deteriorate the performance of the structure. The extra length
of the lens also allows the slitted waveguide to be firmly
affixed to the lens for mechanical stability.

The focusing performance of the proposed structure can
then be predicted from (9) after plugging in (10), which has
been calculated with L' = 195 mm, #** = 50 mm, and
p = 0.06. The results of the ray trajectory through and out
of the lens with these parameters are provided in Fig. 4(b),
where the focusing position is found to be at x = 200 mm
as opposed to the expected x = 250 mm (L, + #'°™). This is
because even through L= — 195 mm, the actual illuminated
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Fig. 6. (a) Refractive index profiles of the Mikaelian lens and (b) its

equivalent infill ratio profile.

length of the lens is equal to L = 103.5 mm giving rise to the
observed phenomenon.

Having settled upon the design parameters of the Mikaelian
lens, the next step was to then actualize the required refractive
index profile [n,(z)]. To accomplish this, 3-D printing by fused
deposition modeling (FDM) was settled upon as the most
convenient, low-cost method. The GRIN profile would be fab-
ricated by using an infill ratio profile [¢{(z)] that would allow
the tapering of the effective relative permittivity [/ (2)], and
therefore the refractive index, of the lens [40].

The n,(z) and subsequent eie“s(z), of the Mikaelian lens
with the decided upon design parameters were calculated and
are shown in Fig. 6(a). The relationship between sie“s(z) and
£(z) is given as

€™ (z) — 1

{(2) = o1

b 12)

where &P is the dielectric constant of the 3-D printer material.
Therefore, using (12), the GRIN profile was fabricated by
varying the infill ratio of the 3-D printer material at intervals of
Az = 5 mm, which was decided upon to maximize the accu-
racy of the commercial FDM 3-D printer to be used. The 3-D
printer material used in this work to fabricate both the lens and
the dielectric fillings of the corrugated waveguide is polylactic
acid (PLA), which has the dielectric constant e? ~ 2.75 and
loss tangent tand =~ 0.01.

Before fabrication of the slitted waveguide feed and 3-D
printed Mikaelian lens prototypes, the focusing performance
was confirmed by full-wave simulation, where these structures
were modeled with the finalized design parameters. First,
the 2-D electric field distribution in the H-plane (xz-plane)
was extracted and is shown in Fig. 7(a), where the focus-
ing position in the broadside case (28 GHz) can be seen
to coincide with the predicted x = 200 mm in Fig. 4(b).
To observe the anticipated shift in the focused spot with
frequency, the 2-D electric field distribution at 26 and 35 GHz
(the minimum and maximum scanning frequencies) is pre-
sented in Fig. 7(b) and (c). From these figures, the focusing
spot is displaced along the x-direction as the frequency is
shifted away from the design frequency with the observed
displacement being about 45 mm lower than at the designed
focusing position at x = 200 mm. This displacement is a
shortcoming of the proposed structure and can be mitigated
by following a conformal approach as was done in [27].
In Fig. 7(b), a weaker component of the radiated field may be
observed in the backward quadrant, which is associated with
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Fig. 7. (a) Simulated 2-D electric field distribution in the broadside case
(28 GHz). (b) Minimum scanning frequency of 26 GHz. (c¢) Maximum
scanning frequency of 35 GHz. (d) Normalized electric field distribution along
the z-direction extracted from the simulation results at x = 200 mm for
26-35 GHz in 1-GHz intervals.
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the next higher mode of the corrugated waveguide appearing
as the frequency is increased. This mode may be suppressed
by appropriate selection of the physical parameters of the
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waveguide and, depending on the application scenario, would
potentially have the effect of somewhat limiting the available
scanning range should it be allowed to radiate.

From Fig. 7(b), the electric field generated in the backward
zone (—p region) appears to be lower than in the broadside
and forward zone (+f region) cases and this is because of
the o increase observed in this region from Fig. 3(b). The
normalized 1-D electric field distribution along the z-direction
was extracted for different frequencies and is shown in
Fig. 7(d). From the figure, the shift in the focused spot with
frequency is evident (Zyi, = —91 mm and zy,x = 124 mm),
and when the frequency is increased, the full-width at half-
maximum (FWHM) increases, which is brought about by the
displacement of the focusing spot along the x-direction as the
frequency is shifted away from the design frequency.

The minimum FWHM of about 20.1 mm was observed close
to the broadside as expected as this position coincides with the
boresight of the antenna with the given setup (antenna is fixed
with the center at z = 0). Although the FWHM increases at
the lower and higher frequencies, we believe that the increase
in value is not so high as to discredit the usefulness of the
proposed structure as an NFF antenna in most practical appli-
cations requiring a fixed FWHM value along the z-direction.
The faster shift in the radiation direction in the backward
zone compared with the forward zone when the frequency
is increased is due to the steeper gradient of 8 in the negative
region compared to the positive region, as indicated in Fig. 3.
With these results validating the proposed structure’s focusing
and frequency-scanning capabilities, the slitted waveguide feed
and planar Mikaelian lens prototypes were then fabricated and
are shown in Fig. 8.

III. EXPERIMENT AND DISCUSSION

The combined prototype was measured using an experimen-
tal setup designed to replicate the full-wave simulation setup.
The experiment setup is shown in Fig. 9, where the Ka-band
open-ended waveguide (OEWG) was used as a probe and was
scanned along the z-direction in the range —150 mm < z <
150 mm at x = 200 mm and the transmission co-efficient
between the leaky wave-fed lens antenna and the OEWG
probe (S;;) was extracted at each position of the OEWG.
The OEWG holder was 3-D printed to have an effective
relative permittivity e? &~ 1.44 to minimize reflections to the
device under test. Absorber material was positioned around the
OEWG probe and on the floor upon which a foam platform
was used to support the device under test.

To evaluate the performance of the leaky wave-fed GRIN
lens antenna, both ports of the structure were connected to an
ANRITSU MS46322B vector network analyzer (VNA) with
and without the lens part attached and both the reflection
coefficient (S;;) and the S,; measured with the results shown
in Fig. 10(a).

From the figure, the addition of the lens structure to the
slitted waveguide feed has minimal influence on |S;;|, which
suggests minimal reflection from the lens surface back to feed
port when L; = 0. Interestingly, upon addition of the lens,
|S»1] decreases, and this may be attributed to the increase in
o when the lens is positioned above the slitted waveguide.
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Fig. 9. Experimental setup used to measure the proposed antenna structure.

The spillover efficiency of both cases was then calculated by
the equation

ns = 1— 1S [* =[Sy |? (13)
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the lens. (b) Measured spillover efficiency, ns, of the antenna structure with
and without the lens.

and the results indicated in Fig. 10(b). As the power dissipated
within the waveguide by the lossy dielectric fillings is not
considered in (12), it is anticipated that n,,q¢ would be lower
than 7, should this dissipation be considered [41]. From the
results, both cases with and without the lens have similar
performance in terms of 7. 1y in the case without the lens
at the center frequency 28 GHz was found to be 0.85, which
is close to the designed 7,9 = 0.9. The low 75y in both cases in
the low-frequency region is due to the dominant mode being
in the cutoff region, and as such, the amount of radiated power
is anticipated to be low. The dip observed at about 29.5 GHz
is theorized to be because of the fabricated slitted waveguide
approaching the OSB close to broadside.

To evaluate the focusing effect at L, = 200 mm, the
extracted electric field distribution for different frequencies
was plotted in Fig. 11. From the simulation results in Fig. 7(b),
it appears that the focusing effect at z = 0 mm was achieved
close to 28 GHz, whereas in the measurement results, it was
observed close to 29.5 GHz. Additionally, it appears that the
achieved measured scanning range of the proposed structure
is from zy;, = —26 mm to Zp,x = 98 mm at x = 200 mm,
giving a total displacement along the z-direction of 124 mm,
which is lower than the 215 mm observed from the simulation
results in Section II-B and Fig. 7(b). The FWHM of the
measured frequency-scanned focused spot varies from about
40 mm at 28.5 GHz to about 20 mm at 34.5 GHz, which is
different to the theoretically predicted results. These phenom-
ena indicate a deterioration in the measured results compared
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(b)
Fig. 11. (a) Measured transmission coefficient between the OEWG (oriented
at 45° from the y-axis) and the leaky wave-fed GRIN antenna. (b) Normalized
electric field distribution along the z-direction extracted from the measurement
results at x = 200 mm for 28.5-34.5 GHz in 1-GHz intervals.

150 200

to the simulation results and especially in the low-frequency
operating region (concerned with —g, and therefore very
sensitive to fabrication defects in the corrugations) and may
be caused by the rough upper and lower surfaces of the 3-
D printed dielectric fillings used in the corrugations, which
distort the field within the waveguide and therefore also the
radiated field. This issue can be resolved by using a 3-D
printer with a finer minimum spatial resolution in addition to
lower loss printer material and is to be investigated in future
work. The focusing spot displacement along the x-direction
and the increase in « in the backward zone are also some
areas that can be further optimized upon in the next iterations
of the structure proposed herein. Finally, the form factor of
the proposed structure can also be made more compact should
the feed design be changed to thinner waveguide structures,
such as substrate integrated waveguide (SIW) technologies.
Despite these difficulties, the concept of a frequency-scanning
leaky wave-fed GRIN lens antenna has been successfully
demonstrated.

The proposed structure was compared with other LWA-
based NFF solutions on the basis of the scanning range,
the complexity involved in tapering B (essentially the design
flexibility), the frequency of operation, and the compactness of
the structure, and the results are summarized in Table I. In the
analysis of the compactness, the overall physical profile of
the structures was taken into account relative to the frequency
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TABLE I
COMPARISON OF NFF LWAS
Total focusing p tapering Freq. Compactness
spot Complexity band
Ref. displacement/ (design
: Length of flexibility)
antenna
range/L)

[12] 0 High X band Low
[13] 0 High - Low
[14] 1 High C band Mid
[15] 0.3 High Ku band High
[16] 0 High Ku band High
[17] 0.0075 High K band Mid
[18] 0 Low Ku band Low
[19] 0 High Ku band High
[20] 0 Low X band Mid
[21] 0 High W band Mid
[22] 0 High X band Mid
[23] 0.22 High Ka band High
[24] 0 High Ka band High
[25] 0.3 High V band High
[26] 1.48 High X band Mid
[27] 0.46 High Ka band Mid
[28] 1 High Ka band Mid
[29] 0 Low Ku band Mid
[30] 1.42 High Ka band Mid
This 1.2 Low Ka band Mid
work

band of operation. Relative to the other LWA-based NFF solu-
tions, the structure proposed in this work offers an increased
scanning range at Ka-band while simultaneously offering a
less complicated approach of tapering S as no mechanical
modification of the wave guiding structure is required, given
that the phase tuning mechanism is transferred to the cheaply
fabricated 3-D printed GRIN lens allowing the use of uniform,
untapered LWAs as a feed.

IV. CONCLUSION

In this article, a GRIN lens antenna fed by a slitted
waveguide was proposed, and the stated goals of simplifying
the scanning by taking advantage of the inherent frequency-
scanning characteristics of the slitted waveguide were verified
by simulation and experiment. The additional goal of simpli-
fying the design of the LWA capable of NFF by separating the
feed and phase tuning mechanisms was successfully demon-
strated as the proposed structure was shown to be capable of
NFF and the focusing spot produced by the prototype was
shown to have a displacement along the z-direction of about
124 mm. In addition to the optimization of the fabrication
of the dielectric fillings to improve the scanning performance
of the proposed structure, future work would investigate the
possibility of focusing in both the E-plane and H-plane as this
work was only concerned with focusing in the H-plane.
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