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Abstract—In this letter, a leaky-wave focusing antenna with a
tapered dielectric constant distribution is introduced. The main
appeal of the structure is the simplicity and low cost by which the ta-
pering is achieved in the fabrication process where the required ef-
fective dielectric constant profile is actualized by three-dimensional
printing in less than an hour using the commonly available and in-
expensive polylactic acid material. A detailed design method of the
structure is presented and the desired focusing effect demonstrated
by both simulation and experimental results at Ku-band.

Index Terms—3-D printing, additive manufacturing (AM),
antenna synthesis, focusing, leaky-wave antennas (LWAs).

I. INTRODUCTION

THERE has been intense interest into near-field focusing
antennas owing to their myriad applications in areas such

as RFID readers [1], [2], radiometry [3], hyperthermia [4], [5],
and imaging [6]. To address these application needs, several
structures have been proposed and leaky-wave focusing anten-
nas (LWFAs) [7], [8], [9], [10], [11], in particular, have been
explored owing to their relatively portable physical profile and
frequency scanning capability, which greatly simplifies scanning
in one dimension.

Despite the stated advantages of the LWFAs, a challenge
that remains is the relative fabrication complexity owing to the
requirement in tapering the phase constant of the travelling wave
along the length of the antenna to achieve the desired focusing
effect. This leads to the mechanically complex and financially
costly fabrication techniques, such as metal grating [7], mechan-
ically bending the waveguide structure of the antenna [8], [9],
tapering of the longitudinal slit [10], or tapering of the broad
wall height by CNC machining [11].

To address these fabrication challenges, a LWFA based on
the tapering of the dielectric constant within the rectangular
waveguide structure of the antenna is proposed in this letter
where the required dielectric constant profile is manufactured
by the relatively simpler and cheaper 3-D printing process.
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Fig. 1. Cross-sectional view and transverse equivalent network of a rectangu-
lar waveguide dielectric-filled LWA.

Though additive manufacturing (AM) has been used to taper the
dielectric constant (εr) in structures such as lens, reflectarray
and dielectric rod antennas [12], to the best of the authors’
knowledge this work represents the first time that AM is applied
to taper εr in LWAs. A generalized design method applicable to
LWFAs of similar type (rectangular waveguide-based LWFAs),
including the proposed LWFA is treated in Section II. Simulation
and experiment results to verify the desired focusing effect are
presented in Section III.

II. DESIGN OF THE LEAKY-WAVE FOCUSING ANTENNA WITH

TAPERED DIELECTRIC CONSTANT DISTRIBUTION

The first step in the design process of the LWFA is to determine
the required phase constant distribution (β(z′)) at each position
A(z′) along the length of the LWFA to achieve focusing at a
desired focusing position S(xs, zs). This variation in β is such
that the radiated field from each point along the length of the
antenna converges at the selected focusing position. To achieve
this, the tapering of the leaky mode as discussed in [13] is used
where the required phase constant distribution is given as

β(z′) = k0
zs − z′√

x2
s + (zs − z′)2

. (1)

The next step is to derive the relationship between β and the
physical variable of the rectangular waveguide we wish to taper
which in this case is the dielectric constant within the waveguide
(εrWG). When viewed from the transverse direction as indicated
in Fig. 1, the physical model of the LWA can be represented
by the corresponding network shown [14], [15] where εr

WG
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represents the dielectric constant within the waveguide that we
wish to taper.

The waveguide narrow wall width is represented by b whereas
a represents the broad wall height and the slit width is repre-
sented by g. In the equivalent network, kxn and Yn represent
the wavenumber in the x-direction and the admittance at each
layer n respectively where n = 0 represents the region outside
the waveguide (x > 0) and n = 1 represents the region within
the waveguide (x < 0). With the reference plane taken as x = 0,
which coincides with the position of the slit, Bext represents the
nonpropagating energy at the top of the slit and Bint similarly
represents the non-propagating energy at the bottom of the slit.
The radiated energy is represented by G. The equation describing
the network can therefore be expressed as (from [14], [15])

Ytot = Y0 + Y1 = 0. (2)

Assuming operation in TE mode

Y0 =
kx0
ωμ0

(G+ jBext) (3)

Y1 =
kx1
ωμ0

(−j cot(kx1a) + jBint) (4)

where

kx0 =
√

k20 − k2z (5)

kx1 =
√

εWG
r k20 − k2z (6)

G ≈ kx0b

2
(7)

Bext ≈ kx0b

π
ln

(
πe

γkx0d

)
(8)

Bint ≈ kx1b

π
ln
(πg
2b

)
(9)

in which the constants e and γ are given as 2.718 and 1.781,
respectively and k0 is the wavenumber in free space. To ensure
accuracy for a practical design, the loss tangent, tan δ, of
polylactic acid (PLA) has also been included in the complex
εr

WG as 0.01.
After substituting in (3) to (9), (2) was solved for kz numeri-

cally where β and the attenuation constant α can be obtained as
the real part and imaginary parts of kz respectively for different
values of a design variable (which in this case was εrWG) without
having to resort to full-wave simulation software. As we wish to
taper the leaky mode whereβ < k0 [15], the limits for the solution
of (2) for kz can be further specified as 0 ≤ β/ k0 ≤ 1 and 0 ≤ α/
k0 ≤ 1 for the real and imaginary parts. The dielectric constant
εr

WG was varied in range 2.0 ≤ εr
WG ≤ 2.7 in steps of 0.1 and β

was extracted for each value with the results indicated as the solid
black lines in Fig. 2. The case of a closed waveguide with g = 0
and εr

WG = 2.7 is also included for reference. It was observed
that there is a significant difference between these two cases
thereby necessitating the derivation of the leaky-wave antenna
(LWA) β as simply using the g = 0 case in the design process,
though simpler, would result in inaccurate focusing results. The
range of εrWG was decided upon because the dielectric material

Fig. 2. Frequency characteristics of normalized phase constant of rectangular
waveguide air-filled (εrWG = 1) and dielectric-filled (εrWG = variable) LWA.

(a) (b)

Fig. 3. Relationship between (a) normalized phase constant and waveguide
dielectric constant at design frequency of 13 GHz and (b) the required phase
constant and the dielectric constant profile to focus on S.

to be used within the waveguide was the commonly available
3-D printer material PLA that has a dielectric constant of about
2.8 [16] in the given frequency range.

By using a dielectric-filled waveguide in solving for (2), an
interesting phenomenon observed was that there was only a
single solution forβ in the stated limits as opposed to an air-filled
waveguide where two solutions exist with one solution corre-
sponding to the slot mode [17] that appears between the parallel
edges of the longitudinal slit. We may therefore conclude that
using a dielectric-filled waveguide can suppress the propagation
of the slot mode for the selected design parameters. To confirm
this conclusion, β for an air-filled LWA (εrWG = 1) capable of
operating in the same frequency range with a = 20 mm, b = 15
mm and g = 3 mm was calculated and the results indicated as
the blue lines in Fig. 2. Two solutions of β in the stated limits
were obtained where the dashed and solid lines correspond to
the slot and leaky modes, respectively.

From the chart in Fig. 2, the design frequency was selected as
13 GHz. The relationship between εr

WG and the normalized β
was then derived by interpolation as indicated in Fig. 3(a). The
final required εr

WG(z′) to achieve focusing at S(xs, zs) = (195,
150) mm for an antenna of length L = 200 mm is therefore
derived to be

εWG
r (z′) = 1.3033

β(z′)
k0

+ 1.7421 (10)
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(a) (b)

Fig. 4. Unit cell (a) of proposed structure and (b) dielectric constant profiles
with circular (cCP) and square (cSP) perforations.

(a)

(b)

Fig. 5. Manufactured prototypes of (a) untapered and tapered models without
metallization and (b) with metallization by copper tape.

by employing the proposed design method where the β(z′)
obtained in (1) is used and is plotted in Fig. 3(b).

Having derived (10), the perforation profile required to actu-
alize εr

WG(z′) needs to be determined. Either circular (cCP) or
square perforations (cSP) [18], [19] can be selected to actualize
the effective dielectric constant profile. In this design, a square
perforation profile was selected to maximize accuracy by the
commercial 3-D printer used and was derived from (3) in [18]
and (10) above as

cSP = Δz′
√

εWG
r (z′)− εD
εa − εd

(11)

The result of (11) is plotted in Fig. 4 with the solid dielectric
constant εd = 2.8 to represent PLA and the perforation dielectric
constant εa = 1 to represent a hollow perforation. A prototype
with the profile given by (11) was fabricated by 3-D printing
where the profile took about 40 minutes to produce and is shown
in Fig. 5(a) along with an untapered prototype for comparison
purposes. The 3-D printing technique used was fused deposition
modeling (FDM) owing to the relative popularity and low cost
of this technique. It should be mentioned that stereolithography
(SLA) 3-D printing [12] techniques can also be used to fabricate
the structures in [7], [8], [9], [10], and [11] to reduce the involved
fabrication costs. However, due to the mechanisms employed
in these structures to taper β, metallization by deposition or

TABLE I
COMPARISON OF LWFA MANUFACTURING METHODS

Fig. 6. Simulated electric field distributions along z-direction at x = 195 mm
for air-filled LWA with a=20 mm, b=15 mm and g=3 mm and dielectric-filled
LWA with a = 9 mm, b = 5 mm, g = 1 mm and εr

WG = 2.7.

electroplating would be necessary to ensure RF performance
does not degrade thereby increasing the fabrication complexity.
From this perspective, the structure proposed in this work ad-
dresses this challenge as the travelling wave is tapered without
the mechanical modification of the conducting sections required
to support the traveling wave within the waveguide.

The models were then simply metallized using adhesive
copper tape as shown in Fig. 5(b) and fed by insertion into a
WR75 coaxial to waveguide adapter. The section inserted into
the adapter has dimensions of a=19.05 mm and b=9.525 mm
which is then tapered into the dimensions of the waveguide sec-
tion of the LWA (a= 9 mm, b= 5 mm). The combination of 3-D
printing and copper taping is significantly cheaper compared to
the methods used in [7], [8], [9], [10], and [11] and a comparison
of the pros and cons of the fabrication method used in this letter
relative to these other structures is given in Table I.

To improve matching between the air region within the adapter
and the dielectric-filled region of the metallized waveguide, the
matching layer design procedure introduced in [20] was used in
which the length of the matching section, lM = 5.088 mm and
the thickness, tM = 2.7 mm.

III. SIMULATION AND EXPERIMENTAL RESULTS

To confirm the effect of the slot mode in the near field, an air-
filled LWA (εrWG =1) and a dielectric-filled LWA (εrWG =2.7)
with the parameters given in Fig. 2 were calculated using
full-wave simulation software. The electric field distribution
along the z-direction was then extracted at x = 195 mm at
13 GHz for both these structures and is presented in Fig. 6.
By observing Fig. 2, it is apparent that at these frequencies the
εr

WG =1 and εrWG =2.7 LWAs should have radiation directions,
(θs = cos-1(β/k0)), of 39° and 44°, respectively. The difference
between these two values is small enough such that the existence
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Fig. 7. Experiment setup to measure the electric field distribution of the
proposed leaky-wave focusing antenna.

of the slot mode in the radiated field would be readily apparent.
From Fig. 6, the air-filled and dielectric-filled LWAs have their
main components of the electric filled at around 38° and 43° as
expected. The air-filled LWA has an additional strong component
at around z ≥ 400 mm which may be attributed to the slot mode
which has an expected θs ≈ 10° whereas the dielectric-filled
LWA does not have this component thereby validating the con-
clusion made in Section II regarding suppression of the slot mode
and may offer an alternative to the usage of transverse slots as
discussed in [17] and [21].

To confirm the focusing effect, a model of the final prototype
was calculated using full-wave simulation software and the
electric field distribution along the z-direction was extracted at
x = xs = 195 mm and the results shown in Fig. 8. From the
simulation results indicated in the solid lines, the focusing effect
at the desired S(xs, zs) = (195, 150) mm at the design frequency
of 13 GHz was observed in the tapered case compared to the
untapered case thereby lending credence to the design procedure
outlined in Section II.

The focusing effect of the fabricated prototype was then
confirmed experimentally using the setup shown in Fig. 7 where
an open waveguide to coaxial adapter (OCWA), used as a probe,
was scanned along the z-direction using a motorized axis at x= xs
= 195 mm and the transmission coefficient between the OCWA
and the prototype was measured for each position zOCWA and the
results shown in Fig. 8(d) as the dashed lines. The return loss
of the tapered and untapered structures is shown in Fig. 8(c)
where both structures exhibit satisfactory performance. The
difference in both cases may be caused by the slight difference in
insertion lengths within the adapter feed as well as by variations
introduced by the tapering of β.

Good agreement in the focusing effect between the simulation
and experimental results was observed with the differences,
especially in the low z region (θs closer to 90°), being attributed
to the scattering from the flat flanges of the probe which is then
re-scattered from the antenna under test. A disadvantage in the
proposed method is that the 3 dB beamwidth will be reduced
compared to the structures presented in [7], [8], [9], [10], and
[11] owing to the increased step size (Δz′) in the tapering of

(a) (b)

(c) (d)

Fig. 8. 2-D simulated electric field distribution for the (a) untapered and (b)
tapered models and (c) measured return loss. Simulated and measured electric
field distributions (d) along z-direction at x = xs = 195 mm at the design
frequency of 13 GHz.

β which is an unavoidable consequence of using a perforation
profile owing to the limited tolerances involved compared to
other methods such as changing the filling rate [22] along the
length of the dielectric which can allow similarly fine Δz′ as
in [7], [8], [9], [10], and [11] (Table I) by using FDM as the
smaller the Δz′, the smaller the 3dB beamwidth and the better
the resolution.

IV. CONCLUSION

In this letter, a LWFA based on the tapering of the εr of the
rectangular waveguide structure of the antenna was proposed. A
generalized design method applicable to structures of a similar
nature was presented where the relationship between the β of
the travelling wave within the waveguide and the dielectric
constant was derived. This relationship was then used to design
a perforation profile that was actualized by 3-D printing in a
relatively inexpensive, simple, and quick process. The focusing
effect was verified by simulation and experiment. Owing to
the method of tapering β selected, the structure is limited to
submillimeter-wave frequencies as the perforation size is limited
by the tolerances of the 3-D printer. Additionally, as the structure
is based on the classical leaky-wave antenna, introducing a
dielectric into the waveguide means the leaky mode is shifted
to lower frequency as β is increased due to the corresponding
reduction in wavelength compared to an air-filled waveguide.
This challenge, therefore, informs the next steps of this work,
which is how to use the proposed concept at higher frequencies,
which may necessitate the use of other physical structures such
as substrate integrated waveguide or other methods of tapering
εr without using the perforation profile.
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