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ABSTRACT

Due to their frequency-dependent angular emission, leaky-wave antennas have been recently introduced in the terahertz band to tackle many
of the challenges associated with THz wireless communications. Most previous works have exploited conventional leaky-wave waveguide archi-
tectures developed for the microwave region. In this paper, we study in detail the emission characteristics of leaky-wave antennas at THz fre-
quencies. We show that, at these high frequencies, the wavelength-scale interaction with the aperture causes a nonuniform electric field
distribution at the slot interface, which is a unique regime that is not typically encountered at lower frequencies. This effect is even more pro-
nounced as the slot width increases to a point where the sides of the slot act as secondary leaking structures, and the well-known frequency–an-
gle relationship is not obeyed as the energy at a given frequency is radiated in a broad range of angles. Therefore, to exploit the phase matching
condition, which couples frequency to emission angle, one must use very thin rectangular slots d � k, at the expense of device efficiency. To
address this problem, we explore an alternate slot aperture design, in which the slot width increases linearly along its length (i.e., a trapezoidal
shape). We show that this preserves the phase-matching constraint while allowing higher output coupling efficiencies. Moreover, since a wider
effective aperture is used, the radiated beam is narrow in both angular directions, allowing the generation of true pencil-like THz beams.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0033126

As the demand for internet bandwidth continues its ever-growing
expansion, current network systems will experience unprecedented pres-
sure.1 This situation has spurred research into the possibility of exploiting
carrier frequencies in the terahertz band (0.1–10THz) for wireless com-
munications.2–5 Communication systems at such high frequencies pos-
sess several advantages, including large bandwidths for ultra-high-speed
data transmission6–10 and highly directional beams for physically secured
point-to-point links.11–13 This directionality motivates the idea of exploit-
ing the emission properties of leaky-wave antennas.

Leaky-wave antennas have been thoroughly studied in the micro-
wave range14–18 and have been recently introduced at THz frequen-
cies. In its simplest implementation, the leaky-wave antenna is a
metallic waveguide that leaks radiation through a slot cut along its
length,14 although more complex configurations exist using metamate-
rials, for example.15–17,19,20 To match the phases of the propagating
mode and the free-space mode, the outgoing beam emerges from the
slot at a frequency-dependent angle. This one-to-one correspondence
between frequency and emission angle has been used to tackle many
of the challenges associated with THz communications, including
frequency-division multiplexing,21,22 link discovery,23 beam steer-
ing,19,20,24–27 and radar and object tracking.28–30

Most of these previous efforts, building on earlier work at lower
frequencies, have exploited conventional leaky-wave waveguide archi-
tectures, which may not be optimized for use at THz frequencies. For
example, in the microwave range, the leaking structure dimensions are
always deeply subwavelength in width (e.g., a 1mm slot width at
3GHz (k=100) in Ref. 17). This ensures that the guided wave is uni-
form across the slot width. In this limit, the radiated field pattern can
be computed using a simple analytical model based on a leakage rate a
and a sinc function [Eq. (1), below], as described in Refs. 15 and 31. In
contrast, most of the recent THz implementations use a leaking struc-
ture, which is comparable to the wavelength in size [e.g., a 0.7mm slot
width at 300GHz (k=1:42) in Ref. 22]. In this regime, the interaction
of the wave with the leaking structure at the wavelength scale can no
longer be neglected. This effect is even more pronounced as the slot
width increases, to a point where the beam is radiated in a broad range
of angles, in sharp contrast to the predictions of Eq. (1); the output no
longer obeys the simple frequency–angle relationship predicted by the
wave vector matching constraint.

To produce an output beam that respects the frequency–angle
relation, one is limited to use very thin rectangular slots. Clearly, this
comes at the expense of device efficiency as the radiated energy (per
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slot length) is then very low. This is a significant drawback since power
generation at THz frequencies is still an important challenge.32–34

Here, we address this problem by introducing an alternate slot geome-
try, where the slot width increases linearly along its length (i.e., a trape-
zoidal shape). We show that this design permits higher output
coupling efficiencies while preserving the phase-matching relation.
Also, since the trapezoidal slot has a wider effective aperture, the radi-
ated beam is narrow in both angular directions, which is not the case
for a conventional rectangular slot aperture.

We consider a parallel plate waveguide [Fig. 1(a)] excited in the
fundamental transverse electric (TE1) mode.35,36 Assuming that the
electric field is polarized in the x direction and the slot is oriented
along the z axis (the propagation direction for the guided wave), the
far-field radiation pattern emitted from a narrow slot is given by:

Erad
x hð Þ /

ðL=2
�L=2

e�jbzze�azejk0sin hð Þzdz

¼ Lsinc bz � k0sin h� jað Þ L
2

� �
; (1)

where h is the elevation angle defined in Fig. 1(a) (assuming / ¼ 0), L
is the slot length, k0 ¼ x=c is the free-space wavenumber, a is the
leakage rate for radiation coupling from the waveguide into free space
through the slot, and sincðxÞ ¼ sinðxÞ=x. For the fundamental TE1
mode of a parallel plate waveguide with an air core, the propagation

constant is bz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 � p=hð Þ2

q
, where h is the plate separation.

From Eq. (1), one can see that the output radiation peaks at the
angle defined by the phase-matching condition bz ¼ k0cos h, which
leads to the well-known relation:

� hð Þ ¼ c
2h sin h

: (2)

Equations (1) and (2) are valid for leaky-wave antennas featuring
slots of widths smaller than the wavelength. This is because Eq. (1) is

essentially a diffraction integral over the length of the slot aperture; the
integral over the width is ignored because the electric field distribution
is assumed to be uniform in that direction. If the slot width becomes
comparable to or larger than the wavelength, then this assumption
may no longer be valid. To explore this, we perform numerical simula-
tions using the finite element method (FEM) by exciting the input of
the waveguide with a TE1 mode. The electromagnetic fields on the
slot, obtained from the FEM simulations, are then used to calculate
the far-field radiation pattern using a refined version of Eq. (1), the
Stratton–Chu diffraction integral.37,38

Figures 1(b)–1(d) show the results for a leaky-wave antenna
excited at 200GHz, a frequency that lies in the single-mode operation
band (150–300GHz) of a parallel plate waveguide with h ¼ 1mm.
The rectangular slot has a width w ¼ 0:25mm and a length
L ¼ 20mm. Figure 1(b) shows the x-polarized electric field on the
slot. For such a narrow slot, the electric field is uniform across the
width of the slot, while showing a behavior compatible with the inte-
grand of Eq. (1), namely, a sine wave with an exponentially decaying
amplitude. This is further confirmed by Fig. 1(c) [cross section in the
center of Fig. 1(b)], where such a function is well fitted to the numeri-
cal result. The far-field radiation pattern [Fig. 1(d)] agrees to the pre-
diction of the conventional diffraction integral [Eq. (1)] in the form of
the sinc function. This ensures that the phase-matching condition is
respected over the single-mode operation band [Fig. 1(e)], resulting in
a good agreement between the radiated electric field and Eq. (2)
[shown as a dashed line in Fig. 1(e)].

The analytical expression Eq. (1) is valid when the wavelength k
is larger than the slot width. For example, for the results shown in
Figs. 1(b)–1(d), the width is a sixth of the wavelength. However, such
small widths also restrict the amount of energy leaking out of the slot.
A naive solution to this problem would be to increase the slot width.
However, this approach has its limits; when the slot width becomes
too large, the device stops behaving as a conventional leaky-wave
antenna. Figure 2(a) shows the electric field distributions directly
underneath the slot at 200GHz for slot widths w ¼ f1; 5; 10; 20gmm.

FIG. 1. (a) Leaky-wave antenna geometry. (b)–(e) Numerical simulations for a 0.25mm slot width (200 GHz). (b) Electric field on the slot and (c) cross section (red dotted
curve). Blue line: analytic function sinðbzzÞe�az . (d) Far-field radiation pattern (electric field, / ¼ 0) calculated with the Stratton–Chu integral (red dotted line) and fitted with
Eq. (1), a ¼ 28m�1 (blue line). (e) Far-field radiation pattern in the single-mode operation band. Red dashed line: frequency–angle relation [Eq. (2)].
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In these simulations, we assume that the width of the waveguide is
infinite and that the input TE1 mode extends infinitely in the 6x
directions, allowing us to disregard the effect of finite beam size and
the edges of the waveguide. As the slot width increases, the electric
field is no longer a simple sine wave with a decaying amplitude but is a
complicated combination of the TE1 mode leaking from the front and
the sides of the slot. Then, the guided wave is no longer uniform across
the slot width and the linear integral used in Eq. (1) must be replaced
by the 2D Stratton–Chu diffraction integral over the slot surface.
Hence, the analytical expression (the sinc function) fails to accurately
describe the far-field radiation pattern. This is confirmed by Fig. 2(b),
where the far-field patterns obtained with the 2D Stratton–Chu inte-
gral (dotted lines) are tentatively fitted to the sinc function using a least
squares fitting procedure in which a is the freely variable fit parameter
(bold lines). The results confirm that Eq. (1) is a good approximation
for the 1mm slot but increasingly fails to capture the far-field behavior
as the slot becomes wider. Another major drawback of wide slots can
be seen in Fig. 2(c), where the phase-matching relation is no longer
respected, and the radiated electric field at a single frequency becomes
broad in the h direction. These are major disadvantages in many of
the envisioned applications of these devices for THz systems; having a
narrow beam emitted with a frequency-dependent direction is one of
the main attractions of leaky-wave antennas at THz frequencies.

From Fig. 2(a), we observe that radiation leaking from the front
(blue arrows) and the sides (green arrows) of the slot contributes to

the electric field directly under the slot and, therefore, to the far-field
radiation pattern. The front leaking propagates along the z axis with a
propagation vector in the same direction as the original TE1 mode’s
wave vector. Therefore, the far-field radiation pattern from this com-
ponent adheres to the phase-matching constraint [Eq. (2)] in the yz
plane (/ ¼ 0). In contrast, the radiation leaking from the sides is eva-
nescent and emerges with an angle c relative to the side of the slot
interface. This leads to a nonuniform electric field distribution across
the slot. In fact, it is possible to treat the two sides of the slot as a pair
of secondary leaking structures with their own phase-matching condi-
tion, although in the xz plane (h ¼ 0) rather than the yz plane. This is
confirmed numerically by Fig. 3(a), where we show that the side leak-
ing output angle c evolves with frequency following the same phase-
matching relation of Eq. (2) but in the xz plane. One consequence is
that, at higher frequencies, the side leaking radiation emerges closer to
the z axis, explaining why the far-field radiation pattern computed in
Fig. 2(c) tends to more closely follow the original phase-matching con-
dition there.

With this understanding, we can now design an alternate slot
aperture that minimizes the impact of radiation leaking from the slot
sides. We introduce a trapezoidal slot aperture, with a linear increase
in the slot width along its length (from w1 to w2). Figure 3(b) shows
the electric field for various trapezoids with w1 ¼ 1mm and varying
output dimensions w2 ¼ f5; 10; 20gmm. Figure 3(b) (trapezoids) can
be compared with Fig. 2(a) (rectangles). For the rectangular slots, the

FIG. 2. (a) Electric field (200 GHz) for rectangular slots of varying widths (b) and far-field radiation pattern (electric field, / ¼ 0) calculated with the Stratton–Chu integral (dot-
ted lines) and tentatively fitted with Eq. (1) (bold lines). (c) Far-field radiation in the single-mode operation band. Red dashed line: frequency–angle relation [Eq. (2)].
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electric field is largest (in amplitude) at the front end of the rectangular
slot since the side leaking relies on inefficient evanescent coupling. In
contrast, the slot boundary in the trapezoidal slot has a dominant
component perpendicular to the z axis. This leads to efficient coupling
along the entire slot length and outgoing radiation arising from waves
that mostly propagate along the z axis (mainly with a bz component).
As a result, the phase-matching condition is respected in the desired
direction (i.e., in the yz plane, / ¼ 0�) even when increasing the value
of w2. We confirm this prediction by computing the corresponding
radiation patterns throughout the single-mode operation band [Fig.
3(c), which can be compared to Fig. 2(c)]. Another significant advan-
tage is that the peak amplitude of the radiated electric field increases
with w2. This is a consequence of the fact that more energy is permit-
ted to leak out of the waveguide, leading to a larger peak field in the
far-field radiation pattern [Fig. 3(e)]. For example, our results show
that a trapezoidal slot with w2 ¼ 20mm (that we demonstrate experi-
mentally below) radiates about 20 times more power than a rectangle
of 1mmwidth.

We verify these conclusions with experimental measurements by
fabricating several leaky-wave waveguides using the hot stamping
technique.39,40 We excite the TE1 mode with a frequency multiplier
source at 200GHz and measure, in the far field, the power emitted
from the slot using a calibrated Schottky diode41 [Fig. 4(a)].
Figure 4(b) shows the power as a function of the angle for a

rectangular (blue line, w ¼ 20mm) and a trapezoidal slot (red line,
w1 ¼ 1mm, w2 ¼ 20mm). As expected, the trapezoidal slot is more
directional and has a maximum at the angle predicted with Eq. (2),
whereas the rectangular slot emits in a broad range of angles. The
dashed lines correspond to the results obtained with the numerical
simulations using the same geometrical parameters and with a
Gaussian TE1 mode where the width was experimentally measured
using a knife-edge technique. Both simulation results (rectangle and
trapezoid) were normalized to the peak power of the experimental
result of the rectangular aperture. The excellent agreement with the
experiment highlights the usefulness of our numerical approach to pre-
dict far-field patterns but also the importance of measuring the input
conditions to reproduce the experiment. We note that both apertures
show comparable performance in terms of peak power, even if the trap-
ezoid aperture has about half or the rectangular aperture area. For the
trapezoid, one can change the peak power by varying the output width
w2, Fig. 4(c), confirming this anticipated increase in efficiency. Using a
broadband time-domain spectrometer, we measure the output spec-
trum as a function of the far-field angle [Fig. 4(d)]. Again, as predicted
by the FEM simulations, the trapezoidal slot produces a far-field
pattern, which agrees much more closely with the conventional phase-
matching relation [Eq. (2)] than does the rectangular slot.

Finally, we consider the characteristics of the far-field radiation
pattern in the azimuthal angle /. From the point of view of diffraction

FIG. 3. (a) Side leaking angle c, simulation (red dots), and frequency–angle relation (blue line). Inset: electric field leaking from the slot side at different frequencies. (b)
Electric field (200 GHz) for trapezoidal slots of varying w2, (c) far-field radiation (electric field, / ¼ 0) in the single-mode operation band. Red dashed line: frequency/angle
relation [Eq. (2)]. (d) Normalized amplitude of the radiated peak electric field as a function of w2.
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theory, waves emitted from a large aperture produce a narrow beam,
while those emitted from a narrow aperture generate a wide beam. In
our case, the slot length L is responsible for the beam width in the
direction of the elevation angle h. This can be verified analytically by
looking at the influence of L in the sinc function [Eq. (1)]. Similarly,
the beam width in the azimuthal direction / depends on the slot
width. Figures 5(a)–5(c) show the radiated electric field and directiv-
ities, computed using FEM simulations, for rectangular slots of 1 and
20mm, as well as a trapezoid with w1 ¼ 1mm and w2 ¼ 20mm. The
slot of small width produces a wide fan-shaped beam in the azimuthal
angle / [Fig. 5(a)], while it is the opposite for the large width slot
[Fig. 5(b)]. For the trapezoidal shape [Fig. 5(c)], since the radiated field
has contributions from the front and the sides of the slot, the radiated
beam width can be controlled by changing L (for the h direction) and
w2 (for the / direction). By increasing w2, one can decrease the beam
width in the / direction, thus leading to a much narrower beam than
could be obtained with any rectangular shape, in both angular direc-
tions. Figure 5(d) shows the predicted evolution of the beam width as
a function of w2, demonstrating the possibility of obtaining a true
pencil-like beam from a trapezoidal slot. We further demonstrate this
experimentally using our frequency multiplier setup at 200GHz. We
measure the radiated power as a function of the azimuthal angle /
[for h ¼ 48�, the angle predicted from Eq. (2)] for various slot designs

[Fig. 5(e)]. As expected, the rectangular slot of 3mm (blue line) showed
the largest beam width, while it was narrower for both the rectangular
slot of 20mm and the trapezoid with w1 ¼ 1mm and w2 ¼ 20mm.
The ability to generate a beam with low angular divergence in both h
and/ will be valuable in THz wireless networks, serving multiple clients
with non-interfering spatially multiplexed beams.21–23

In conclusion, we studied the far-field radiation of the leaky-wave
antenna at THz frequencies. We found that, when the slot width is
comparable to or larger than the wavelength, the electric field directly
under the slot is nonuniform, which means that the conventional ana-
lytical description of the far-field radiation pattern is less applicable.
This effect is even more pronounced as the slot width increases, to a
point where the sides of the slot can act as independent leaking struc-
tures. Then, the output beam is radiated in a broad range of angles,
and the usual phase-matching relationship can no longer be observed.
Therefore, to produce an output beam that rigorously respects the fre-
quency/angle relation, very thin rectangular slots must be used, at the
expense of device efficiency. To address this problem, we propose a
trapezoidal slot geometry where the width linearly increases along its
length. By doing so, we can preserve the desirable one-to-one relation
between frequency and angle while enabling higher output coupling
efficiencies. Moreover, since a wider effective aperture is used, the radi-
ated beam is narrow in both angular directions. These results should
improve the performance of leaky-wave antennas, which have a wide
range of possible uses in future terahertz systems.
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FIG. 4. (a) Experimental setup. Inset: fabricated trapezoidal aperture. (b) Power
(200 GHz) as a function of the elevation angle h for a rectangular slot of 20 mm
(blue line) and a trapezoidal slot with w1 ¼ 1 mm and w2 ¼ 20 mm (red line),
measurement (bold line) and simulation (dashed line). (c) Measured peak power for
various trapezoids (w1 ¼ 1 mm). (d) Spectrum (electric field) for the rectangular
slot of 20 mm and the trapezoid with w2 ¼ 20mm.

FIG. 5. (a) Radiated power for 1 mm, (b) 20mm rectangular slot, (c) and trapezoid
with w1 ¼ 1 mm, w2 ¼ 20 mm. The directivities are indicated. (d) Far-field pattern
(electric field, h ¼ 48�) as a function of the azimuthal angle /. (e) Normalized
measured power for rectangular slots of 3 mm (blue line) and 20mm (green line),
and a trapezoidal slot with w1 ¼ 1 mm and w2 ¼ 20 mm.
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