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Abstract: We demonstrate the focusing of a free-space THz beam emerging 
from a leaky parallel-plate waveguide (PPWG). Focusing is accomplished 
by grading the launch angle of the leaky wave using a PPWG with gradient 
plate separation. Inside the PPWG, the phase velocity of the guided TE1 
mode exceeds the vacuum light speed, allowing the wave to leak into free 
space from a slit cut along the top plate. Since the leaky wave angle changes 
as the plate separation decreases, the beam divergence can be controlled by 
grading the plate separation along the propagation axis. We experimentally 
demonstrate focusing of the leaky wave at a selected location at frequencies 
of 100 GHz and 170 GHz, and compare our measurements with numerical 
simulations. The proposed concept can be valuable for implementing a flat 
and wide-aperture beam-former for THz communications systems. 
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1. Introduction 

As the growth of mobile data traffic accelerates, bandwidth availability is becoming an 
increasing concern [1–3]. With current wireless technology, operating in the 1-5 GHz range, it 
is already not possible to meet the existing demand. Even the next-generation wireless 
protocols at 60 GHz will not provide adequate bandwidth within a few years. As a result, 
there is growing interest in using the frequency range above a few hundred GHz for short-
range, broadband wireless communications. At such high frequencies, crossing into the THz 
range, communications systems will require capabilities that are not supported by existing 
devices. This challenge has motivated much recent research, for example in the development 
of modulators [4,5], low-loss waveguides [6,7], and beam steering components [8]. 

 

Fig. 1. (a) An illustration of the parallel-plate waveguide with a slot aperture. The TE1 mode is 
a fast mode, and therefore can couple to free-space waves through the slot. (b) The launch 
angle θ is defined relative to the waveguide normal. 

Despite this growing body of research, numerous difficult problems remain unaddressed. 
One important example is wavefront engineering – that is, the manipulation of a wavefront for 
optimizing the throughput of a communication channel. In the THz range, wireless 
transmission will likely rely on point-to-point connections using highly directional or even 
focused beams [1,2]. 

In such applications, wavefront engineering will be a critical need for optimizing system 
performance. Conventional integrated THz transmitters are often equipped with silicon 
substrate lenses [9]. However, fixed components do not afford the possibility of dynamically 
changing the THz wave front in response to changing system needs. 

#245988 Received 15 Jul 2015; revised 9 Sep 2015; accepted 29 Sep 2015; published 15 Oct 2015 
(C) 2015 OSA 19 Oct 2015 | Vol. 23, No. 21 | DOI:10.1364/OE.23.027947 | OPTICS EXPRESS 27948 



More recent work has reported the development of metamaterial-based multi-pixel 
modulators for spatial wavefront control, which can be dynamically reconfigured [10,11]. 
Such bulky components are less favorable in mobile device applications. Alternative 
techniques are important for fulfilling this compelling need. 

Leaky-wave antennas have been used in the microwave and RF spectral ranges as highly 
directional and versatile antennas since the 1940’s and continue to be used as novel 
transmitters and receivers to this day [12–14]. In a leaky-wave antenna, a travelling wave is 
guided along a main waveguiding structure and radiates outward azimuthally from the 
propagation axis [15]. Conventionally, a rectangular waveguide has been used as the main 
waveguide structure. The travelling wave inside the rectangular waveguide is a fast wave with 
a phase velocity greater than the vacuum speed of light. This leads to an effective refractive 
index less than unity [12–15]. By opening a slot along the side wall of the waveguide, one 
connects the two media inside and outside the waveguide, thus allowing the traveling wave to 
leak into free space at an angle determined by Snell’s Law. Although this mechanism would 
also work in the THz range, direct scaling of a rectangular waveguide from the microwave to 
the THz range is impractical due both to increasing metallic losses and significantly more 
challenging fabrication. 

2. Results and discussion 

In this article, we propose the use of a metal parallel-plate waveguide (PPWG) as a leaky-
wave antenna which can also offer a unique method for wavefront engineering. The PPWG, 
operating in its lowest-order transverse electric (TE1) mode [16,17], offers a practical 
implementation of a leaky-wave antenna for the THz range, as illustrated in Fig. 1(a). As in 
the rectangular waveguide, the PPWG’s TE1 mode, where the electric field is polarized 
parallel to the metal plates, propagates with an effective refractive index smaller than one. 
Therefore, a slit cut along the top plate can leak the travelling wave into free space. 
Specifically, the effective refractive index for waves propagating in the TE1 mode in a PPWG 
is given by 

 
2

1
2

c
ne bf

 = −  
 

 (1) 

where b is the plate separation, f is the frequency, and c is the light speed [18]. Then, the 
launch angle is determined by the Snell’s law as 

 sin neθ =  (2) 

where θ is the angle measured from the broadside orientation as illustrated in Fig. 1b. 
Since the angle at which the leaky wave is launched depends on the plate separation b, it is 

possible to adjust the beam divergence by varying the plate separation along the propagation 
axis. Ordinarily, a variation in the plate separation could lead to the introduction of higher-
order waveguide modes. However, we have previously demonstrated [18–20] that a 
continuous variation of the plate separation can be effected without inducing any higher-order 
mode conversion, as long as the change in the plate spacing is gradual (on the scale of the 
wavelength). Thus, one can introduce a smoothly varying effective refractive index for the 
guided wave inside the waveguide by controlling the plate separation, and therefore create an 
almost arbitrary spatial profile for the effective refractive index ne(x,y) in the waveguide 
plane. This degree of freedom proves to be extremely valuable for various applications 
including the manipulation of terahertz guided wavefronts [19] and for the construction of 
novel waveguide-based optical components [20], as well as for improving the lateral 
confinement in an open waveguide structure like the PPWG [7,21]. 
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Fig. 2. (left) A schematic of the experimental setup. A THz pulse is emitted from the fiber-
coupled photoconductive antenna, and then focused using a confocal lens setup with teflon 
lenses. The focused beam excites the TE1 mode of the PPWG. The receiver performs a raster 
scan around the focal point. (right) The launch angle is adjusted along the waveguide axis by 
variation of the plate separation b(x). Focusing is achieved by adjusting the angle such that all 
emerging rays converge at (x0,z0). 

Here, we combine this idea of engineering ne(x,y) with the concept of a leaky-wave 
waveguide to demonstrate that a leaky-wave can be focused in free space. As seen from Eqs. 
(1) and (2), the launch angle of the guided wave depends on the plate separation. Thus, the 
beam emerging from the waveguide can be focused at a predefined location above the leaky-
wave slot when all of the waves arrive at that point with equivalent phase (i.e., exhibiting 
constructive interference). To compute the necessary plate separation function, we first 
choose a specific location (x0,z0) for the focal point, referenced to the coordinate system 
defined in Fig. 1 and Fig. 2. Here, the x coordinate is the waveguide propagation axis (parallel 
to the slot in the upper waveguide plate), and the z axis points perpendicular to the axis of the 
slot. (The plane x = 0 corresponds to the waveguide input facet. The z = 0 plane is the upper 
surface of the upper metal plate.) We can use the fact that the emission angle θ is 
geometrically related to the values x0 and z0 according to 
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and then solve for the plate separation b as a function of position x along the waveguide to 
find 
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It should be mentioned that the plate separation b(x) becomes minimum at x = x0, which is the 
x coordinate of the chosen focal point, and this plate separation corresponds to the cutoff 
condition for the TE1 mode. Therefore, it is preferable to define the location of the focal point 
so that x0 is no less than L, where L is the length of the waveguide as illustrated in Fig. 2. 

Using Eq. (4), we construct several leaky-wave PPWGs to demonstrate the principle. For 
each waveguide, the top plate was fabricated using an aluminum sheet of 1 mm thickness, cut 
to a 50 mm by 50 mm square with a slit of 3 mm width and a length of 42 mm cut along the 
middle of the square. Thus, during the first 8 mm of guided wave propagation, the guided 
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mode is strictly contained between the two parallel plates, and can only leak out after it has 
passed this initial propagation length. To fabricate the bottom plate with a curved inner 
surface, we employ 3D printing. We print a polymer form with the surface height profile 
defined by Eq. (4), and then apply a metal coating using a metal spray paint, with sufficient 
thickness so that the object behaves as if it were a solid metal [20]. We then join the top and 
bottom plates with plastic spacers, to guarantee that the plate separation is correct at all points 
inside the waveguide. We demonstrate two particular focusing leaky waveguide geometries, 
designed to focus frequencies of 100 GHz and 170 GHz respectively. For both designs, we 
chose the focal point to be at x0 = 50 mm; that is, the focal point was chosen to be directly 
above the end of the waveguide (since x0 = L). For the 100 GHz model, we chose a focal 
height of z0 = 50 mm above the top plate, while for the 170 GHz version, we chose a height of 
z0 = 30 mm. 

The device was experimentally characterized using the setup shown in Fig. 2. It consists 
of a commercial THz-TDS system for generating and detecting THz radiation, using fiber-
coupled photoconductive antennas. A broadband THz pulse is delivered through a confocal 
lens system consisting of 60 mm and 100 mm focal length lenses. This produced a 1/e beam 
width of 10 mm at the waveguide input facet for all frequencies of interest. The transmitter 
was oriented to produce radiation polarized in the y-direction, in order to efficiently excite the 
TE1 waveguide mode. To map out the electric field of the radiation above the slot, we raster 
scan the receiver in two dimensions, and measure the time-domain waveform at each spatial 
location. We extract the spectral amplitude at a given frequency by Fourier transform, and 
plot the results as the amplitude of the extracted frequency component vs. the receiver 
position. 

 

Fig. 3. Simulated and experimental results of the leaky-wave focusing. The calculated (left) 
and measured (right) field amplitudes are presented for the two waveguides designed for 
focusing at (a) (x0, z0) = (50 mm, 50 mm) at 100 GHz, and (b) (50 mm, 30 mm) at 170 GHz. 
The rectangular area (white dashed line) in the simulation indicates the area scanned in the 
measurements. Calculations are the result of finite element simulations using a commercial 
software package. Note that the color bar is normalized for the peak value inside the measured 
area, which is indicated by the broken rectangle. Outside the measured area, especially in the 
vicinity of the waveguide surface, the E-field is larger and the red color is saturated. 

In Fig. 3, we compare these experimental results to numerical simulations of the realistic 
waveguide configuration, performed using a commercial software package [22]. In both 
cases, we clearly observe focusing at the predefined focal points. The cross-sectional field 
profiles are shown in Fig. 4, compared with the corresponding results from the numerical 
simulations. We observe that the measured field profiles both peak at x = 50 mm, precisely 
consistent with the design criteria and with the numerical simulations, at both frequencies. 
The agreement is not as accurate for the z axis, but the trend is still reproduced. Clearly, the 
experimentally observed beam width is much wider than in the simulation, for both 
waveguides. This effect is mostly due to the finite spatial resolution and finite acceptance 
angle of the receiver used to map the field profile, but could also be a result of small 
fabrication errors or finite conductivity losses and surface roughness of the metal components 
which are not accounted for in the simulations. 
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Fig. 4. Cross-sectional field profiles through the focal points, for the two design frequencies 
along (a) the x (horizontal) axis and (b) the z (vertical) axis. The thick curves are the measured 
data, while the thin curves show the numerical simulations. 

The leaky waveguide performance can be improved in a number of ways. For example, it 
will be possible to compensate for the field decay along the radiation aperture by gradually 
increasing the slit width so that more radiation is emitted as the wave travels. Moreover, while 
we have considered variation of the plate separation along the propagation axis in this paper, 
we could also implement a gradient or curved plate separation in the direction transverse to 
the guided wave propagation axis. This would be advantageous for counteracting beam 
divergence in the unconfined direction inside the PPWG [7,21] and enhancing the efficiency 
of the device. Also, we note that, while the leaky-wave antenna focuses in the x-z plane, the 
radiation is freely diffracting in the y direction. To focus the beam also in the y direction, we 
could extend the aperture geometry, for example by making a parallel slot array. Finally, we 
can imagine constructing an active device using a MEMS architecture. 

3. Conclusions 

In conclusion, we have demonstrated a focusing THz leaky wave antenna using a PPWG with 
a gradient plate separation. With a phase velocity greater than the vacuum speed of light, the 
TE1 mode can be utilized to control the spatial mode of the leaky waves. The proposed 
structure could replace bulky lens components and offer efficient off-axis quasi-optic 
coupling of THz radiation from planar guided-wave THz systems. 
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