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Frequency-division multiplexing in the terahertz
range using a leaky-wave antenna

Nicholas J. Karl', Robert W. McKinney', Yasuaki Monnai?, Rajind Mendis' and Daniel M. Mittleman'™

The idea of using radiation in the 0.1-1.0 THz range as carrier
waves for free-space wireless communications has attracted
growing interest in recent years, due to the promise of the
large available bandwidth2. Recent research has focused on
system demonstrations®%, as well as the exploration of new
components for modulation®, beam steering® and polarization
control’”. However, the multiplexing and demultiplexing of
terahertz signals remains an unaddressed challenge, despite
the importance of such capabilities for broadband networks.
Using a leaky-wave antenna based on a metal parallel-plate
waveguide, we demonstrate frequency-division multiplexing
and demultiplexing over more than one octave of bandwidth.
We show that this device architecture offers a unique
method for controlling the spectrum allocation, by variation
of the waveguide plate separation. This strategy, which is
distinct from those previously employed in either the micro-
wave® or optical® regimes, enables independent control of
both the centre frequency and bandwidth of multiplexed
terahertz channels.

High-bandwidth communications require the ability to multi-
plex and demultiplex (mux/demux) signal channels carrying inde-
pendent data streams. Networks can enhance data-throughput
capacity by increasing the number of non-interfering channels,
which may be distinguished in a variety of ways including orbital
angular momentum!?, spatial mode!! and (most commonly)
carrier frequency'?. This latter approach has a long history, both
in fibre-optic networks and in radiofrequency (RF) and microwave
wireless communications for television and radio broadcasts, and
more recently in mobile cellular networks.

Future wireless networks operating in the subterahertz range!-
will also require mux/demux capabilities. The challenges of wireless
communication in this frequency range place new demands on the
technologies of the physical layer. For example, transmission pass-
bands may not be continuous, but may be segmented into multiple
frequency windows due to strong frequency-dependent atmospheric
attenuation from, for example, water vapour, which may also vary
due to weather conditions'*!*. Moreover, dynamic bandwidth allo-
cation will be a crucial aspect of implementing efficient networking
protocols in a terahertz network for which the transmission chan-
nels can be expected to be both bursty and highly directional'®.
As a result, it will be important to control both the channel frequen-
cies and their bandwidths. Here, we describe a device architecture
that exploits the directional nature of terahertz wireless signals to
act as a free-space-to-waveguide mux/demux over a broad frequency
range and which offers the flexibility to control the spectral band-
width of each frequency channel.

Our multiplexer uses a leaky-wave antenna based on a metal par-
allel-plate waveguide (PPWG). Leaky-wave antennas of various
types have been in use in the RF community for many years,
often in the form of a metal waveguide with a narrow slot opened

in one of the waveguide walls to permit some of the radiation to
‘leak’ out and couple to free-space modes. In the terahertz range,
leaky-wave devices have not been studied in depth and only a few
reports have been published to date!®~!8. Our approach relies on a
PPWG in which two sides are open (thus reducing ohmic losses)*’
and where the waveguide is wide enough that the edges do not
influence propagation. By opening a single slot in one of the two
plates?*23, we can allow the guided wave to leak energy into free
space, or to receive energy from a free-space wave (Fig. 1).

The multiplexing principle originates from the phase-matching
requirement for coupling between the waveguide mode and free
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Figure 1| Schematic of the multiplexer. a, A wave is coupled into a parallel-
plate waveguide with plate separation b. This wave emerges from the leaky
waveguide at a unique angle ¢, determined by the phase-matching condition
(described in the main text). If the input wave contains multiple frequency
components, then these components are demultiplexed, each emerging at a
unigue angle. Alternatively, in the multiplexing geometry, a wave arriving at
frequency v is coupled into the waveguide if it arrives at the correct angle ¢.
In the experiments described here, we investigate several different values of
the plate separation b. Other geometrical parameters include the plate
thickness (1 mm), the slot length (4.2 cm), the slot width (1 mm) and the
waveguide length (5 cm). b,c, Finite-element simulation of a wave emerging
from the slot in a leaky waveguide. In these simulations, b = 0.85 mm and
the frequency is 250 GHz. A side view is shown in b, and a top view
illustrating the wave propagating inside the waveguide is shown in ¢. These
simulations show the beam emerging from the slot (thus depleting the
central part of the wave inside the waveguide) and propagating into free
space at the phase-matched angle ¢.
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Figure 2 | Free-space-to-waveguide coupling. a, Measured terahertz radiation collected by the leaky waveguide when operating as a receiver (multiplexer),
as a function of the angle of the incident radiation. The schematic shows the measurement set-up, with transmitter Tx mounted on a pivoting rail to vary the
input angle. Results are shown for several different values of plate separation b. Inset: measured spectral 3 dB bandwidths at each angle. The measured
results are all in good agreement with predictions (solid curves), using an acceptance aperture of Ag = 0.25. b, Similar to a, except here the leaky waveguide
is operated as a transmitter (demultiplexer), as illustrated in the schematic. Here, receiver Rx is mounted on a pivoting rail. Error bars represent the standard

error of the Gaussian-curve fit when determining the 3 dB bandwidth.

space. For the lowest-order transverse-electric (TE;) mode of a
PPWG, the frequency-dependent propagation constant is given by?*

2
&0

kppwe = koy /1 - (m)

where b is the plate separation and ko is the wavevector for free
space, ko = 2mv/c,. If the waveguide has a slot in one plate, then radi-
ation can couple from the guided mode to free space with the phase-
matching constraint that kycos$ = kppwa. Here, ¢ is the propagation
angle of the free-space mode relative to the waveguide propagation
axis. Because of the frequency dependence of kppwg, this condition
results in an angle-dependent emission frequency:

(1)

__ %
)= 2bsin ¢ @)

Numerical simulations (Fig. 1b,c) illustrate the well-defined beam
emerging from the slot and the corresponding depletion of the
guided mode inside the waveguide when this phase-matching con-
dition is fulfilled. For a given acceptance angle, A¢, of a receiver
located in the far field of the slot, the spectral bandwidth of a
given channel is described by

dv

dé

=0

Av(d) = " 2bsin ¢tan ¢

Ad

Ad 3)

Conversely, when operated as a receiver, incoming free-space waves
arriving at an angle ¢ couple into the waveguide only if they have the
correct frequency, as defined by equation (2). These incoming chan-
nels will be collected with a bandwidth determined by the numerical
aperture of the incoupled radiation, according to equation (3). This
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waveguide can therefore act as either a multiplexer or a demulti-
plexer between directional free-space beams and a single-
mode waveguide.

We first characterize the leaky wave from a waveguide with per-
fectly parallel plates. The results (Fig. 2) show good agreement with
equations (2) and (3) for both the transmit (demux) and receive (mux)
configurations. Figure 3 shows the first experimental demonstration of
the multiplexing of two terahertz input channels, using two indepen-
dent broadband illumination sources and a single receiver.

Next, we consider a waveguide in which the plate separation is
not constant, but varies with position inside the waveguide. This
possibility provides enormous flexibility in the device design and
results in new and important multiplexing capabilities. Although
in this case the plates are no longer strictly parallel, we preserve
single-mode propagation as long as the change in plate separation
is adiabatic with respect to the wavelength?>2.

We first study the case where b varies along the waveguide propa-
gation axis (the z axis). The frequency of the incoupled channel now
depends both on ¢ and on z, the location of the illumination point
along the waveguide axis. Thus, we can achieve frequency tuning at a
fixed angle, simply by translating the waveguide (and detector) rela-
tive to the input beam, along the z axis (that is, varying z,). We
demonstrate this effect using a waveguide with two flat plates set at
a 2° relative angle, so that b(z) is simply a linear function of z (Fig. 4).

Although it is clear that mechanical translation of the multi-
plexer is not a practical method for achieving high-speed frequency
tuning, this result demonstrates the extra degree of freedom that can
be exploited in designing a multiplexer, with input coupling optics
chosen to dictate the input angle and axis for each channel. If we
allow variation in both the input illumination locations and
angles, we have almost arbitrary design flexibility. For example, we
can design an equally spaced array of frequency bands each with
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Figure 3 | Multiplexing of terahertz signals from two transmitters. Two
different transmitters are used to illuminate the waveguide simultaneously
with broadband radiation. The multiplexed signal shows two peaks with their
centre frequencies determined by the input angles of the two incoupled
beams, respectively. The three curves represent the results for three
different angular positions of transmitter Tx1 (33.1° (blue), 39.5° (red), 43.6°
(black)). In all three cases, transmitter Tx2 is fixed at ¢ = 66.9°. Inset: the
two dashed curves show the predicted spectral range versus angle, and the
red bars show the measurements (in excellent agreement). To our
knowledge, this is the first experimental demonstration of the multiplexing of
two independent terahertz frequency channels.

identical bandwidth, as is typical in fibre-based wavelength
division multiplexing (WDM) systems (Supplementary Information).
We have previously shown that almost any function b(z) can be
implemented by shaping one waveguide plate using high-resolution
three-dimensional printing followed by the application of a metallic
coating?.

We next consider the case in which the plate separation b varies
along the transverse dimension x, rather than along the waveguide
propagation axis z. At a given input angle the input coupling con-
dition (2) can be satisfied for a range of frequencies determined
by the size of the variation of b(x) in the region underneath the
slot. If we define the range of values of b as Ab, then the range of
frequencies that satisfy equation (2) is

=0

ov = 2b% sin ¢

Ab (4)

The bandwidth of the multiplexed channel is then determined by
both the range of frequencies that satisfy the phase-matching con-
dition and by their bandwidths, varying roughly as

AV Ganne = YV AV? + 612 (5)
As above, Ab could be varied by tilting the lower waveguide plate.
However, a better alternative is to shape the lower waveguide plate
so that the variation in b(x) is symmetric with respect to the slot
in the upper plate. For example, Fig. 5a illustrates a trench with
cylindrical curvature, with the largest value of b centred on the
slot axis. This geometry has a significant advantage, in that
the cylindrical curvature improves the collimation and guiding
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Figure 4 | Tuning the channel frequency with plate separation.

A broadband beam illuminates the leaky waveguide at a fixed angle of 45.5°.
The position of the illumination spot is translated along the z axis (parallel to
the upper waveguide plate) by moving the transmitter and coupling optics.
Because the two waveguide plates are not parallel, the plate separation b
changes continuously with z, leading to a shift in both the frequency v and
the bandwidth Av of the detected signal. In this measurement, the plates are
both flat, and the angle between the two plates is 2°, so the plate separation
varies from b= 0.5 mm at one end of the waveguide to b=2.3 mm at the
other. The solid lines show the predictions of equations (2) and (3).

of the waveguide, by counteracting diffraction in the x-z
plane*”?®. Using plates with several different trench depths, we
demonstrate the capability for bandwidth tuning by varying Ab
(Fig. 5).

An important issue in any mux/demux design is that of losses. In
our device, there are several possible sources of loss, including the
coupling between free space and the waveguide mode at the input
and output and the waveguide propagation loss. In our case, the
propagation losses are quite small, especially for a propagation dis-
tance of only a few centimetres (for example, less than 1 dB for the
experiment shown in Fig. 2)%. The power coupling efficiency of
the TE, waveguide mode to a free-space Gaussian beam can
exceed 99%. Thus, the only significant source of attenuation is
the coupling through the slot. In our receiver experiments (for
example, Fig. 3), this coupling introduces ~9 dB of loss, due to a sig-
nificant mismatch between the incoming (focusing) beam spot size
and the width of the slot. However, this is far from optimized in our
set-up. Significant improvements can be expected with careful
design of the optical system.

In conclusion, we have investigated the radiation properties of a
leaky PPWG in the terahertz range. We demonstrate mux/demux
over an octave of bandwidth in the sub-terahertz range. Unlike
other leaky-wave devices used for mux/demux at lower frequencies,
our approach does not rely on the transparency of dielectric
materials and is therefore scalable to the terahertz range.
Moreover, varying the plate separation b(x,z) offers a new and
powerful method for controlling the frequency and bandwidth of
multiplexed channels. Future designs could incorporate a variation
in the width of the slot along its length, to control the leakage rate
and thereby compensate for relative changes in multiplexing effi-
ciency or in the spatial profile of different frequency channels®.
We can also envision the implementation of an active device,
based on electrostatically controlled microelectromechanical com-
ponents, for dynamically varying the depth and curvature of the
waveguide. Because of the large design flexibility, we anticipate
that this multiplexing strategy could play a central role in future
terahertz wireless systems.
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Figure 5 | Spectrum allocation tuning with waveguide geometry. a, lllustration of the variation in b(x) provided by a cylindrically shaped trench in the lower
waveguide plate, with plate separation variation Ab as indicated. b, Spectra of radiation measured at the waveguide output, for several different geometrical
configurations of the lower waveguide plate (that is, different values of Ab). Plate separation b and the radius of curvature of the cylindrical trench are held
constant, and only the trench depth Ab is varied. To emphasize the bandwidth variation, these curves have been shifted so that their central peaks align, and
are normalized to unity height. ¢, We find good agreement between the measured bandwidth of these signals, Avcpanner, and the predicted variation

(solid curve) with Ab. Varying Ab also changes the average value of b underneath the slot, so the central frequency of the incoupled wave shifts slightly, as

predicted.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

All the experiments were performed using a commercial terahertz time-domain
spectrometer (TDS). This is a conventional TDS system, which uses a femtosecond
laser to generate and detect single-cycle terahertz pulses in lens-coupled
photoconductive antennas fabricated on low-temperature-grown semiconducting
substrates. These antennas were fibre-coupled for ease of repositioning. Spectra were
obtained from measured time-domain waveforms via numerical Fourier transform.
In these measurements, the spectral resolution was ~3 GHz, limited by the length of
the optical delay line used to measure the waveforms in the time domain. The
spectral content of the generated terahertz pulses exceeded 1 THz. For the angle-
dependent measurements, the transmitter (or receiver) was mounted on a pivoting
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rail, with the pivot situated directly below the edge of the leaky-wave antenna slot, so
that the angle of incidence (or emission) could be varied without changing any other
geometrical parameters (for example, the propagation distance for the guided wave
inside the waveguide).

The waveguides used in this study were fabricated with conventional
machining of aluminium stock. We have previously determined that the surface
roughness of high-quality as-purchased aluminium plates is sufficiently small that
roughness losses are negligibly small at frequencies below 1 THz, even in a
waveguide with a length greater than 1 m. These aluminium parts were therefore
used without further modification or polishing. Machining tolerances were
typically ~25 pm.
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