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The arrayed waveguide grating (AWG) is a versatile and scalable passive photonic multiplexer that sees widespread usage.
However, the necessity of a waveguide array engenders large device size, and gratings invariably commute finite power
into undesired diffraction orders. Here, we demonstrate AWG-like functionality without a grating or waveguide array,
yielding benefits to compactness, bandwidth, and efficiency. To this end, we exploit optical tunneling from a dielectric
waveguide to an adjacent slab in order to realize a slab-confined frequency-scanning beam, which is manipulated using
in-slab beamforming techniques that we have developed in order to separate distinct frequency bands. In this way, we
devise an all-intrinsic-silicon integrated 4 x 1 frequency-division terahertz multiplexer, which is shown to support
aggregate data rates up to 48 Gbit/s with an on—off-keying modulation scheme, operating in the vicinity of 350 GHz.
Our investigation targets the terahertz range, to provide a critical missing building block for future high-volume wireless
communications networks. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

The terahertz range holds potential for ultra-wideband wireless
communications applications, including 6G and beyond, due
to large and under-utilized spectral bandwidth [1-4]. Terahertz
communications will benefit from channelization [5,6], as indi-
vidual channel bandwidths will be reduced, thereby simplifying
baseband and intermediate-frequency (IF) circuits. Furthermore,
passive multiplexers enable power combining of several inde-
pendent sources at different frequencies, which is beneficial to
terahertz technology because the achievable transmission distance
is restricted by factors including limited power and strong path
loss [7].

Direct frequency-division multiplexing of terahertz waves is
challenging [6], and hence there are few reported demonstrations.
One noteworthy example employed a leaky-wave antenna, and
individual channels were collected with free-space optics, lead-
ing to a bulky system [8,9]. Terahertz diplexers based on hollow
metallic waveguides have also been demonstrated [10,11], but
the fabrication procedure is relatively complicated. Integrated
solutions are preferable, and, to this end, recent progress in
microstructured  all-intrinsic-silicon terahertz  waveguides is
highly beneficial [12-18], as this material exhibits no Ohmic loss
and near-negligible dielectric absorption (tan§ ~ 0.00002 at
1 THz). Furthermore, many passive terahertz components may
be monolithically integrated within a given circuit and fabricated
together in a single-mask etch process.
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The development of all-dielectric platforms for terahertz waves
opens the door to established passive nanophotonic multiplex-
ers, such as arrayed waveguide gratings (AWG) [19,20]. Devices
of this sort employ a dielectric slab as a free-propagation region
to which several waveguides may connect. However, AWGs are
electrically large, as they require two free-propagation regions
that are connected in parallel by an array of curved waveguides.
It is therefore impractical to physically scale such devices to
the longer-wavelength terahertz range; a contemporary “ultra-
compact” AWG [21] is 443 x 675)»§emml, and hence it would
occupy ~2000 cm? if scaled to the 300 GHz band, and a typi-
cal four-channel AWG’s footprint [22] would be ~25,000 cm?
(2300 x 1530}‘§emral)' Smaller devices are achieved with the
sidewall-grating approach, where the waveguide array and one
of the free-propagation regions are omitted, and the remaining
slab region is fed in series via a grating at the sidewall of a channel
waveguide [23-25]. Echelle gratings are another viable strat-
egy to reduce device size [26,27]. However, such devices would
still span several centimeters if scaled directly to the terahertz
range. Furthermore, there are general issues associated with the
use of grating techniques. Gratings exhibit multiple diffraction
orders, and, hence, finite energy is invariably commuted into
undesired directions. This also reduces bandwidth, as diffraction
efficiency varies with frequency, and this effect is exacerbated by the
sensitivity of fine grating structures to fabrication tolerances.

Here, we exploit leaky-wave principles for frequency differen-
tiation. Terahertz waves optically tunnel from an unclad dielectric


https://orcid.org/0000-0003-1527-180X
https://orcid.org/0000-0002-7256-1021
mailto:fujita@ee.es.osaka-u.ac.jp
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://doi.org/10.1364/OPTICA.420715
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.420715&amp;domain=pdf&amp;date_stamp=2021-04-29

Research Article

Vol. 8, No. 5 / May 2021 / Optica 622

waveguide to an adjacent silicon slab and form a frequency-
scanning beam therein. The slab and waveguide are curved in
order to focus this beam, thereby localizing specific frequency
bands for isolation. Thus, we exploit the well-known phenome-
non of optical tunneling in an entirely new way for gratingless
in-slab beamforming, which commutes no power into undesired
diffraction orders. This yields an efficient 300 GHz band 4 x 1
frequency-division multiplexer with a footprint area of 26 x 20
2l ~ 4 cm?—between three and four orders of magnitude
smaller than a comparable AWG—and deploy it in a demonstra-
tion of terahertz communications. We also present a triplexer and a
diplexer to illustrate the generality and scalability of the concept.

2. DESIGN CONCEPTS
A. Optical Tunneling

A micro-scale silicon waveguide is separated from an adjacent
dielectric slab by a narrow air gap, as shown in Fig. 1(a). The
thickness of the silicon is # =200 pum, the waveguide’s width
is w =160 um, and the separation, s, is variable. The entire
structure is surrounded by air, with no supporting substrate. The
fundamental transverse-electric (TE) mode of the waveguide is
employed, for which the electric field vector is parallel to the slab
plane. In the absence of the slab, energy would be confined within
this mode, and no power would be lost to the surrounding space.
However, the slab couples with the evanescent fields of the wave-
guide’s mode, and thereby captures a portion of confined power,
which is commuted into the fundamental TE; mode. In this
way, terahertz waves are progressively leaked from the waveguide
to the slab, in a process known as optical tunneling [28]. Taken
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Fig. 1.

collectively, the waveguide and slab can be considered a form of
leaky-mode structure [29].

Full-wave simulations using CST Studio Suite are employed to
model the optical tunneling process, and resultant cross-sectional
electric field distributions at frequencies of interest are shown
in Figs. 1(b)-1(d). The fields that couple to the slab via optical
tunneling are visible. Within the slab, field strength is observed
to increase with respect to distance away from the waveguide, as
power that is further away was leaked from the waveguide at an
earlier position, and it will continue to grow indefinitely if infinite
energy is supplied to a physically unbounded leaky-mode structure
[29]. This phenomenon is particularly evident in Fig. 1(b), where
the peak magnitude of fields in the displayed portion of the slab are
observed to be stronger than those within the waveguide. This is
because field confinement in the dielectric waveguide is reduced
at lower frequencies, leading to an increase in interaction with the
slab. Finally, minor variation is noted inside the slab structure,
likely due to interference between the leaked beam and undesired
fields from the mode launcher structure.

The complex propagation constant of the leaky mode is of key
interest, as this describes its dispersion and rate of leakage, which
are critical to in-slab beamforming. We also wish to determine how
these properties are influenced by the separation, s. Propagation
constants extracted from comparison of different lengths of wave-
guide are given in Figs. 1(e) and 1(f). It can be seen that both the
phase constant and the rate of leakage increase with the proximity
of the slab to the waveguide. Additionally, lower frequencies are
observed to couple more rapidly because, for a dielectric waveguide
in isolation, a greater proportion of modal fields occupy the sur-
rounding space and, thus, field confinement is weaker. As such, the
influence of the adjacentsilicon slab is greater.
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Optical tunneling from unclad silicon dielectric waveguide to adjacent dielectric slab, showing (a) physical structure and illustration of optical

tunneling process; (b)—(d) cross-sectional field distributions of the leaky mode, where s = 50 pm; (e),(f) dispersion and leakage rate for a variety of separa-
tions, 5 ; (g) dispersion with respect to frequency, where s = 50 ptm; and (h) scanning angle of the resultant slab-mode beam, where s = 50 um.
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B. Leaky-Wave Principle

The radiation that enters the slab via optical tunneling will propa-
gate away from the waveguide in the form of a slab-mode beam
[30,31], which is analogous to a radiated beam in free-space,
albeit confined into two dimensions in the xy plane of the silicon
slab. As such, the optical tunneling process is closely related to a
terahertz uniform leaky-wave antenna [32], as it launches a beam
via progressive, continuous leakage from a guided wave into a
free-propagation region. It is noted that conventional uniform
leaky-wave antennas are necessarily implemented with fast-wave
structures of less-than-unity modal index, in order to achieve spon-
taneous leakage [33]. On the other hand, the dielectric waveguide
in the present work is slow wave. Slow waves do not leak sponta-
neously to free-space, and, hence, scatterers must be incorporated
into the waveguide at regular intervals, thereby realizing a periodic
leaky-wave antenna. In contrast to this, here we substitute the slab
structure for free-space and achieve a slow-wave leaky-wave device
that does not require scatterers.

The scanning angle of uniform leaky-wave structures is depen-
dent upon the discrepancy in dispersion between the waveguide
and the medium into which the beam is launched,

:8 Waveguide
7 Maveguide
Bstab

This angle, 6, is measured with respect to the normal of the
interface between the two media. The phase constant of the leaky
mode and the slab mode are given as a function of frequency in
Fig. 1(g), for a nominal separation s = 50 pm. It can be seen that,
as the leaky mode’s dispersion is greater than the slab mode, its
phase constant changes more rapidly with respect to frequency.
According to Eq. (1), the angle at which the beam is launched
also varies with respect to frequency, as shown in Fig. 1(h). This
phenomenon facilitates the separation of distinct frequency
components in the two-dimensional (2D) slab plane.

(1)

sinf =

C. In-Slab Beamforming

The magnitude distribution of the slab-mode beam is engineered
by tailoring the separation, s, along the length of the tunneling
waveguide. In this work, the desired field distribution is a trun-
cated Gaussian function, as it exhibits an acceptable compromise
between high-aperture efficiency and low sidelobe level [34]. A 1/¢
Gaussian beam width of Waperure = 6 mm and a truncation mag-
nitude of 50% are selected, resulting in the desired leaked-aperture
magnitude distribution,

2
— I=IMax/2 .
A([) = exp |: (wApemue> ] lfo S 1 S lMax’ (2)
0

otherwise,

along the uncurled waveguide length, /, as shown in Fig. 2(a). We
employ an iterative procedure that is described in Section S2.1 of
Supplement 1 to determine the appropriate profile of separation,
s, along the waveguide length, and the result is given in Fig. 2(b).
Separation is observed to progressively decrease, as power lost to
leakage must be compensated by an increase in the rate of leak-
age. The procedure that is employed to tailor the separation also
computes the expected resulting aperture magnitude distribution,
and the results are shown in Fig. 2(a). It can be seen that the com-
puted aperture distribution is in close agreement with the desired
distribution up to the point at which the separation is reduced to
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s =10 pm, which is the minimum viable separation according
to fabrication constraints. At that point, it is no longer possible
to increase the rate of leakage by reducing s so the leaked power
is lower than desired thereafter. That said, this deviation is not
expected to markedly degrade outgoing beam quality.

In previous work, focused beams have been launched from a
leaky-wave antenna to free-space by tailoring the profile of the
propagation constant [35] or by curving the geometry of the radia-
tor [36]. Similarly, here we curve the boundary of the dielectric slab
in order to achieve beam focusing within the slab itself. A target
focus is selected, as shown in Fig. 2(c), and the distance from the
slab boundary to this point is progressively shortened in order
to compensate the phase that is acquired as the wave propagates
within the dielectric waveguide. In this way, leaked power from all
points along the curved slab boundary will constructively interfere
at the target position, producing a focus at the design frequency,
which is 350 GHz in this case. The details of this curving procedure
are expounded in Section S2.2 of Supplement 1.

Owing to the leaky-wave phenomenon that is described in
Section 2.B, the position of the focus is expected to progressively
change as frequency deviates from 350 GHz. Put simply, differ-
ent frequencies are projected towards different positions within
the slab region. Full-wave simulations are performed in order to
verify the existence of the frequency-scanning focus within the
dielectric slab, and the results that are given in Fig. 2(d) indicate
that the curved tunneling waveguide functions as intended. The
field distribution along the inside of the slab boundary is also
extracted from simulation and is plotted in Fig. 2(a) at the design
frequency to facilitate comparison with expectations. It can be seen
that reasonable agreement is attained. It is noted that the full-wave
simulation results include effects such as reflection from the termi-
nation of the waveguide and interference from undesired fields that
are coupled into the slab at the point where the waveguide mode is
launched, which likely account for the minor discrepancies.

3. REALIZATIONS
A. Frequency-Division Multiplexer

In order to perform multiplexing, the frequency-scanning focus
must be collected at specific distinct points that correspond to the
foci of frequencies of interest and conveyed to separate dielectric
waveguides, as shown in Fig. 3(a). Transitions are implemented
by interrupting the slab region with linear-flared waveguide struc-
tures, to provide progressive index matching. Lower frequencies
require larger flares. Following the transition, all waveguides are re-
directed using circular bends, such that they terminate in parallel,
and with sufficient spacing to facilitate experimental probing. It is
noted that the width of all waveguides is w = 160 pm to maintain
consistency with the tunneling waveguide.

Following the examples of [14,17,18], subwavelength through-
hole arrays are employed as a physical support structure. This
essentially realizes a low-index effective medium, which can
make contact with a given waveguide without disturbing the
total-internal-reflection-based field confinement mechanism,
thereby avoiding leakage or reflection. In this way, a buttress is
implemented to support the input to the tunneling waveguide, as
shown in Fig. 3(a). At the opposing end, little power remains in the
tunneling waveguide, so it is terminated by attaching it directly to
the slab region. The waveguides that support individual channels
are collectively surrounded with a protective silicon frame, within
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Design of the in-slab focusing leaky-wave structure, showing (a) leaked-field magnitude distribution at the design frequency of 350 GHz and

(b) the separation, s, as functions of uncurled waveguide length /; (c) an illustration of the design procedure for in-slab focusing, where the slab boundary is
curved in order to compensate for accumulated phase in the silicon waveguide, as well as an inset micrograph of a fabricated structure; and (d) a false-color
plot of the resultant field intensity distribution, i.e., Poynting vector magnitude, at z =0, i.e., in the middle plane of the slab, where each component is in

linear scale and normalized to its respective maximum.

which the low-index effective medium is implemented at the point
of contact with the waveguides [17]. To facilitate experimental
probing, all dielectric waveguides are terminated with 2-mm-long
linear tapers with snub-width of 80 pm, for impedance matching
purposes.

A four-channel terahertz tunneling multiplexer that is illus-
trated in Fig. 3(a) targets frequencies 318 GHz, 338 GHz,
358 GHz, and 378 GHz. The commercially available CST Studio
Suite software package is employed for full-wave simulations that
investigate the device’s functionality, and resultant field intensity
distributions are given in Figs. 3(b)-3(e). It can be seen that power
is routed to distinct channel ports, as intended. Simulated mag-
nitude transmission is given in Fig. 3(f), showing efficiencies of
~66%, ~71%, ~78%, and ~81%, as well as 3 dB channel band-
widths of ~18 GHz, ~14 GHz, ~13 GHz, and ~20 GHz, for
channels 1-4, respectively. Efficiency is defined as the proportion
of stimulated power that successfully undergoes transit through the
multiplexer itself at the center frequency of the relevant channel.
This is currently limited by reflection from the waveguide flares
and will likely increase with further refinements to the design.

The thermal stability of the multiplexer device is of interest,
and, in particular, the degree to which thermal effects may impact
the frequency selectivity of each channel. Thermal expansion of

single-crystal silicon [37] is investigated in simulation, and details
are given in Section S3 of Supplement 1. It is found thatan increase
0f200°C over room temperature produces a downward frequency
shift of less than 0.35 GHz for all channels of the multiplexer. We
consider this shift to be of low significance, as it is ~0.1% of the
center frequency of the multiplexer device. Thus, the multiplexer
exhibits high thermal stability. The reason that the frequency shift
is downward, rather than upward, is because thermal expansion
increases the cross-sectional area of the tunneling waveguide,
thereby reducing its dispersion. We also wish to remark that varia-
tion in the terahertz-range refractive index of silicon due to thermal
effects is minimal [38], and it is therefore not expected to exert a
significant impact upon thermal stability.

The multiplexer design is fabricated using deep reactive ion
etching [13]. Substrateless, unclad silicon microbeams serve
as channel waveguides and are sufficiently robust to be self-
supporting provided there is anchorage to the integrated protective
frame [17]. The fabricated devices are manually handled using
ordinary tweezers that make contact with the un-etched portions
of the protective frame, exclusively. It is noted that, when deployed
in practical applications, these tweezers will be replaced with a
packaging structure that clamps to the frame [18].
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Fig. 3. Terahertz tunneling multiplexer device with uncurled tunnel-
ing waveguide length /y,, ~ 10 mm (i.e., leaked-aperture Gaussian beam
width Wapereure = 6 mm): (a) schematic illustration, (b)—(e) simulated
field intensity, i.e., Poynting vector magnitude, |/|, in the linear scale
and normalized to their respective maxima, and (f),(g) simulated and
measured transmission.

During experimental characterization, the taper at the com-
bined port is coupled to a terahertz source via a hollow metallic
waveguide of inner conductor dimensions of 711 um x 356 pm,
corresponding to operation in the range from 260 GHz to
400 GHz. Alignment is performed manually using micrometer
stages. The taper structures provide broadband index matching
to the fast-wave fundamental mode of the hollow waveguide,
thereby suppressing reflections at this interface. The source
generates terahertz power by 9% frequency multiplication of a
millimeter (mm)-wave signal, which is swept from 33.3 GHz
to 43.3 GHz, thereby producing frequencies from 300 GHz to
390 GHz. Following transit through the multiplexer device, the
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terahertz waves are collected by a second hollow metallic wave-
guide that is coupled to one of the channel ports. The terahertz
signal is then down-converted via mixing with a 36 x-multiplied
microwave-range local oscillator and subsequently inspected using
a spectrum analyzer. For normalization purposes, a fabricated
silicon reference device consists of a short length of silicon wave-
guide that is terminated with a supporting buttress at one end and
effective-medium cladding at the other. The transmission through
this device is measured, and the result is employed to remove the
influence of coupling loss. As such, the measured results essentially
isolate the response of the multiplexer itself. This is appropriate
as the multiplexer is the primary subject of this work, whereas the
coupling structure itself is of little scientific interest. Furthermore,
this particular coupling mechanism is chosen solely as a means
to probe the multiplexer’s response in broadband, whereas in the
case of practical deployment, it will be incorporated within a larger
integrated terahertz system that contains many components that
are interconnected with silicon waveguides. It is also noted that a
similar process of normalization is performed with the simulated
results given in Fig. 3(f), using a simulated model of the fabri-
cated reference structure for which the simulated transmission
magnitude is given in Section S$4 of Supplement 1.

Measured transmission is shown in Fig. 3(g), and it can be seen
that channelization is successfully achieved and that efficiency and
bandwidth are comparable to simulation. However, there is a dis-
crepancy; in measurement, each channel has been shifted upwards
in frequency by ~10 GHz. We ascribe this to over-etching,
which narrows the tunneling waveguide and thereby increases
the disparity in dispersion between the silicon waveguide and the
slab. Evidence for this over-etching is provided in Section S5 of
Supplement 1.

The isolation performance is defined as the minimum contrast
in transmission magnitude between the peak of a given channel
and that of the other channels at the same frequency. Hence, the
isolation is at least 14 dB at the center frequency of each chan-
nel. Factors that limit the isolation of the tunneling multiplexer
involve spillover between the closely spaced adjacent waveguide
flares and evanescent interaction between adjacent waveguides as
they undergo circular bending. In the future, such effects may be
mitigated by refinements to the geometry of the single-channel
waveguides and their interface to the slab region and by the inte-
gration of photonic filters. Evanescent interaction may also be
reduced by including a broadband photonic bandgap structure
[15] between adjacent waveguides or by simply widening the track
in order to increase confinement. Finally, the leaked-aperture
distribution may be optimized in order to produce a focused beam
that minimizes spillover between adjacent channels.

B. Channel Scalability

It is well known that the width of a focused beam is dependent
upon the ratio of aperture size to focal length [39]; a fixed ratio
will produce a specific beam size—irrespective of absolute focal
length. By the same rationale, if we reduce the uncurled length
of the tunneling waveguide, /pa, whilst proportionally decreas-
ing the distance from the target focus to the origin, 4(0), then
the size of the in-slab beam’s focus will not change. On the other
hand, the length of the path that is described by the focused beam
will be reduced in approximate proportion with /\.x. These two
effects result in greater overlap between adjacent frequencies, as the
focused beam scans more gradually with respect to frequency. As
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Fig. 4. Demonstration of the scalability of the tunneling multiplexer
concept, showing (a),(b) photographs of tunneling multiplexers, for
which the Gaussian beamwidth of the leaked-aperture distribution
is reduced t0 Waperwre =4 mm, corresponding to uncurled tunneling
waveguide length /g, ~ 6.7 mm; (c),(d) simulated and (e),(f) measured
transmission of the triplexer and diplexer.

a consequence, the bandwidth of individual channels is increased,
and the number of channels that may be included is decreased.
Conversely, if a larger number of lower-bandwidth channels is
desired, then this may be achieved by increasing the length of the
tunneling waveguide.

In order to demonstrate the scalability of the concept, tunnel-
ing multiplexers are devised by repeating the design procedure
with the Gaussian beamwidth of the leaked-aperture distribution
set 10 Waperure = 4 mm, rather than the 6 mm employed for the
device shown in Fig. 3. Both a triplexer and a diplexer are devised
in this way, and photographs of the fabricated devices are shown
in Figs. 4(a) and 4(b), respectively. The sole difference between
these two devices is their arrangement and number of channel
ports; the tunneling waveguide portions are identical. Simulated
transmission is shown in Figs. 4(c) and 4(d) and measured results
in Figs. 4(e) and 4(f). The operation of these smaller multiplexers
is confirmed from these results, and it can be seen that the chan-
nel bandwidth is indeed enhanced, as intended. As in the case of
the four-channel multiplexer presented in Fig. 3, all measured
channels have been shifted upwards in frequency with respect to
simulation due to over-etching.

C. Communications

A demonstration of terahertz-range communications is performed
in order to determine whether digital information at high data rates
may be supported by the multiplexer, as is its intended application.
A two-color infrared laser signal is optically modulated with non-
return-to-zero on—off keying, using a pseudo-random bit sequence
that originates from a digital pulse-pattern generator, and is 2°—1
bits long. This light signal is applied to a uni-traveling-carrier pho-
todiode (UTC-PD), which is a photomixing terahertz source that

Vol. 8, No. 5 / May 2021 / Optica 626

UTC-PD
source

: Hollow metallic
waveguide

© 1077 s
s e B ¢
S 1077 &) Ko
8 & a4 -e- Ch. 1, 328 GHz
= ] .
51070 /(o) e -m-Ch. 2, 348 GHz
I ot ([ - Ch. 3, 368 GHz
1075 14 v - - Ch. 4, 388 GHz
| I
‘ j .' No bit errors in 1-minute span |

6 8 10 12 14 16 18 20
Data rate (Gbit/s)

Ch. 1, 328 GHZ

Ch. 3, 368 GHz

. 4, 388 GHz

Fig. 5. Demonstration of terahertz communications, showing
(a) a photograph of the experiment, in which Channel 4 is employed,
(b) measured bit-error rates for all channels, and (c)—(f) eye diagrams of
demodulated signal at 10 Gbit/s, for each channel.

extracts the terahertz-range beat frequency of the laser signal via a
nonlinear process of optical rectification [40]. The modulation is
commuted to the rectified signal, therebyproducing a modulated
terahertz signal for which the carrier corresponds to the beat fre-
quency of the lasers. The resultant terahertz waves are subsequently
conveyed to a hollow metallic waveguide output, and applied to
the combined port of the tunneling multiplexer that is the main
subject of this work. Following its transit through the terahertz
multiplexer, the modulated terahertz signal is probed at one of
the channel ports, which is coupled to a hollow metallic wave-
guide that serves as input to a zero-biased Schottky barrier diode
(SBD)-based terahertz detector. This extracts the modulating sig-
nal via envelope detection. Thereafter, the demodulated pulses are
amplified, clipped, and conveyed to an oscilloscope to display the
eye diagram. A bit-error-rate tester is employed to quantitatively
measure the quality of the channel in real-time. A photograph of
this experiment is shown in Fig. 5(a).

For each channel, the center frequency is chosen as a carrier,
the data rate is swept in increments of 1 Gbit/s, and the resultant
bit error rate is measured. The results of this procedure are shown
in Fig. 5(b), and it can be seen that data rates of several Gbit/s
are supported by all channels. In previous work [15,17], data
rates of 20-30 Gbit/s bit-error-free were supported by the same
equipment, and, hence, it is certain that the limiting factor upon
the data rate is the bandwidth of the multiplexer itself. It is noted
that the bit error rate is greater for Channel 4, as the output power
of the UTC-PD is decreased at higher frequencies [40], leading
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to diminished SNR. Eye diagrams of the demodulated signal at
10 Gbit/s are extracted for each channel, and the results are shown
in Figs. 5(c)-5(f). There is some minor ripple and distortion of
the pulse shape, which is likely due to echo signals produced by
reflections at interfaces. This causes some dispersion, but it can be
seen that the “eye” remains clearly open in each case. A more thor-
ough discussion of dispersion performance is given in Section S6 of
Supplement 1 thataccompanies this article.

A wired demonstration is preferred over a more-realistic wire-
less communications link in order to observe the performance
and achievable bandwidth of the tunneling multiplexer device in
isolation. In the future, advanced antenna structures [41,42] may
be integrated directly with the tunneling multiplexer device to
provide an interface to free-space. It is understood that achievable
data rates will be affected in such a wireless communications link,
owing to the atmospheric absorption of terahertz waves [7].

4. DISCUSSION AND CONCLUSION

We have introduced the concept of gratingless tunneling multi-
plexers and employed it to realize a diplexer, triplexer, and 4 x 1
multiplexer for terahertz waves—all of which are both highly
compactand efficient owing to the in-slab beamforming technique
that we introduced. The simplicity of this technique offers versa-
tility beyond that which is shown in the present work. A designer
may essentially specify a desired in-slab magnitude distribution
that is mediated by a single physical parameter: waveguide-to-
slab separation. Furthermore, the curvature of the waveguide
may be optimized, e.g., using Gerchberg—Saxton hologram-like
techniques [43] to project near-arbitrary beam shapes into the slab.

The employed contactless power-transfer mechanism innately
minimizes disturbance to fields within the tunneling waveguide,
in a manner analogous to the advantage that uniform leaky-wave
antennas have over those that are loaded with periodic radiators;
the latter is always impacted by in-guide reflection from the radiat-
ing elements [44]. Our gratingless tunneling multiplexer devices
hold the same advantage over sidewall-grating-based compact
photonic multiplexers [23-25]. In addition to being contactless,
the demonstrated devices are also substrateless, which means that
the tunneling waveguide is essentially free-floating. For this reason,
innovative effective-medium techniques and frame structures are
sought in order to provide physical support without negatively
impacting electromagnetic functionality.

The developed four-channel multiplexer is deployed in a
demonstration of terahertz communications in order to clearly
illustrate its applicability to its intended application and determine
the limitation that the multiplexer’s bandwidth and dispersion
will impose. If we consider a bit error rate of 1073 to be the limit of
acceptable channel performance, then the achieved total capacity
of the multiplexer is 48 Gbit/s using on—off keying, and this may
be increased further with multi-level modulation techniques. That
said, each channel was probed individually in experiment due to
practical constraints including physical clearances, and for this rea-
son, the experiment did not account for crosstalk. For this reason, a
theoretical, quantitative investigation into the impact of crosstalk
is undertaken, as detailed in Section S7 of Supplement 1. The
results of this procedure show a signal-to-interference ratio of 10—
20 dB for the 4 x 1 multiplexer, which is likely to adversely impact
the quality of communications links. For this reason, it is critical to
improve the isolation of the tunneling multiplexer, and this may be
achieved by the incorporation of integrated terahertz-range filters
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or by refinements to the channel spacing and the interface between
the slab and the channel ports. It is also noted that the analysis of
crosstalk that is detailed in Supplement 1 assumes that the detec-
tor exhibits infinite bandwidth, as a coarse approximation of the
broadband SBD that serves as a detector in the communications
experiment that is detailed in Section 3.C. On the other hand, if
coherent down-conversion were employed, then the interfering
signals from other channels could be straightforwardly rejected by
means of filtering at the baseband/IF stage, thereby enhancing the
signal-to-interference ratio. Finally, the impact of the interference
may be diminished with nonlinear devices including a limiting
amplifier, as well as digital signals processing techniques.

Direct channelization at terahertz wavelengths facilitates power
combining of several independent terahertz sources that oper-
ate at distinct carrier frequencies. This will increase the overall
transmit power of a multi-channel terahertz link, which will be
advantageous to terahertz communications given the well-known
limitations upon transmit power [7]. We may alternatively discuss
this in terms of the Shannon—Hartley theorem [45]; the data rate
of a single channel is lowered, thereby reducing the SNR that is
required to reliably convey information and increasing achievable
transmit range. Overall data rate is compensated by aggregation
of multiple reduced-bandwidth channels. This is the reason why
terahertz-range link budget calculations often assume a dense
frequency-division channelization scheme and specify a nominal
transmit power per channel [46]. Furthermore, the thermal noise
power of a given receiver is inversely proportional to overall band-
width. A dense channelization scheme will therefore increase SNR
by reducing this thermal noise.

Aside from power combining and noise reduction, there
are other practical benefits to direct terahertz-frequency chan-
nelization. It is noteworthy that contemporary state-of-the-art
all-electronic high-frequency communications systems have
been reported that exhibit radio-frequency (RF) bandwidths of
~30 GHz [47]. On the other hand, the absolute spectral band-
width that is covered by the terahertz tunneling multiplexer device
is ~90 GHz, and this will increase proportionally if deployed
at higher terahertz frequencies, i.e., by physical scaling. If this
entire bandwidth were to be processed with a single baseband or
IF system, then that system would necessarily utilize highly spe-
cialized mm-wave technologies. Furthermore, advanced terahertz
mixers [48] that exhibit broad RF bandwidth would be required
for frequency conversion. On the other hand, passive multiplex-
ers divide the large RF bandwidth into manageable contiguous
blocks, and, as a result, commercial off-the-shelf microwave-range
components may be utilized in order to process the baseband/IF
signal of each individual channel. The use of several commonplace
electronic microwave-range systems in parallel (i.e., one for each
channel) will be significantly more cost effective and practical than
a single advanced broadband mm-wave system. An alternative,
optoelectronic approach can similarly eschew electronic processing
of the entire RF bandwidth by performing channelization in the
optical domain, i.e., with beating laser signals that are individually
modulated with microwave-range channel bandwidth and are
subsequently down-converted to terahertz waves by means of pho-
tomixers [5,6]. However, there is a tradeoff in complexity, as this
approach necessitates laser equipment. Furthermore, photomixing
sources are typically of lower power than all-electronic approaches,
and this channelization technique is not amenable to power com-
bining of the sort that is described above. For these reasons, we
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contend that passive terahertz-range frequency-division chan-
nelization schemes will be vital for the future of wireless terahertz
communications. Furthermore, increasing the number of chan-
nels will enhance these benefits. In addition to high-volume
communications, terahertz tunneling multiplexers may also find
applications in multi-color imaging [49], and in terahertz tag
technology [50].

It is stated in Section 3.B that the number of channels may
be increased by lengthening the tunneling waveguide portion of
the device. Another avenue to increase the number of channels is
to extend the total frequency span of the scanning focus, and, to
this end, it is necessary to understand present limitations upon
bandwidth. The information in Figs. 1(e) and 1(g) shows that the
tunneling waveguide becomes less dispersive at high frequencies,
and so frequency scanning slows to the point where different
frequencies cannot be distinguished with a tapered waveguide
flare. On the other hand, it can be seen in Fig. 1(f) that the rate of
leakage increases progressively as frequency is decreased. Thus,
for low frequencies, the power is leaked too rapidly to allow for
a broad aperture to develop, and so a high-quality focus is not
formed. Total bandwidth may therefore be increased with careful
optimization of parameters such as waveguide width w, starting
separation s (0), silicon thickness ¢, and center-frequency selection
in order to mediate between these two constraining phenomena.
It may also be possible to modify the waveguide-slab interface,
i.e., with effective-medium techniques, in order to engineer a rate
of leakage that is near constant with respect to frequency to address
the aforementioned lower-frequency limit.

Finally, we observe that, as the demonstrated tunneling mul-
tiplexer device is entirely passive, it may be adapted for operation
in other frequency ranges. For instance, infrared-range operation
will be achieved in a similarly all-dielectric device if implemented
in a nano-scale photonic integrated circuit platform using generic
foundry processes [51]. The benefits of our gratingless approach
could therefore be realized at telecom wavelengths, in order to
increase integration density, bandwidth, and efficiency. At lower
frequencies, an equivalent mm-wave device could potentially be
implemented in an RF circuitboard, in which microstrip lines
replace the dielectric waveguides, and the free-propagation region
isimplemented with a parallel-plate waveguide, in a manner analo-
gous to a Rotman lens [52]. As such, the tunneling multiplexer
concept is of general utility across the electromagnetic spectrum.
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