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An ultrawide-bandwidth single-sideband
modulator for terahertz frequencies

A. S. Meijer, G. Berden*, D. D. Arslanov, M. Ozerov, R. T. Jongma and W. J. van der Zande

Wireless high-speed data communication using terahertz (THz) carrier frequencies is becoming reality with data rates
beyond 100 Gbit s™. Many of the mobile applications use internet access and require that THz wireless base stations are
connected to a global network, such as the radio-over-fibre network. We present the realization of an ultrawide bandwidth
THz optical single-sideband (OSSB) modulator for converting (free-space) THz signals to THz optical modulations with an
increased spectral efficiency. THz OSSB will mitigate chromatic dispersion-induced propagation losses in optical fibres and
support digital modulation schemes. We demonstrate THz OSSB for free-space radiation between 0.3 and 1.0 THz using a
specially designed dichroic beamsplitter for signal and carrier, and a planar light-wave circuit with multimode interference
structures. This arrangement of optical elements mimics the Hartley single-sideband modulator for electronics signals and
accomplishes the required Hilbert transform without any frequency-dependent tuning element over an ultrawide THz spectrum.

he data rate of our communication systems doubles every 18
months, according to Edholm’s law!. Social media, virtual
reality, high-definition TV, the internet of things and big
data all contribute to the expectation that Edholm’s law remains
valid in the near future. An obvious way for communication tech-
nologies to facilitate this growth is to use terahertz (THz) modulation
frequencies (0.1-10 THz, 30-3,000 um)>%. Compact frontend semi-
conductor devices for THz wireless communication systems are
being developed at a rapid pace using the monolithic microwave
integrated circuit (MMIC) platform**19. MMIC technology com-
bines solid-state receiver and transmitter modules on a single chip
with amplifiers and broadband in-phase/quadrature (I/Q) terminals
for THz wireless links beyond 100 Gbit s (ref. 4).

A challenge of THz wireless communication is the substantial
free-space path loss of distant THz sources, and the atmospheric
attenuation of free-space radiation with carrier frequencies larger
than 100 GHz by water vapour'' and under weather conditions
with rain and fog'2. A promising solution is the use of the radio-
over-fibre (RoF) backbone network!>!4, which at the same time pro-
vides direct access to global data servers. THz signals are transported
over long distances through low-loss optical fibres and only wire-
lessly transmitted over the final mile to the end user. Conversion
of (free-space) THz signals to THz optical modulations is provided
by electro-optical (EO) methods'>!6, which are broadband and have
a large dynamic range. EO modulators are able to connect RoF and
wireless communication networks seamlessly in terms of carrier fre-
quencies, data rates and I/Q modulation formats. Yet, the major
challenges for RoF networks are the large occupied bandwidth in
THz EO heterodyning because of the optical double-sideband
(ODSB) generation, and the chromatic dispersion-induced propa-
gation losses in analog and digital modulation schemes!'>'.
Optical single-sideband (OSSB) modulators are utilized in RoF net-
works at megahertz and gigahertz frequencies to mitigate both these
effects and to support advanced I/Q modulation formats*®. In OSSB
at THz frequencies, the necessary Hilbert transform between the in-
phase and quadrature components (90° phase difference) forms an
experimental challenge, especially for broad bandwidth signals.
Existing schemes fulfil OSSB only for specific frequencies and inher-

ently operate in the narrowband regime, using techniques such as
optical filtering!®?, time delays as phase shifters in a Sagnac?"?
or Mach-Zehnder interferometer (MZI)??, narrowband reflection
from fibre Bragg gratings®*?, stimulated Brillouin scattering in
optical fibres?®?” and a so-called 90° hybrid coupler?®%.

Here, we present an OSSB modulator that comprises standard
optical phase-shifting elements and fibre-optic components in a
MZI configuration with EO modulators for the direct conversion
of free-space THz radiation. Our modulator accomplishes THz
OSSB without any frequency-dependent tuning and provides ultra-
wide bandwidth operation. This is demonstrated experimentally in
the 0.3-1.0 THz range.

Single-sideband (SSB) generation was invented® as a refinement
of radio modulation for the efficient use of spectral bandwidth and
transmission power, and for the mitigation of dispersion-induced
propagation losses, also called a ‘power penalty’. The efficiency
improvement stems from the realization that a single upper side-
band (USB) or a single lower sideband (LSB) each contains the com-
plete signal-modulation information. The power penalty originates
from the interference of sidebands with the carrier during propa-
gation in dispersive media. In the same spirit, carrier-suppressed
OSSB modulation techniques were developed to improve dynamic
range®!, to prevent nonlinearities in optical fibres®?, to increase
gain of the sideband in an optical amplifier® and to increase spectral
efficiency'®?. Fundamentally, SSB generation is a special case of
quadrature modulation and is the interferometric process of a
modulation signal and its Hilbert transform, given by

ESSB(t) -E (t) (eiwctﬂésin(ws,gt) + ieiwcﬂiécos(ws,gt)) (1)
. +

where Egsp(t) is the generated SSB modulation, E.(¢) the carrier
electric field, w. is the carrier frequency and wgg is the signal
frequency. If the modulation depth & is small, equation (1) can be
approximated as:

Esep(t) = E.(£)e™! (1 + idsin(wg,t)) + iE (t)e " (1 + idcos(wg,t))

sig
— Ec(t)(eiwcfi(n/Z) = zéei(wciwsig)t) (2)
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Figure 1| Experimental scheme for SSB generation. a, Principle of the
Hartley modulator for electronic SSB generation with phase shifts for the
signal and carrier. b, Ultrawideband OSSB generator with two beamsplitter
(BS) coatings on a single substrate that ensure the necessary phase shifts to
produce signal and carrier beams in quadrature. The NC generate ODSB in
quadrature followed by coherent addition in a PLC with MMI structures. The
output of the OSSB modulators is demultiplexed and analysed with a high-
resolution grating-based spectrometer-CCD combination. ¢, Schematic of
the OSSB modulator principle. E. and Eqg are the electric field of the carrier
and the signal, respectively.

Equation (2) illustrates that either the USB or the LSB is coherently
suppressed. The n/2 phase difference of the carrier with respect to
the SSB ensures orthogonality, which removes the dispersion-
induced propagation losses. This interferometric process not only
increases the spectral efficiency by suppressing one sideband, but
also transfers all the modulation to the one sideband, which leads
to a twofold increase of the SSB electric field, and hence a fourfold
increase of the SSB intensity. The principle of a Hartley modulator
for electronic SSB generation is illustrated in Fig. la and has the
advantage of being a simple system with a deterministic analytical
description given by equations (1) and (2) that provides insight into
the generation, propagation and detection of quadrate modulation®.

Figure 1b depicts our THz OSSB generator using standard
optical phase-changing elements in an innovative composition.
The beamsplitter combines broadband THz and optical dichroic
mirror coatings on a single substrate and has two output ports
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that are in quadrature, each consisting of a signal and a carrier
beam. As it happens, each dichroic beamsplitter coating generates
two beams according to I=T+ R+ 2RTcost), where I is the total
intensity of the input beam, R is the intensity of the reflected
beam, T the intensity of the transmitted beam and 6 represents
the phase angle between R and T. 6 = n/2 when using a 50/50 beam-
splitter with a lossless substrate. The two output ports R and T are in
quadrature and combine carrier and signal equivalent to the
Hartley modulator, as shown in Fig. 1a, but without the need of
phase shifters to accomplish the necessary Hilbert transform. In
our OSSB set-up, each combination of a carrier beam and a signal
beam is mixed in a nonlinear crystal (NC) to generate ODSB
modulation. The carrier beam originates from a near-infrared
single-mode diode laser and the signal from the far-infrared free-
electron laser (FLARE) that delivers short, intense pulses of
tunable narrow-bandwidth THz radiation (see Methods). The two
ODSB-modulated carrier beams are combined coherently in a
planar light wave circuit (PLC) with multimode interference
(MMI) structures designed to prevent additional phase changes
(see Methods). The interferometric process in the MMI results in
OSSB generation without any frequency-dependent tuning over
an ultrawide THz bandwidth.

The single-shot ODSB spectrum of each interferometric arm of
the OSSB modulator is shown in Fig. 2 for a modulation frequency
of 0.69 THz obtained by blocking one of the arms. The observed
difference in USB and LSB intensities of the order of 10% is attrib-
uted to polarization and spatial filtering effects of the fibre-optic
couplers. When the two ODSB signals are combined, interference
takes place and OSSB generation can be observed clearly. The
ratio of the USB and the LSB changes substantially. In the results
shown, the spectral efficiency of OSSB is illustrated by a strong sup-
pression of the LSB intensity, whereas the USB intensity is enhanced
by a factor of four, as is expected from equation (2). The inset in
Fig. 2 illustrates the ultrawide bandwidth nature of our OSSB modu-
lator and demonstrates OSSB signals for the spectral range between
0.4 and 1 THz.

Even though specific measures to stabilize optical path length
differences (OPLDs), like closed environment, temperature and kin-
ematic control, are not implemented in our modulator, seconds of
stable OSSB can be readily found, as is shown in Fig. 3a. The visi-
bility of OSSB modulation is defined as (Iyjgg — I;g5)/ (Iysp + Iisp)s
where Iysp and I;gp are the integrated peak intensities of the USB
and LSB. We observe in Fig. 3a slow drifts from the optimal
OSSB signal for the USB to the optimal OSSB signal for the LSB,
which indicates that OPLDs occur on the length scale of the
carrier wavelength, according to equation (2). This results in
either addition or subtraction in the MMI, which is similar to
lower or upper OSSB generation. The shot-by-shot ODSB gener-
ation in both arms is stable and shows constant visibility.
Figure 3b,c depicts the shot-by-shot stability of ODSB generation
as a narrow distribution of visibility, which indicates a stable inten-
sity ratio between the USB and LSB signals. When the two interfero-
metric arms are combined, the visibility distribution of Fig. 3d
spreads over the complete range of visibility values and peaks at
values that agree with OSSB generation. Figure 4 shows the
maximum observed visibility at various THz frequencies.
Although, in principle, one can achieve infinite suppression of the
USB or LSB, imperfections in the beamsplitter and imperfect
matched pairs of NCs, optical couplers, fibre lengths and quadrature
beam intensities lead to additional phase shifts and therefore a
decrease of the visibility and the OSSB dynamic range. At around
0.4 THz, our arrangement of the OSSB modulator shows a
maximum visibility of 0.985. The visibility decreases towards lower
and higher THz frequencies. Small depolarization perturbations in
polarization maintaining (PM) fibres, such as minor stress because
of bends and twists, and changes in ambient conditions, affect the
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Figure 2 | Single-shot sideband spectra at 0.69 THz. ODSB spectra from each interferometric arm separately and from the interferometric arms combined
for OSSB generation. The spectra have been vertically offset for readability. Cross-polarization filtering is used for reduction of the carrier. The inset shows a

selection of single-shot traces of OSBB generation at various THz frequencies.
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Figure 3 | Visibility measurements. a, Single-shot visibility measurements at 0.62 THz for each interferometric arm separately and for the OSSB generation
of the combined interferometric arms. b-d, Histograms of the same sets of measurements that show the distributions of single-shot measurements of the
visibility for each interferometric arm separately (ODSB) and the interferometric arms combined (OSSB).

carrier suppression by cross-polarization filtering and thereof the
OSSB dynamic range. Typical interferometric visibility in classical
MZI configurations without active stabilization is approximately
—9 dB (ref. 35) and can achieve —20 dB in PLC%. In our experimental
set-up, we have achieved a visibility of —18 dB for OSSB generation
at 0.38 THz.

Given the spectral dependence of the properties of the optical
components, like the ZnTe NCs, OSSB generation up to 3 THz
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should be possible. A next technological step should involve a
fully integrated miniaturized THz OSSB modulator using the
fibre-optic platform with MMI structures and EO modulators. A
compatibility with microdevice platforms®” will provide interfero-
metric stability and will allow THz OSSB modulators to become
economically viable. To enable this compatibility, planar MZI
with MMI structures operating at 1,550 nm (ref. 38) should be
used with polymer EO modulators to mitigate signal distortion.
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Figure 4 | The maximum observed visibility for OSSB generation at
different THz frequencies.

Polymer EO modulators have a gapless frequency response over a
wide THz range with nearly flat upconversion efficiency over a
50-100 GHz spectral bandwidth®. Also, the chromophores in
polymer EO modulators can have nonlinear coefficients one-order
larger than those of ZnTe***? and, hence, sideband intensities that
are two orders larger. Finally, the collinear EO mixing in our THz
OSSB should be replaced by patch antenna-coupled EO modu-
lators*1~*3, Confinement of focused THz electric fields (square milli-
metres) to the lateral dimensions of planar waveguides (square
micrometres) by resonant patch antenna structures can significantly
enhance the upconversion efficiency**.

In conclusion, we realized an ultrawide bandwidth OSSB modu-
lator for the direct conversion of free-space THz electromagnetic
radiation to THz optical modulations. Specially designed dichroic
beamsplitter coatings for signal and carrier on a single substrate
create two output ports in quadrature, each consisting of a carrier
and signal, and accomplishes the necessary Hilbert transform in
OSSB. Another vital element is the PLC-MMI, which allows inter-
ferometric recombination of beams over an ultrawide THz band-
width without additional phase changes. Carrier suppression by
cross-polarization filtering increases the OSSB dynamic range and
a sideband suppression ratio of —18 dB is achieved. THz OSSB gen-
eration can be used to mitigate the chromatic dispersion-induced
propagation losses in RoF networks, to increase spectral efficiency
and to support I/Q modulation formats. Future miniaturization
may involve patch antenna-coupled EO geometries in MZI con-
figurations for compatibility with the microdevice platform. Our
general OSSB method can be seen as a stepping stone towards
optical data communication at THz frequencies.

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

The ultrawideband OSSB modulator of Fig. 1b,c is realized experimentally using a
frequency-stabilized 1 W continuous wave (CW) 780 nm laser (Toptica DL-100
with a frequency-stabilization module) as carrier. The required THz signal is
provided by the free-electron laser FLAREY, part of the Free Electron Lasers for
Infrared eXperiments (FELIX) Laboratory at the Radboud University in Nijmegen,
operating in the frequency range 0.3-1.0 THz (bandwidth approximately 0.5% of the
frequency). The pulse structure of FLARE consists of macropulses and micropulses.
The macropulses have a repetition frequency of 5 Hz and a pulse duration of 5 ps.
Each macropulse consists of a 3 GHz train of Fourier-transform limited micropulses
of 42-140 ps duration with pulse energies of 0.7-4.0 pJ.

The specially designed 50/50 beamsplitter is devised from a double-side polished
quartz glass of 1 +0.1 mm thick (80-50 scratch-dig) with an indium tin oxide (ITO)
coating (20+5 Q sq'1 (Praezisions Glass & Optik)). In the range 0.3-1.0 THz, the
absorption in quartz*® is ~1% and ITO is assumed to be lossless*’. The ITO coating
is estimated to be larger than 150 nm and has a reflectivity of 85% at 45° incident. A
50/50 beam THz beamsplitter is obtained by etching the ITO coating and decreasing
the ITO coating thickness. The ITO etch rate of 2 nm min™" in hydrochloric acid
(1:1 HCL:H,O) is determined empirically. Monitoring the THz electric field
transmission with a THz time-domain spectrometer (TERA K15, Menlo Systems),
the ITO coating thickness is etched to 45 + 8 nm (NT1100, Wyko) for 50/50 beam
splitting, which is in good agreement with a skin depth of ~300 nm (ref. 49). A large
variation in ITO thickness is caused by inhomogeneous etching. On the opposite
side of the quartz glass, a 780 nm nonpolarizing dielectric beamsplitter coating is
deposited for a 45° incident radiation (Laseroptik). Each output port of the
beamsplitter consists of a carrier and a signal, which are mixed in a 1 mm thick
<110> ZnTe crystal. This modulation of the carrier by the THz electric field in
the NC generates phase-coherent ODSB*-*2. For narrowband upconversion, the
energy of the sidebands scales linearly with the carrier power and THz energy®'.
For the present set-up, the conversion efficiency, which is defined as the ratio of
the sideband and THz energy, is about 10~ for a 10 mW CW carrier power>..
The two resulting ODSB beams are coupled in two fibres and coherently combined
in the 2 x 1 MMI combiner (XioPhotonics). The central structure of a MMI device is
a waveguide resonator designed to support a large number of modes. A number of
single-mode access waveguides are used to launch light selectively into the MMI
structure and to recover light selectively from the MMI structure. The operation area
of the MMI supports bandwidths as large as 20 nm. The interferometric arms in
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Fig. 1b have lengths of 30 mm from the beamsplitter to the fibre couplers and

1 m of PM optical fibres towards the MMI structure. The output of the MMI is
inspected with a spectrometer-CCD (charge-coupled device) set-up, which consists
of a 1.5 m focal length high-resolution grating-based spectrometer (Jobin Yvon
THR1500) and a 3,600 pixel linear CCD array (Alphalas S3600-D with a Toshiba
TCD1304 sensor).

The polarization directions of the carrier and the THz radiation are parallel,
which maximizes ODSB generation®"*2. The ODSB components are orthogonally
polarized with respect to the carrier. We use this orthogonality to increase the OSSB
dynamic range by carrier suppression with cross-polarization filtering®** between
the exit of the MMI combiner and the grating spectrometer. The high instantaneous
THz power of FLARE enables effective mixing with a CW carrier laser®!. The
spectrometer-CCD combination is sensitive enough to record the generated OSSB
by a single THz macropulse, which relaxes the demands on the mechanical stability
of the set-up considerably. Our balanced MZI is stable for the duration of a single
macropulse of FLARE.
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