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Wireless terahertz light transmission based on
digitally-modulated terahertz quantum-cascade laser
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A wireless terahertz digital transmission link is demonstrated, in which a quantum-cascade laser and a
spectrally-matched quantum-well photodetector serve as the emitter and receiver, respectively. An on-off
modulation scheme is used. By directly amplitude modulating the laser emitting at 4.13 THz, a 1.0-Mbps
pseudorandom signal is transmitted over a distance of 2.2 m.
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There are huge bandwidth resources in the terahertz
(THz) range. THz wireless communication is a promis-
ing type of future information technology!. However,
the emitter and receiver are not mature enough to build
a real THz communication system, especially in the 2.0—
5.0 THz range. The THz quantum-cascade laser (QCL)
is one of the most promising sources in this frequency
region, and has many advantages such as compact size,
portability, long life-time, and easy integration>~%. Fast
modulation!® 6 of THz QCLs, such as the midinfrared
QCLs!™, is a key element of transmission systems with
high data-rate. Moreover, a spectrally-matched detector
with fast response ability, such as the quantum-well in-
frared photodetector (QWIP)!®!, is also required. Audio
wireless transmission systems have been demonstrated
in Refs. [9,10], in which pulsed and continuous-wave
(CW) THz QCLs are employed, respectively. In this
letter, we report a direct amplitude modulation of a 4.13
THz, CW QCL device by employing a pseudorandom
signal. A transmission link is built using this THz QCL
and a spectrally-matched THz quantum-well photode-
tector (QWP) with a good response in the 3.1-5.0 THz
rangel™]. The practical transmission rate of the link is
measured. The main factor that limits the transmission
rate of the system is also discussed.

The emitting frontend consisted of a QCL device based
on a four-well resonant-phonon design, with a metal-
metal waveguide (length: 1 mm, width: 30 pm) and
a home-made modulator. The optical and electrical
properties of the laser are detailed in Ref. [12]. The
receiver consisted of a large-area QWP device, with a
size of 1.5 x 1.5 (mm). The receiver was based on
a GaAs/AlGaAs material system, grown by molecular
beam epitaxy (MBE) and a home-made signal processing
circuit. Both devices worked at cryogenic temperature.
The QCL that operated at 13 K, was fixed to a cop-
per heat sink and then mounted onto the cold finger of
a closed-cycle helium cryostat. The QWP was cooled
down to 4 K by a continuous-flow liquid-helium cryostat.
A schematic of the transmission setup is shown in Fig. 1.
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As shown in Fig. 1, the QCL is driven by a home-made
modulator circuit, the input of which is a pseudorandom
signal in transistor-transistor logic (TTL) provided by a
bit error rate (BER) analyzer (Fig. 1). In such system,
the circuit controls the output signal, which leads to a
high and low level switching. The laser also emits a
4.13-THz pseudorandom-like THz light, with an average
power of about 1 mW, thereby realizing an on-off mod-
ulation. Here, the driven voltage added to the laser was
7.8 V in low level (no radiation) and 13.5 V (emitting
radiation) in high level. In addition, overload protection
and impedance matching were applied in this circuit.
Using two off-axis parabolic (OAP) mirrors with a focal
length of 101.6 mm, the emitted pseudorandom-like light
from the QCL was transmitted through a 2.2-m opti-
cal path in free space, and then focused onto the QWP
mesa. The bias voltage added to the QWP was —30.5
mV. The current generated in the QWP was extracted
to a voltage signal by the signal processor, in which a
trans-impedance amplifier and a variable gain amplifier
were used. The current was made to flow through a low-
pass filter to eliminate the high frequency excess noise
caused by the QWP device. Alternating current (AC)
coupling was used in the circuit. Finally, the signal was
fed into an oscilloscope.
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Fig. 1. Scheme of the transmission setup based on a digitally-
modulated THz QCL.
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The profile of the THz light beam at the focus point of
the second OAP was measured using a thermal detector
array. The photograph of the displayed result is shown
in Fig. 2. As can be seen, the THz light is gathered at
the focus point.

A 1.0-Mbps signal is transmitted through the 2.2-m
link. The time traces of the modulated signal (upper
part) and demodulated digital signal (lower part) are
shown in Fig. 3, with a time scale of 5 us per division.
The inverting original signal generated by the detector,
which has a time scale of 5 us per division, is also shown
in Fig. 4. From the graph, we can see that the signal-
to-noise (SNR) of the original signal is bad and with a
value of about 1. The received signal also shows a delay
of about 600 ns, which is mainly caused by the circuit.

The calculated capacitance of the QWP device is 81 pF,
and from this, a theoretical bandwidth of several hundred
MHz can be estimated. However, the measured value is

Fig. 2. Photograph of the displayed THz light beam spot at
the focus point of the second OAP.
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Fig. 3. Time traces of a 1.0-Mbps pseudorandom signal trans-
mitted over the link.
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Fig. 4. Original waveform of a 1.0-Mbps pseudorandom signal
generated by the THz QWP.
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Fig. 5. Transmittance of the room-temperature atmosphere
with a distance of 1.48 m at a relative humidity of 47%.

380 pF when the wires are connected to the electrodes of
the QWP, and when the bottom contact of the detector
is connected to the ground, because the sample holder of
the cryostat is grounding. The capacitance was measured
by a precision inductor capacitor resistor (LCR) meter
(Agilent, 4285A), with measuring conditions of a 30-mV
bias voltage and a 1.0-MHz frequency. In this case, the
calculated 3-dB bandwidth was about 8 MHz by using
an equivalent resistance-capacitance model. However,
in our experimental case, the background current of the
device is about 600 nA with a bias of —30 mV, whereas
the photocurrent is about 150 nA as a result of the weak
radiation reaching the detector. These are the main fac-
tors that lead to a low SNR of the transmission system
and a limited bandwidth. Therefore, the connection be-
tween the device and the signal processor circuit should
be optimized. Furthermore, the QCL device with higher
output power should be employed in the future work.

The water-vapor absorption in the room-temperature
atmosphere and the collection efficiency of the opti-
cal setup are the main factors that help reduce THz
light power received by the detector when the trans-
mission distance becomes longer, thereby limiting the
transmission distance and the rate. The transmittance
measured by a Fourier-transform spectrometer (Bruker,
IFS 66v/S) at a relative humidity of 47% is shown in
Fig. 5. The transmittance is 50% at 4.13 THz with an
atmosphere distance of 1.48 m. A transmittance of 36%
is deduced using the exponential attenuation equation in
the uniform medium with a distance of 2.2 m. In our
experiment, the light power received by the detector is
only about 3.6% of the laser emission power, while con-
sidering collection efficiency or about 10% of the whole
optical setup. This condition becomes worse when the
distance is longer. Therefore, high collection efficiency
reflectors and methods, along with a dry environment,
should be employed to increase the transmission distance
and rate in future works.

In conclusion, we demonstrate a 1.0-Mbps transmission
link by employing a digitally-modulated THz QCL and a
spectrally-matched QWP. The distance of the transmis-
sion link is 2.2 m, which is limited by the emission power
of the laser. Both the THz QCL and QWP have high
theoretical modulation bandwidths in the GHz region.
However, in our experimental condition, the modulation
speed is limited by the digital circuit and the power of
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the emitter. Nonetheless, a common video would be
transmitted easily by this link. We believe that the mod-
ulation speed can be significantly improved by increasing
the power reaching to the receiver. In turn, such an in-
crease reduces the size of the THz QWP and optimizes
the circuits used in the emitter and the receiver.
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