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Photonics might play a key role in future wireless communication systems that operate at terahertz (THz) carrier
frequencies. A prime example is the generation of THz data streams by mixing optical signals in high-speed photo-
detectors. Over previous years, this concept has enabled a series of wireless transmission experiments at record-high
data rates. Reception of THz signals in these experiments, however, still relied on electronic circuits. In this paper, we
show that wireless THz receivers can also greatly benefit from optoelectronic signal processing techniques, in par-
ticular when carrier frequencies beyond 0.1 THz and wideband tunability over more than an octave is required. Our
approach relies on a high-speed photoconductor and a photonic local oscillator for optoelectronic downconversion of
THz data signals to an intermediate frequency band that is easily accessible by conventional microelectronics. By
tuning the frequency of the photonic local oscillator, we can cover a wide range of carrier frequencies between
0.03 and 0.34 THz. We demonstrate line rates of up to 10 Gbit/s on a single channel and up to 30 Gbit/s on multiple
channels transmitted over a distance of 58 m. To the best of our knowledge, our experiments represent the first
demonstration of a THz communication link that exploits optoelectronic signal processing techniques both at
the transmitter and the receiver. © 2019 Optical Society of America under the terms of the OSA Open Access Publishing
Agreement

https://doi.org/10.1364/OPTICA.6.001063

1. INTRODUCTION AND BACKGROUND

In this paper, we show that wireless THz Rx can benefit from

Data traffic in wireless communication networks is currently
doubling every 22 months [1] and will account for more than
70% of the overall internet traffic by 2022. Sustaining this growth
requires advanced network architectures that combine massive
deployment of small radio cells [2—4] with powerful backhaul
infrastructures that exploit high-capacity wireless point-to-point
links. Such links may be efficiently realized by exploiting THz
carriers in low-loss atmospheric transmission windows [5],
thereby offering data rates of tens or even hundreds of Gbit/s.
To generate the underlying communication signals at the THz
transmitter (Tx), optoelectronic signal processing [6-11] has
emerged as a particularly promising approach, leading to demon-
strations of wireless transmission at line rates of 100 Gbit/s
and beyond [12-18]. At the THz receiver (Rx), however, the
advantages of optoelectronic signal processing have not yet been
exploited.

2334-2536/19/081063-08 Journal © 2019 Optical Society of America

optoelectronic signal processing techniques as well, in particular
when carrier frequencies beyond 0.1 THz and wideband tunabil-
ity are required [19,20]. We exploit a high-speed photoconductor
and a photonic local oscillator (LO) for terahertz-to-electrical
downconversion over a broad range of frequencies between
0.03 and 0.34 THz. In our experiments, we demonstrate a co-
herent wireless link that operates at a carrier frequency of
0.31 THz and allows line rates of up to 10 Gbit/s on a single
channel and up to 30 Gbit/s on multiple channels, transmitted
over a distance of 58 m. To the best of our knowledge, this rep-
resents the first demonstration of a THz communication link
that complements optoelectronic signal generation at the Tx
by optoelectronic downconversion at the Rx.

The vision of a future wireless network architecture is shown
in Fig. 1(a). The increasing number of terminal devices and the
advent of new data-hungry applications require a dense mesh of


https://orcid.org/0000-0003-0344-7521
https://orcid.org/0000-0003-0344-7521
https://orcid.org/0000-0003-0344-7521
https://orcid.org/0000-0001-5223-953X
https://orcid.org/0000-0001-5223-953X
https://orcid.org/0000-0001-5223-953X
https://orcid.org/0000-0003-3698-1376
https://orcid.org/0000-0003-3698-1376
https://orcid.org/0000-0003-3698-1376
https://orcid.org/0000-0002-0046-4417
https://orcid.org/0000-0002-0046-4417
https://orcid.org/0000-0002-0046-4417
https://orcid.org/0000-0002-8797-7687
https://orcid.org/0000-0002-8797-7687
https://orcid.org/0000-0002-8797-7687
https://orcid.org/0000-0003-2690-0691
https://orcid.org/0000-0003-2690-0691
https://orcid.org/0000-0003-2690-0691
mailto:christian.koos@kit.edu
mailto:christian.koos@kit.edu
mailto:christian.koos@kit.edu
https://doi.org/10.1364/OA_License_v1
https://doi.org/10.1364/OA_License_v1
https://doi.org/10.1364/OPTICA.6.001063
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.6.001063&amp;domain=pdf&amp;date_stamp=2019-08-13

Research Article

" High-capaci
THz point-to

]
]
— :
E  Datain

]
2 100F {1

= V Ssa
g ]
2 |
ERR S {1
£ > 1« 0.10 THz !
< |

+ l«——0.08 THz : I’
102 1 1 1 H S,b
0 0.25 0.5 0.75 ] b

£ [THz]

Vol. 6, No. 8/ 2019 / Optica 1064

Radio cell |

W transceiver

T >+ZF

Fig. 1. T-wave wireless infrastructure using optoelectronic signal processing techniques. (a) Vision of a future wireless network architecture. A dense

mesh of small radio cells provides broadband wireless access to a vast number of users and devices. The high data rates required for the underlying wireless
backhauling infrastructures are provided by high-speed wireless point-to-point links that are operated at THz frequencies and that can be efficiently
interfaced with fiber-optic networks. (b) T-wave atmospheric attenuation [23] for standard conditions (temperature of 15°C, water vapor content of
7.5 g/m?). Various windows with low attenuation can be used for T-wave communications. Our Rx allows operation over a wide range of frequencies
between 0.03 and 0.34 THz, in which the atmospheric attenuation is small enough to permit transmission over technically relevant distances.
(c) Optoelectronic T-wave signal generation. The data signal is modulated on an optical c.w. tone with frequency fg, by an electro-optic modulator
(EO mod). The modulated signal is superimposed with an unmodulated c.w. tone f5,, and the optical signal is converted to a T-wave signal in a high-
speed photodiode (O/T), where the carrier frequency of the T-wave is given by the frequency difference fg = |f5, - fs,,|- The T-wave is radiated into
free space by an antenna. (d) Optoelectronic coherent T-wave reception. The T-wave data signal is downconverted in a photoconductor where the optical

power beat f15 = |f10, - f10p| of two unmodulated c.w. tones acts as photonic local oscillator (T/E).

small radio cells to provide ubiquitous broadband wireless access
[2—4]. Backhauling of these cells relies on high-speed wireless
point-to-point links, which are secamlessly integrated into fiber-
optic networks [21,22]. The high data rates required for wireless
backhauling infrastructures are achieved by using carrier frequen-
cies in the range of 0.1-1 THz (T-waves). Figure 1(b) shows the
atmospheric T-wave attenuation as a function of frequency [23],
revealing several transmission windows with low loss that can be
used for wireless communications. For highest flexibility and per-
formance, T-wave Tx and Rx should be able to switch between
various windows depending on channel occupancy and weather
conditions. At the Tx, this can be achieved by optoelectronic
T-wave signal generation [Fig. 1(c)], which relies on mixing of
an optical data signal at a carrier frequency fg, with a continu-
ous-wave (c.w.) tone at a frequency fg in a high-speed photodiode
(optical-to-T-wave, O/T conversion). This leads to a T-wave data
signal centered at the carrier frequency f=|fs, - fs |, which can

be widely tuned by changing the frequency fs, of the unmodu-
lated optical tone. Note that similar optoelectronic Tx concepts
have been used in earlier demonstrations [12—17], but were com-
plemented by an electronic Rx that cannot match the wideband
tunability of the Tx. To overcome this limitation, we have imple-
mented an optoelectronic Rx that requires neither an electronically
generated local oscillator nor an electronic mixer for coherent
reception, but relies on a photoconductor that is driven by a pho-
tonic LO instead [Fig. 1(d)]. The photonic LO is generated
by superimposing two optical c.w. tones with frequencies fi o,
and f]o, and coupling them to the photoconductor [24-26]
for downconversion of the T-wave data signal to an intermediate
frequency band that is easily accessible by conventional microelec-
tronics (T-wave-to-electric, T/E conversion). Note that optically
driven photoconductors have previously been used for downcon-
version of T-waves in spectroscopy systems [24—28]. These dem-
onstrations, however, are usually based on T-wave Tx and Rx that
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are driven by a common pair of lasers (f5, = f10..5 fsp = frop)
for homodyne reception, and they rely on narrowband detection
schemes with typical averaging times of the order of 1 ms. This
corresponds to bandwidths of a few kilohertz and allows for highly
sensitive reception of small T-wave power levels. In our work,
we advance these concepts to enable wireless data transmission
at gigahertz bandwidth over technically relevant distances, using
amplitude and phase-modulated T-wave carriers for transmitting
information. To this end, we make use of advanced photoconduc-
tors with engineered carrier lifetime [22], and we mount them
together with high-speed transimpedance amplifiers (T1As) [29]
in a metal housing. We exploit heterodyne detection in combina-
tion with advanced digital signal processing to overcome phase
noise and frequency drift associated with the free-running pho-
tonic LO at the Rx. In the following, we discuss the details of
the optoelectronic Rx module, and we demonstrate a T-wave com-
munication system.

2. IMPLEMENTATION OF OPTOELECTRONIC RX

The concept and the implementation of the optoelectronic Rx is
illustrated in Fig. 2(a). The T-wave data signal, oscillating at an
angular carrier frequency wg = 27z f, is received by a bow-tie
antenna, resulting in a T-wave voltage U(#) across the antenna
feed points:

U(z) = Us(2) cos(wst + ps(2)). (1)
In this relation, () is the modulated T-wave voltage ampli-
tude, and ¢g(#) is the associated modulated phase. The antenna
feed points are connected to the photoconductor G, which is
illuminated by the photonic LO that provides a time-dependent
optical power. The optical power oscillates at a frequency w; o =
27| fro. — fLop| with amplitude IA’LOJ and phase @p10:

Pio(t) = Prog + Proy cos(@ror + @p1o)- )

The free carriers generated by the absorbed optical power change
the photoconductance according to

G(1) = GPo(1) = Gy + Gio cos(wiof + @ro), ()

RTIA

Photonic
TIA wire bond

where G denotes a proportionality constant that describes the
sensitivity of the photoconductor. Note that the phase ¢ro of
the conductance oscillation might differ from the phase of the
optical power oscillation @p;o if the period of the LO power
oscillation is of the same order of magnitude as the lifetime of
the free carriers of the photoconductor. The resulting current
1(z) through the photoconductor is given by the product of the
time-varying conductance G(#) and the T-wave voltage U(%),
leading to mixing of the T-wave signal centered around wg
and the optical LO power oscillating at wq. After processing
of the current by subsequent electronics, such as a TIA, only
the low-frequency components of the mixing product remain,
leading to a downconverted current at an intermediate frequency
o = |os - wol:

Iip (1) = = Gro Us(2) cos(@ygr + @s5(2) - p10). (4)

| —

This intermediate signal contains the amplitude and phase infor-
mation of the T-wave data signal. A more detailed derivation of
Egs. (1)—(4) can be found in Supplement 1, Section 1.

Figure 2(b) illustrates the technical implementation of the Rx
module used for our experiments. The photoconductor [24] is
connected to a bow-tie antenna, which is electrically coupled
to a TIA by a metal wire bond. The photoconductor is operated
without any additional DC bias, and a decoupling capacitor
C =1 nF is used to isolate the device from the bias that is ef-
fective at the input of the TIA; see Supplement 1, Section 2.
The output of the TIA is electrically connected to a printed circuit
board (PCB). The photoconductor is illuminated from the top
with the optical power Ppo(#), which is coupled to the device
from the horizontally positioned fiber by a photonic wire bond
[30]. The entire assembly is glued onto a silicon lens that captures
the T-wave signal incoming from the bottom and focuses it to the
antenna on the chip surface; see Fig. 2(c). The assembly is placed
in a metal housing for effective electromagnetic shielding. A mi-
croscope image of the fabricated device and a more detailed de-
scription of the Rx module in terms of conversion efficiency,
bandwidth, and noise can be found in Supplement 1, Section 2.

(c) PCB

RF connector

Si lens

Fiber

Fig. 2. Concept and implementation of the optoelectronic coherent T-wave Rx. (a) Schematic of the Rx. The T-wave signal centered around a carrier
frequency fy is received by a bow-tie antenna with a photoconductor between the antenna feed points. This leads to a T-wave voltage signal U(z) applied
to the photoconductor. At the same time, the photoconductance G(¢) is modulated at a frequency /7 by the power beat of two unmodulated laser tones,
S1o = |f10a — fLobl- The two effects combined lead to a downconverted current /1;(#) oscillating at the difference frequency | fs - f1 . The current
is amplified by a TIA having a transimpedance Ryjs. The capacitor C = 1nF blocks direct currents at the input circuit of the TIA. (b) Schematic of Rx
module. The photoconductor (PC) and the antenna are electrically connected to the input of the TIA by metal wire bonds. The differential outputs of the
TIA (U, and U_) are connected to a PCB, realized as a gold-plated alumina ceramic substrate that includes RF connectors to feed the signals to a high-
speed oscilloscope for further analysis. The photoconductor is illuminated with the optical power P o(#) by a fiber and a 3D-printed photonic wire bond.
(c) The Rx assembly of photoconductor, antenna, TIA, and PCB is glued onto a silicon lens. This lens captures the T-wave signal incoming from the
bottom and focuses it to the antenna on the surface of the photoconductor chip.
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3. DEMONSTRATION OF WIRELESS THZ LINKS

In the following we demonstrate the viability of our Rx concept in
a series of experiments, covering both single-channel and multi-
channel transmission of THz data signals. For the single-channel
experiments, our focus was on demonstrating the wideband
tunability of the carrier frequency. The multi-channel experiment
shows the scalability of the approach toward high-throughput

parallel transmission.

A. Single-Channel Transmission and Wideband
Tunability

The wireless transmission system for single-channel transmission
is illustrated in Fig. 3(a). As a data source we use an arbitrary-
waveform generator (AWG), which provides a quadrature phase-
shift-keying (QPSK) signal to an optical in-phase/quadrature
phase (I/Q) modulator. The modulator is fed with an optical car-
rier at frequency f5 , generated by a tunable laser. The modulated
data signal is superimposed with an unmodulated optical carrier at
frequency fs . The optical power spectrum of the data signal and
the unmodulated laser tone for a 3 GBd QPSK signal and a fre-
quency spacing of fg = |fs, - fspl = 0.310 THz is shown in
Inset 1 of Fig. 3(a). For O/T conversion, the superimposed op-
tical signals are fed to a commercially available uni-traveling-
carrier photodiode [31] (UTC-PD). The T-wave signal is then
radiated into free space by a horn antenna, and a subsequent THz

T-wave amplifier [32]. At the output of the amplifier, another
horn antenna is used to feed the signal to the photoconductor
via a silicon lens and a bow-tie antenna that is co-integrated with
the device. For T/E conversion, the photoconductor is illumi-
nated by a photonic LO; see the power spectrum in Inset 2 of
Fig. 3(a). A comprehensive description of the transmission setup
is given in Supplement 1, Section 3, and a discussion of the link
budget as well as of the noise contributions of T-wave amplifiers
and the baseband circuits can be found in Supplement 1,
Section 5. The total gain of the two-stage T-wave amplifier ranges
from 42 to 49 dB in a frequency range from 0.260 to 0.335 THz,
thereby overcompensating the loss of the 58-m-long free-space
link. The noise figure of the amplifier cascade amounts to approx-
imately 10 dB; see Supplement 1, Section 4 for details.

The output signal of the photoconductor is fed to a TIA [see
Fig. 2(b)], and the amplified signals are then recorded by a real-
time oscilloscope (Osc.) and stored for offline digital signal
processing (DSP). The T-wave Rx relies on a heterodyne detec-
tion scheme (f5 # [ o), where the photonic LO is placed at the
edge of the T-wave data spectrum, which leads to electrical signals
centered around the intermediate frequency fip = |fs- fiol
The in-phase and quadrature components of the QPSK baseband
signals are then extracted from the intermediate signals by DSP,
comprising standard procedures such as digital frequency down-
conversion, timing recovery, constant-modulus equalization, fre-

lens made from polytetrafluoroethylene (PTFE) collimates the
radiation. The transmission distance amounts to 58 m and is
limited only by the size of our building. At the Rx, we use an-
other lens and a horn antenna to couple the T-wave signal into
a WR 3.4 hollow waveguide that is connected to a two-stage

quency offset compensation, and carrier phase estimation.
Figure 3(b) shows the bit error ratio (BER) measured for vari-
ous line rates Ry, at a carrier frequency of 0.31 THz. For line rates
below 3 Gbit/s, no errors are measured in our recording length of
10° symbols, demonstrating the excellent performance of the
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Fig. 3. Experimental demonstration of T-wave wireless transmission. (a) Experimental setup. At the Tx, an optical QPSK signal at a carrier frequency
Jfs.0 is generated by an I/Q modulator driven by an AWG. The optical signal is then superimposed with an unmodulated optical c.w. tone at frequency f,
and converted to a T-wave data signal by a high-speed UTC-PD. The T-wave is radiated into free space by a horn antenna and a subsequent PTFE lens.
The frequency of the T-wave carrier depends on the frequency difference of the lasers f5 = |fs, - fsp| = 0.310 THz. At the Rx, two c.w. laser tones
with frequencies £, and f7 o, are superimposed to generate an optical power beat, which acts as a LO (photonic LO) for coherent downconversion of
the T-wave by an antenna-coupled photoconductor. The wireless transmission link spans a distance of 58 m. To compensate for the transmission loss, we
use a two-stage T-wave amplifier in front of the Rx. The received data signal is recorded by a real-time oscilloscope (Osc.) and offline digital signal
processing is used to analyze the data. Inset 1: Optical spectrum (180 MHz resolution bandwidth, RBW) at the Tx for a 3 GBd QPSK data stream and a
T-wave carrier frequency of fg = 0.310 THz. The spectrum was recorded after a monitoring tap (Tap) introduces an attenuation of 12 dB. The overall
optical power entering the UTC-PD amounts to 12.8 dBm (19 mW). Inset 2: Optical spectrum (180 MHz RBW) of the photonic LO at the Rx for
fLo = 0.306 THz. The spectrum was recorded after an optical tap introduces an attenuation of 18 dB. The overall optical power coupled to the
photoconductor amounts to 19 dBm (80 mW). (b) Measured BER for QPSK data streams with various line rates R}, transmitted at a T-wave carrier
frequency of around 0.310 THz. For line rates up to 10 Gbit/s, a BER below the threshold for FEC with 7% overhead is achieved. For the data points
shown at the bottom (log,,(BER) < —4), no errors were measured in our recording length of 10°> symbols. Constellation diagrams for selected data rates
of 1.5, 5, and 10 Gbit/s are shown on the right. Note that for an optical input power of 19 mW into the UTC-PD at the Tx, the T-wave power received by
the Rx horn antenna after the free-space link was already sufficient to partially saturate the T-wave amplifier cascade. This leads to an asymmetric
distribution of the noise around the various constellation points at 1.5 Gbit/s, where the limited TIA bandwidth does not play a role.
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optoelectronic Rx. The constellation diagrams for line rates of 1.5,
5, and 10 Gbit/s are shown in the insets. For larger line rates, the
received signal quality decreases mainly due to limitations of the
TIA in the intermediate-frequency circuit. The TIA has a speci-
fied bandwidth of only 1.4 GHz, and larger line rates would re-
quire a more broadband device. With the current TIA, we could
transmit 10 Gbit/s with a BER below the threshold of forward-
error correction (FEC) with 7% overhead. Note that in these ex-
periments, the T-wave power received by the horn antenna after
the free-space link was already sufficient to partially saturate the
T-wave amplifier cascade. This leads to an asymmetric distribu-
tion of the noise around the various constellation points at low
data rates, where the limited TIA bandwidth does not play a role
[see Fig. 3(b)]. A more detailed discussion of T-wave amplifier
saturation can be found in Supplement 1, Section 3. Note also
that the transmission distance of 58 m was dictated by space lim-
itations. With the current components, it would be possible to
bridge at least twice the distance by increasing the optical power
at the Tx and by using slightly lower input power levels at the Rx
to avoid saturation of the T-wave amplifier cascade.

To the best of our knowledge, our experiments represent the
first demonstration of a THz transmission link that complements
optoelectronic generation of T-wave signals at the Tx by optoelec-
tronic downconversion at the Rx. Similar schemes have also been
demonstrated [33,34] at lower carrier frequencies, relying on a
UTC-PD for optoelectronic T/E conversion. Using this Rx, a line
rate of 5 Gbit/s at a carrier frequency of 35.1 GHz and a line rate
of 1 Gbit/s at a carrier frequency of 60 GHz have been demon-
strated with transmission distances of 1.3 and 0.55 m, respec-
tively. Our work relies on photoconductors with excellent
linearity both with respect to the voltage and the applied optical
power [19,20] and clearly demonstrates the vast potential of opto-
electronic downconversion for T-wave communications at tens of
Gbit/s over extended distances. To further demonstrate the flex-
ibility of the optoelectronic Rx, we transmit 2 Gbit/s data streams
at various carrier frequencies covering the entire range between
0.03 and 0.34 THz. Note that the setup shown in Fig. 3(a) allows
us to address only the frequency range between 0.24 and
0.34 THz due to bandwidth limitations of both the UTC-PD
and the T-wave amplifiers. For transmission at frequencies be-
tween 0.03 and 0.18 THz, we therefore omitted the amplifiers
and replaced the UTC-PD by a pin photodiode (pin-PD).
The measured BER and some exemplary constellation diagrams
of the transmission experiments are shown in Fig. 4. For carrier
frequencies between 0.24 and 0.34 THz, no errors were measured
in our recordings, such that we can only specify an upper limit of
104 for the BER. For carrier frequencies between 0.03 and
0.18 THz, comparable performance was obtained. For simplicity,
the transmission experiments in the lower frequency range were
performed over a transmission distance of 7 cm only, which could
be bridged without any amplifiers. The range could be easily ex-
tended to tens or hundreds of meters by using Rx antennas that
are optimized for lower frequencies in combination with ampli-
fiers. Note also that the data points between 0.03 and 0.18 THz
were taken on a slightly irregular frequency grid, thereby avoiding
some carrier frequencies for which the free-space link of our setup
features low transmission. This does not represent a fundamental
problem and was caused by fading due to uncontrolled reflections
in the beam path. The associated power variations could be
overcome by using amplifiers with adaptive gain or by optimizing

Tx: pin-PD Tx: UTC-PD
Distance 7 cm _Distance 58 m
-1
______________ 20 % FEC |
) 7% FEC
o il tial ety
A .
<3 . .
03 L]
2
4 F ° 4
z z
< 74 00000 00 O 00000000000 |
0 0.1 0.2 0.3 0.4

fs [THz]

Fig. 4. BER and constellation diagrams for various carrier frequencies
at a line rate of Ry, = 2 Gbit/s. For the Tx we used two different types
of photodiodes depending on the T-wave frequency. For T-wave frequen-
cies 0.03 THz < f; <0.18 THz we use a lens-coupled pin-PD.
For simplicity, the transmission experiments in this frequency range were
performed over a reduced transmission distance of only 7 cm, which
could be bridged without any amplifiers. For T-wave frequencies
0.24 THz < f; <0.34 THz, a waveguide-coupled UTC-PD is used
in combination with a cascade of two T-wave amplifiers, as described
in Fig. 3. In both cases, the same Rx module as in Fig. 2 was used, dem-
onstrating its exceptional wideband tunability.

the beam path for each frequency point individually. This fading
in combination with frequency-dependent Tx power and a de-
creasing gain of the on-chip bow-tie antenna for low frequencies
is also the reason for the degraded performance of the transmis-
sion experiments at carrier frequencies of 0.03, 0.04, 0.10, and
0.18 THz. Still, these experiments demonstrate that the same Rx
concept as in Fig. 2 can be used for carrier frequencies in a range

of 0.03 THz < f; < 0.340 THz, i.e., over more than a decade.

B. Multi-Channel Transmission

We also investigate the Rx in a multicarrier transmission experi-
ment at carrier frequencies between 0.287 and 0.325 THz. We
simultaneously transmit up to 20 T-wave channels (Ch 1 ... 20)
spaced by 2 GHz, where each channel is operated with indepen-
dent QPSK signals at a symbol rate (line rate) of 0.75 GBd
(1.5 Gbit/s). To keep the experimental setup simple, we use a
single broadband AWG and a single I/Q modulator to generate
an optical signal that simultaneously contains all channels, which
is then converted to the THz range by a UTC-PD. This approach
allows us to re-use the experimental setup shown on Fig. 3(a).
Alternatively, multiple optical carriers and less broadband devices
in combination with optical multiplexing could have been used to
generate the optical channels [14]. Figure 5(a) shows the optical
spectrum containing all 20 channels, measured at the monitoring
tap before the UTC-PD. To compensate for the spectral roll-off
of the UTC-PD and the T-wave amplifiers, the channels at the
edges of the T-wave transmission band are pre-emphasized [see
inset of Fig. 5(a)]. Figure 5(b) shows the spectrum of the two
optical lines, which are used as photonic LO for reception of
Ch 20, which features the highest THz carrier frequency of
fs = 0.325 THz. Note that we again used heterodyne detection
at the Rx and hence chose a T-wave LO frequency fi, =
0.326 THz close to the spectral edge of Ch 20. It is also worth
mentioning that the 0.75 GBd T-wave channels were transmitted
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Fig. 5. Multi-channel T-wave transmission. (a) Optical spectrum (180 MHz RBW) at the Tx for a signal containing 20 channels. Each channel is
modulated with pulses having a raised-cosine spectrum with a roll-off factor of 0.1 and carries a 0.75 GBd QPSK signal. The channels are spaced by
2 GHz. In the UTC-PD, the channels are simultaneously downconverted to a T-wave frequency band centered at 0.306 THz. The spectrum was recorded
at the optical monitoring tap after the power combiner at the Tx [Fig. 3(a)], introducing an attenuation of 12 dB. The overall optical power contained in
the spectrum amounts to 12.7 dBm (18.5 mW). (b) Optical LO spectra (180 MHz RBW) at the Rx for detection of Ch 20. For heterodyne detection, the
T-wave LO frequency f| 5 = 0.326 THz is chosen close to the spectral edge of the channel. The spectrum was recorded at the optical monitoring tap
after the power combiner at the Rx, which introduces an attenuation of 16 dB. The overall optical power contained in the spectrum amounts to 19 dBm
(80 mW). (c) Measured BER for various numbers of channels. For 12 (20) channels, the BER is below the 7% (20%) threshold for FEC. This cor-
responds to an aggregate line rate of 18 Gbit/s (30 Gbit/s). (d) Constellation diagrams for all 20 channels leading to an aggregate line rate of 30 Gbit/s.

on a 2 GHz grid to avoid interference of data signals from
neighboring channels after downconversion to the intermediate
frequency band. This leads to unused spectral regions of approx-
imately 1.2 GHz between the T-wave channels, which could be
avoided by optoelectronic downconversion schemes that allow
simultaneous extraction of the in-phase and quadrature compo-
nents of the T-wave signal. Figure 5(c) shows the BER for
transmission experiments with six, 12, and 20 channels. For
transmission of 12 channels (aggregate line rate 18 Gbit/s), the
BER stays below the 7% FEC limit, whereas for 20 channels
(30 Gbit/s), 20% FEC overhead is required. Figure 5(d) shows
the constellation diagrams of the 20-channel experiment. The
BER degradation with increasing channel count is caused mainly
by the fact that the overall power available at the output of the
Rx T-wave amplifier cascade is limited. A higher number of chan-
nels thus leads to a reduced power per channel and, hence, to a
reduced signal-to-noise power ratio (SNR). Compared to the
single-channel transmission experiment, we expect an SNR
reduction of 7.8, 10.8, and 13 dB, respectively, through the split-
ting of the power among six, 12, and 20 channels. This is in good
agreement with our measurement, where we find SNR reductions
of approximately 6.5, 9.8, and 12.3 dB, respectively; see
Supplement 1, Section 3 for details. Note that the different chan-
nels in our multi-channel experiments were measured sequen-
tially. While this is a usual approach in multi-channel THz
transmission experiments [13,14,18], parallel reception of the en-
tire data stream would be desirable. In this context, T-wave de-
multiplexers might become highly relevant in the future [35,36].

C. Potential for Further Improvements

While optoelectronic signal processing features a series of
conceptual advantages, such as wideband tunability of the carrier
frequency and the ability to address high carrier frequencies at

hundreds of GHz, the data rates demonstrated in our proof-
of-concept experiments are still smaller than those achieved with
best-in-class all-electronic devices. Competing all-electronic ap-
proaches may, e.g., rely on advanced millimeter-wave integrated
circuits (MMIC) operating in the V-band (57 ... 66 GHz) or the
E-bands (71 ... 76 GHz and 81 ... 86 GHz) [37]. For single-
input—single-output (SISO) transmission in this frequency range,
impressive data rates of up to 80 Gbit/s were demonstrated [38]
using a transmission bandwidth of approximately 20 GHz
centered at a carrier frequency of 77 GHz. In this context, it
is important to note that the data rate of 30 Gbit/s achieved
by our proof-of-concept experiment is a first step but represents
by no means the highest achievable performance and leaves sub-
stantial room for further improvements both on a device and a
system level.

The main limitation of the current implementation is the
small conversion efficiency of the photoconductor, ranging be-
tween -51 and -64 dB, depending on the carrier frequency
and power of the photonic LO; see Supplement 1, Section 2.
Improving the conversion efficiency is subject to current research
[24,39] and might drastically enhance the performance of the
optoelectronic Rx. In this context, plasmonic photoreceivers with
strongly bias-dependent responsivity [9,40] might be a particu-
larly compact alternatives to conventional photoconductors.
Note that the conversion efficiency specified for our current
experiment also includes the coupling losses introduced by the
free-space section between the output of the T-wave amplifier
cascade and the photoconductor; see Supplement 1, Section 5
for details. Co-integrating or co-packaging of the T-wave ampli-
fiers and the subsequent photoconductor using, e.g., hollow
waveguides in metallic split-block assemblies [41] could not only
avoid these losses, but also improve the spectral uniformity of
the Rx characteristics. Further improvements are expected from
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constantly improving T-wave amplifiers and TIA. Specifically, the
per-channel symbol rate in our current experiments was limited
only by the bandwidth of the TIA. Using more broadband devices
[42], symbol rates of more than 25 GBd may be achieved in the
future. Photoconductors with increased conversion efficiency, im-
proved T-wave amplifiers with higher saturation output power,
and faster TIA with optimized baseband circuitry could allow
more broadband systems with significantly better SNR and hence
higher margin to FEC thresholds. This would also pave the path
toward advanced modulation formats, such as 16-state quadrature
amplitude modulation (16QAM), which are frequently used
in fiber-optic communication systems. Taken together, these
improvements could allow for data rates beyond 100 Gbit/s per
channel. Regarding the transmission distance, the demonstrated
58 m is limited only by the available space and could be further
increased, e.g., by using higher Tx power levels.

Besides improved performance, a real system implementation
would also require a compact integrated Rx assembly. Our
experiment already demonstrates compact integration of the pho-
toconductor with the subsequent TIA in a single metal housing,
and co-integration with the T-wave amplifiers might be the next
step [43]. In the future, the photoconductor might even be
combined with advanced photonic circuitry [44,45] into chip-
scale optoelectronic T-wave transceiver modules, comprising,
e.g., the photonic LO or additional passive optical circuits [9,46].

4. SUMMARY

We showed a first demonstration of a coherent wireless THz
communication system using optoelectronic signal processing
both at the Tx and at the Rx. Our experiments show that the
same Rx concept can be used over a broad frequency range,
0.03 THz < f5 < 0.340 THz, spanning more than a decade.
We transmit a line rate of 10 Gbit/s using a single T-wave channel
at a carrier frequency of 0.31 THz with a BER below the 7% FEC
limit. In this experiment, the line rate was limited by the band-
width of the TIA, but not by the Tx and Rx scheme. We further
demonstrate multi-channel transmission using up to 20 carriers
with frequencies in the range between 0.287 and 0.325 THz.
This leads to an aggregate line rate of 30 Gbit/s with a BER below
the threshold for a FEC with 20% overhead. The single- and the
multi-channel T-wave link bridges a distance of 58 m, limited
by the available space. Our findings demonstrate that coherent
T-wave Rx with a widely tunable optoelectronic local oscillator
may build the base of a novel class of THz communication
systems.
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