N
N

N

HAL

open science

Coherent Wireless Link at 300 GHz with 160 Gbit /s
Enabled by a Photonic Transmitter

Simon Nellen, Sebastian Lauck, Emilien Peytavit, Pascal Szriftgiser, Martin

Schell, Guillaume Ducournau, Bjoern Globisch

» To cite this version:

Simon Nellen, Sebastian Lauck, Emilien Peytavit, Pascal Szriftgiser, Martin Schell, et al.. Coherent
Wireless Link at 300 GHz with 160 Gbit/s Enabled by a Photonic Transmitter. Journal of Lightwave

Technology, 2022, 40 (13), pp.4178 - 4185. 10.1109/JLT.2022.3160096 . hal-03636674

HAL Id: hal-03636674
https://hal.science/hal-03636674

Submitted on 19 May 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-03636674
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2022.3160096, Journal of

Lightwave Technology

JLT-29242-2021.R1

1

Coherent Wireless Link at 300 GHz with
160 Gbit/s Enabled by a Photonic Transmitter

S. Nellen, S. Lauck, E. Peytavit, P. Szriftgiser, M. Schell,
G. Ducournau, Member, IEEE, and B. Globisch

Abstract—The increasing demand for high-capacity
wireless communication requires data links at millimeter
waves and terahertz frequencies, respectively. At those
frequencies, electronic and photonic technologies compete
to prove powerful transmitters and receivers. In this work,
we demonstrate a wireless link at 300 GHz using a fiber-
coupled PIN photodiode as the transmitter. Thus, the whole
emitter side is based on components and techniques from
standard fiber-optical communication, which inherently
enable broadband data channels. We investigated two
antenna designs with amplitude modulated and coherent
data signals. Despite similar characteristics in terms of
output power and carrier bandwidth, the quality of the data
signals differed significantly. In addition, we found that the
bit-error ratio (BER) scales non-monotonically with the
optical input power of the photodiode, which is proportional
to the terahertz output power. Depending on the
modulation format and the symbol rate, we identified the
optimal driving conditions of the photodiode. For amplitude
modulation at 5 Gbit/s, we achieved error-free transmission
with a BER of 7.5x10"%3, QPSK modulation was error-free
up to 64 Gbit/s. The highest line rate of 160 Gbit/s was
achieved with 32QAM modulation. This corresponds to
133 Gbit/s net data rate after forward-error correction with
20% overhead. The highest spectral efficiency was achieved
with 64QAM at 8 GBaud, i.e. 48 Gbit/s line rate. The
presented results highlight the high bandwidth of photonic
wireless THz links. Furthermore, the carefully analysis
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helps to improve the quality of future wireless links in the
300 GHz band.

Index Terms—Wireless link, terahertz communication,
300 GHz link, optoelectronic emitter, photonic transmitter.

. INTRODUCTION

UE to the steadily increasing demand for high-speed

wireless data transmission, R&D groups around the world
target higher carrier frequencies, up to the terahertz range
(0.1 THz to 10 THz), in order to increase the bandwidth of
transmission channels [1]-[7]. Latest research mainly focused
on carrier frequencies around 300 GHz, due to the atmospheric
transmission window in this frequency range [8]. Additionally,
frequencies up to 320 GHz have been standardized already by
IEEE 802.15.3d [9]. In this application, optoelectronic devices
have considerable advantages compared to all-electronic
systems: first, the high bandwidth of optoelectronic emitter and
receiver devices can cover broad transmission channels.
Second, the incoming data stream from a fiber-optical network
can be directly modulated on a terahertz carrier wave without
conversion into the baseband. Third, carrier frequencies above
300 GHz can be addressed without the need to develop
fundamental new hardware.

High-speed photodiodes (PDs), originally developed as
detectors in fiber-optical communication networks, are
commonly employed as emitters in optoelectronic terahertz
spectrometers. The principle of operation is as follows: An
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optical beat signal is generated by the superposition of two
lasers, which illuminates the PD emitter and generates a
photocurrent with the difference frequency of the two lasers. If
an antenna is attached to the PD, this modulated current can be
radiated into free-space. Today, there are mainly two ways to
radiate the terahertz signal from the PD into air; i) electrical
coupling into a hollow waveguide for microwaves and horn
antenna, respectively, or ii) quasi-optical coupling employing a
substrate lens [10]. On the one hand, microwave waveguides
are a widespread standard and allow the use of compatible
electronic components, i.e. amplifiers and antennas to increase
the emitter gain. On the other hand, the dimension of a hollow
waveguide limits the transmission bandwidth. Typically, the
available bandwidth of rectangular waveguides is about £20%
around the center frequency. Hence, the frequency range of the
WR-3 waveguide is 220 GHz to 330 GHz according to the EIA
band designation [11], [12]. The quasi-optical approach,
however, is not fundamentally limited in bandwidth, but is
expected to have a flat transfer function as long as the material
is translucent for the frequency. Thus, this approach is chosen
in the present work to exploit both the high carrier and channel
bandwidth of an optoelectronic terahertz link. Note that the
frequency response of the photodiode mainly determines the
frequency response of the emitter since bowtie antenna and
quasi-optical coupling are spectrally flat in principle. However,
two types of photodiodes can be found in today’s terahertz
emitters: unitraveling-carrier photodiodes (UTC-PD) and
positive-intrinsic-negative  photodiodes  (PIN-PD). The
respective carrier dynamics of those types of PDs is different,
whereas the concept of terahertz frequency generation is
identical. A detailed description and comparison of UTC- and
PIN-PD-based terahertz emitters can be found in [13].
However, the fabrication of PIN-PDs is based on mature
processes originally developed for fiber optical communication
systems and PIN-PDs have been used as broadband terahertz
emitters for spectroscopy for more than 10 years [14]. Thus, we
used a PIN-PD-based emitter in this work.

(a) Merged Bowtie

(c) 32 GBaud Channel
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In previous work, we already reported on a 100 Gbit/s net
data rate at 300 GHz carrier frequency based on a PIN-PD
emitter in combination with an electronic 1/Q receiver, i.e.
direct demodulation to in-phase and quadrature (1/Q)
components of the signal [5]. Fully optoelectronic links
employing a PIN-PD emitter and photoconductive antennas as
receiver demonstrated the high range of accessible carrier
frequencies of optoelectronics [6], [15]. The PIN-PD emitters
we used in those experiments were originally developed for
terahertz spectroscopy instead of wireless communication.
However, the demands on terahertz emitters for these two
applications are  essentially  different. In  wireless
communication, the beam profile is highly relevant because no
additional beam forming or guiding elements can be used at any
point of the free-space link. Therefore, we investigated the
radiation pattern of state-of-the-art PIN-PD emitters [16] and
compared it to alternative antenna designs [14]. In [14], we
reported on reduced unwanted side lobes in the radiation pattern
of this new antenna design, which should help to avoid multi-
path interference in a communication link. In addition, we
expect an improved signal integrity of this new emitter design
due to an improved feeding point structure. In order to verify
this thesis in the present paper, we compare two antenna designs
in a wireless communication link with carrier frequencies
around 300 GHz. We demonstrate that the improved emitter
enables gross data rates of 160 GBit/s at 32 GBaud on a single
channel. To the best of our knowledge this is the highest data
rate reported for a single channel around 300 GHz so far.

Il. MEASUREMENTS AND RESULTS

A. Power Characterization and Experimental Setup

Fig. 1 shows the antenna design and the power spectrum of
the two different PD emitters investigated in this work. We
restrict our analysis to these two types as they are the most
promising designs from previous studies [14]. The upper part
of each subplot depicts the indium phosphide (InP) chip with

(b) Extended Bowtie
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Fig. 1. Output power of a fiber-coupled, substrate-lens mounted emitter module with merged bowtie (a) and state-of-the-art extended bowtie design (b). The
terahertz power was measured with two different power meters: i) a pyroelectric free-space detector (THZ 20) for frequencies of 100 GHz - 500 GHz (full line)
and ii) a power detector with horn antenna (PM5) for frequencies of 170 GHz - 360 GHz (open circles). The optical power fed into the PD was a 15 dBm
unmodulated beat note signal around 1550 nm. The upper part of subplot (a) and (b) illustrates the respective antenna chip (1.5 mm x 3.0 mm) with optical
waveguide, feeding point structure and antenna. The direct comparison of curves measured with the THZ 20 detector (c) reveals a flat response of the extended
bowtie around 300 GHz, whereas ~3 dB power variation are observed across a 32 GBaud channel for the merged design bowtie.
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the optical waveguide and the metallic bowtie (BT) antenna. In
both cases, the chip dimensions are 1.5 mm x 3.0 mm. The
augmented view shows the feeding point of the device, i.e. the
structure that connects the PD with the antenna. The extended
bowtie (b) corresponds to BT#1 in reference [14] and represents
the state-of-the-art PD emitter, which is commonly used for
terahertz spectroscopy. The merged bowtie (a) corresponds to
BT#3 in reference [14], which is the new design with an
improved beam profile. In this work, we investigate, which of
these designs is better suited for data transmission at 300 GHz.
At this frequency, the radiation pattern of these antennas differs
regarding width of the main lobe and intensity of side lobes: the
6dB beam angle is reported as £14° and £9°, and the intensity
of the side lobes as -2 dB and -13 dB for BT#1 and BT#3,
respectively [14]. The layer structure of the PD itself is identical
to the PD reported in reference [13]. Fig. 1 also shows a power
spectrum of a fiber-coupled emitter module. Two different
types of power detectors have been used to characterize the
terahertz output of the emitters: first, a calibrated pyroelectric
power detector (THZ 20 from SLT, solid line), which measures
in a free-space arrangement like in reference [13]. Second, a
horn-coupled power detector (PM5 from Erickson, circles),
which measures the unmodulated carrier signal in the setup that
is later used for wireless communication by replacing the
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Fig. 2. Setup for 300 GHz communication: for NRZ-OOK (a), two external
cavity lasers (ECL) with a frequency spacing of 300 GHz are combined in an
optical fiber and fed into an amplitude modulator (AM). The modulator
receives the data from a pseudo-random binary sequence (PRBS) generator.
An erbium-doped fiber amplifier (EDFA) increases the optical signal before
the emitter (Tx) converts the optical beat signal to 300 GHz radiation. For
coherent data transmission (b), only the signal from ECL, is modulated in
phase and amplitude (I/Q). An arbitrary waveform generator (AWG) drives
the modulator. After amplification (EDFA) the signal from both ECLs are
combined and fed into the Tx. Two HDPE lenses collimate and focus the beam
to the receiver (Rx). To down-convert the NRZ-OOK signal (a) to base band
(BB), the Rx is an amplified direct detector (ADD). For coherent detection (b),
a subharmonic mixer (SHM) enables the conversion of data signals towards
an intermediate frequency (IF) around 20 GHz. To generate a 150 GHz local
oscillator (LO), the 12.5 GHz signal from a frequency synthesizer is multiplied
by 12. A wideband amplifier (WBA) amplifies IF signal of the respective Rx.
For NRZ-OOK (a), an additional limiting amplifier (LA) is used before
analysis of the received data with a bit-error ratio tester (BERT) and equivalent
time oscilloscope. For coherent data (b), a real-time oscilloscope samples the
received data for 1/Q analysis via the VSA software.
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receiver (cf. Fig. 2). For the power characterization, the emitters
were driven with 15 dBm optical power. Having in mind that
power measurements in the terahertz frequency range are very
sensitive to alignment, the presented results measured with two
different power meters in two different setups are very
comparable [17]. Both power measurements show the typical
frequency response of the respective antenna structure around
300 GHz: i) the output power of the extended bowtie (b) is flat
between 250 GHz and 350 GHz because of good impedance
matching of PD and antenna. This is due to the feeding point
structure of this device. Details can be found in [14]. ii) For the
merged bowtie (a), the continuous roll-off toward higher
frequencies without plateaus is caused by a reduced feeding
point structure, which does not allow for impedance matching
[14].

The flat response of the extended bowtie (b) within the
dedicated communication frequency range around 300 GHz is
expected to result in less signal distortion especially for high
channel bandwidth. The merged bowtie, on the other hand,
should provide higher signal integrity due to the reduced side
lobes in the radiation pattern and the increased signal integrity
of the merged feeding point. The direct comparison of the
spectral output power in a 32 GBaud channel around 300 GHz
(gray area in Fig. 1 (c)) shows 3 dB variation in case of the
merged bowtie, but only 1.2 dB for the extended bowtie. Thus,
the two types of antenna design represent the trade-off between
signal integrity and channel flatness. In order to investigate the
influence of that trade-off to the capability of a terahertz link,
we compared both types of antenna in an amplitude modulation
testbed. Afterward, the merged bowtie antenna was also
employed as an emitter in a coherent 300 GHz link.

Fig. 2 illustrates the experimental testbed for two
communication schemes: (a) non-return-to-zero (NRZ) on-off-
keying (OOK) and (b) coherent (1/Q) quadrature-amplitude-
modulation (QAM). For OOK (Fig. 2 (a)) two external cavity
lasers (ECL, instantaneous linewidth around 100 kHz)
operating in the optical C-band were set to ~300 GHz frequency
separation. After superposition in an optical fiber, an amplitude
modulator (AM) modulated the data signal from a pseudo-
random binary sequence (PRBS) generator to the optical beat
signal. The used Mach-Zehnder modulator has a 40 Gbit/s
baseband performance. After that, an erbium-doped fiber
amplifier (EDFA) boosted the optical signal to the desired
power level before it was fed into the emitter (Tx). Two lenses
focused the 300 GHz signal into the horn antenna of the
receiver (Rx) in a distance of 50 cm. The lenses are made from
ZEONEX® material, with a diameter of 25 mm and a focal
length of 25 mm. Thus, an effective beam angle of £26.5 ° of
the emitter is used for the data transmission, which is sufficient
to include the emitter’s main lobe down to approx. -20 dB [14].
In order to receive the NRZ-OOK signals, an amplified direct
detector (ADD) was used. The ADD is composed of two core
components: (i) a I11-V amplifier with 25 dB gain, 12 dB noise
figure and > 50 GHz bandwidth around 300 GHz, and (ii) a
GaAs Schottky diode featuring a high sensitivity of 1000 V/W
at 300 GHz. The resulting intermediate frequency (IF) was
post-amplified using a wideband amplifier (WBA) with 29 dB

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2022.3160096, Journal of

Lightwave Technology

JLT-29242-2021.R1

gain (SHF810 from SHF Communication Technologies AG)
that allows detection of amplitude-modulated signals up to
25 Ghit/s. In order to properly drive the real-time bit error
counting circuits, a limiting amplifier (LA) with additional
29 dB gain (Hittite evaluation board, HMC866) was also used
for amplitude modulation [18]. Finally, a real-time bit-error
ratio tester (BERT) measures the number of transmitted bit-
errors.

Fig. 2 (b) shows the arrangement for coherent data
transmission. Here, we used a pair of ECLs with reduced
linewidth of 10 kHz only in order to improve the purity of the
optical data signal for coherent transmission. The first ECL
remained unmodulated to act as the photonic local oscillator
(PLO) to beat with the optical data signal. The output of the
second ECL received the coherent data from an 1/Q modulator
that was controlled with an arbitrary waveform generator
(AWG). Two EDFAs amplified modulated and unmodulated
optical signals, respectively, before superposition to an optical
beat signal. Thus, the power levels of the two optical tones
could be controlled and the overall optical power fed into the
PIN-PD could be set. In order to receive the coherent data, a
subharmonic mixer (SHM), which is based on a GaAs diode
with a subharmonic factor of 2, down-converted the 300 GHz
signal to an IF around 20 GHz. In detail, the SHM was mixing
the incoming 300 GHz signal with electronic local oscillator
(LO) with a frequency of 150 GHz and an RF (radio frequency)
power of 2 mW. The LO was created by driving a frequency
multiplier chain (12-times) with a microwave synthesizer
(12.5 GHz). With this 150 GHz LO, the conversion losses are 8
to 9 dB around 300 GHz with +25 GHz RF bandwidth. The
down-converted IF signal was amplified using the SHF810.
Finally, the IF was fed to a wideband oscilloscope (UXR
Keysight, 70 GHz) that was connected to the I/Q analysis tool
(VSA from Keysight) [19]. The measurements were equalized
to compensate the overall link linear distortion.

B. Amplitude Modulation and Influence of Antenna Design

Fig. 3 shows the bit-error ratio (BER) as a function of
photocurrent for both emitters, i.e. the merged (green) and the
extended (blue) bowtie. Various data rates were tested and all
showed a non-monotonic dependence of the BER on the
photocurrent. For a detailed comparison, we choose OOK with
5 Ghit/s data rate, since the particular noise behavior of the
respective antenna emerges very clear. In case of the merged
bowtie, a BER below 102 was achieved for photocurrents
below 2 mA. The respective eye pattern shows a noise-
dominated transmission: the optical reference signal (lower eye
diagram) is clear, whereas the terahertz signal (upper eye
diagram) is barely open with poor signal to noise ratio (SNR).
With higher photocurrent, i.e. increased optical and hence
increased terahertz power, the BER decreases and reaches its
minimum of 7.5x101% at 3 mA photocurrent. At this point, the
eyes are open with still noisy slopes. Surprisingly, for higher
photocurrent the BER starts to increase again, however, with a
different slope than for photocurrents below 3 mA. In contrast,
the emitter with extended bowtie (blue) required more than
6 mA photocurrent for a BER below 102, For higher
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Fig. 3. The bit-error ratio (BER) for 5 Gbit/s as a function of photocurrent for

the merged and extended bowtie antenna. The noise slopes lead to increasing
BER beyond the respective sweet spot. In case of the extended bowtie, echoes,
which are attributed to the antenna structure, results in closed eyes and thus
higher BER.
photocurrents, this emitter shows a similar behavior as the
merged bowtie. The BER decreases and reaches its minimum
of 4x10° at 10 mA photocurrent, which corresponds to an
optical illumination with 14 dBm. However, the eye diagram of
the transmitted signal shows noisy slopes and significant echo
features as vertical lines. In analogy to the merged bowtie
emitter, higher photocurrents increase the BER as the echoes
become more intense. For data rates higher than 5 GBit/s, we
observed that the echoes fill the eye in the time domain and
merge with subsequent bits. In summary, we observe a v-
shaped BER curve with a pronounced minimum for both
emitters. We attribute the left slope of the v-shaped BER to
noise limitation, whereas the right slope of the BER curve is
caused by increasing echoes and reflections. The origin of these
echoes is not fully understood. We are currently performing
numerical simulations to investigate this in detail. However, the
only difference between the two emitters is the design of the
feeding point and the bowtie antenna since the experimental
setup (cf. Fig. 2 (a)) and the packaging of the respective antenna
chips were identical. One promising candidate, which might be
responsible for causing echoes, is the impedance matching
circuit between PD and antenna in the extended bowtie
configuration (cf. Fig. 1). This design is applied to maximize
the terahertz output around 300 GHz. As the extended bowtie
shows pronounced echoes, this impedance matching circuit
seems to have a detrimental effect on the signal integrity in
wireless communication links. Hence, we restrict our
subsequent experiments to the merged bowtie emitter.

The results presented in the OOK link also show that the
lowest BER was measured for optical input powers below the
maximum of 15 dBm. Thus, we investigate the dependence of
the photocurrent and the terahertz output power at 300 GHz as
a function of the optical illumination in Fig. 4. Assuming a
constant responsivity (0.32 A/W), the photocurrent Ilpp
increases linearly with the optical power Poy. For optical power
given in units of dBm, a logarithmic current scale (log A) results
in a linear curve:
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log(A)
Iy < Py = I oc PAEm 1)

The measured photocurrent (green circles in Fig. 4 (a))
deviates from the line of constant responsivity (blue dashed
line), when the photodiode starts to saturate regarding the
optical input power. This occurs for 14 dBm optical power,
which corresponds to a photocurrent of 7.3 mA. For the RF
output power Pgre of the antenna, we assume a quadratic
dependence on the RF current of the photodiode Irr. In an
unsaturated regime, the RF current is proportional to the
measured DC current Ipp [20]:

P o Igp < Ifp (2

Taking the proportionality between photocurrent and optical
power into account, the conversion of optical input to RF output
power is Pl o 126, Py or in logarithmic units

PEE o« I L%g(A) o PAEm™ 3

Fig. 4 (b) and (c) show the expected linear conversion as a
function of optical power and photocurrent, respectively. Note
that the graph in Fig. 4 (b) is normalized to the output at 15 dBm
optical power. In agreement with the derived relation between
optical power, photocurrent and RF power, the saturation of the
photocurrent (Fig. 4 (a)) translates into a saturation of the output
power at 300 GHz at 14 dBm optical power in Fig. 4 (b) and at
7.3 mA photocurrent in (c). Hence, the results in Fig. 4 show
that the terahertz output starts to saturate for photocurrents
above 7.3 mA. Thus, the minimal BER of the merged bowtie,
which was found at a photocurrent around 3 mA (cf. Fig. 3),
cannot be explained by the onset of saturation of the terahertz
output for this antenna.

C. Coherent Terahertz Link

Due to the higher signal integrity and the promising results
in the OOK testbed, we employ the emitter with merged bowtie
antenna in a coherent terahertz link (cf. Fig. 2 (b)).

In analogy to the previous section, we investigate the BER as
a function of photocurrent for different symbol rates and
modulation formats. Fig. 5 (a), (b) and (c) show the BER as a
function of the photocurrent for symbol rates of 8 GBaud,
25 GBaud and 32 GBaud, respectively. For each symbol rate,
the transmission with QPSK (quadrature phase-shift keying, i.e.
4QAM) data was quasi error-free, i.e. no error-bit was detected
within 100,000 transmitted symbols. Therefore, carrier
recovery and equalization in the VSA were the only post-

5

processing steps used for constellation analysis. In future
terahertz links, such simple processes could be integrated in
advanced ASICs (application-specific integrated circuit) or
FPGAs (field-programmable gate array) as in optical coherent
receivers. Note that the absolute values of BER for coherent
transmission are orders of magnitude higher compared to
amplitude modulation. This is mainly because amplitude
modulation is associated with real-time BER measurements and
does not include any signal processing steps. Thus, the
detection is more sensitive to the frequency response of emitter,
detector, and post-amplifiers. Nevertheless, in order to benefit
from the high data rates of coherent modulation schemes, the
additional effort of digital signal processing (DSP) is
reasonable, although at the cost of non-real-time operation. In
any case, we can note that all data points in Fig. 5 can be
considered error-free after DSP when a soft-decision (SD)
forward-error correction (FEC) with 20% overhead is used as
the SD-FEC threshold is 2.2x1072,

At 8 GBaud (Fig. 5 (a)), the BER shows the strongest
dependence on the photocurrent. With 16QAM modulation, the
BER drops to 8.8x10°7 when the photocurrent is increased to
4 mA. Beyond this photocurrent, the BER increases again.
32QAM modulation requires 4.5 mA photocurrent to reach the
minimum BER of 2.9x10* With the same photocurrent,
64QAM signals are transmitted with a BER of 5.4x1073, which
is still well below the FEC threshold. However, for further
increased photocurrent, the BER increases for all modulation
formats except for QPSK, which remains error-free. Hence, the
v-shape of the BER curves, which was already observed in our
OOK measurements, also appears for coherent data links. For
higher symbol rates, the v-shape of the BER curve can be
clearly seen in Fig. 5 (b) and (c) for 16QAM and 32QAM.
However, the required photocurrent to achieve the lowest BER
increases as the symbol rate increases. Hence, the trade-off
between the reduction of noise by increasing the photocurrent
and the reduction of unwanted echoes by decreasing the
photocurrent seems to shift to higher photocurrents for higher
symbol rates. In addition, the absolute value of the BER
increases for higher symbol rates. In analogy to the OOK
measurements, we attribute the increasing BER in the coherent
measurement to noise limitations and echoes for photocurrents
below and beyond the optimum, respectively. From the
comparison of the BER curves versus photocurrent before the
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Fig. 4. Investigation of the terahertz emitter regarding linearity: photocurrent (a) and output power at 300 GHz (b) as a function of optical input power up to
15 dBm. (c) shows the output power as a function of the photocurrent, since BER curves refer to photocurrent. At 14 dBm, the photocurrent (a) is no longer linear
to the optical input power. The output power also shows the saturation at 14 dBm (b) or 7.3 mA (c), respectively. The output power is normalized to the value at
15 dBm optical input, i.e. recommended operation for commercial PIN-PD emitters. Considering the power spectra of Fig. 1, the absolute power required for

lowest BER in 5 Gbit/s NRZ-OOK link is -27 dBm.
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optimum point of photocurrent is reached, we can also remark
that the slope of the BER curves reduces as data-rate increases.
This indicates the presence of additional distortion or a more
bandwidth-limited terahertz system.

Fig. 5 (d) shows the BER at the respective optimum
photocurrent as a function of the gross data rate. The highest
spectral efficiency is obtained with 64QAM at 48 Gbit/s line
rate. In contrast, QPSK shows the lowest spectral efficiency.
However, it can be transmitted even without SD-FEC and
allows for 64 Gbit/s at 32 GBaud. With 16QAM, 128 Gbit/s
gross data rate with a BER of 7.8x10 could be transmitted.
The highest gross data rate of 160 Gbit/s is achieved with
32QAM modulation. Since the BER of 1.5x1072 is still below
the SD-FEC threshold with 20% overhead, this corresponds to
133 Ghit/s net data rate. To the best of our knowledge, this is
the highest line rate for wireless 300 GHz link reported using a
photodiode-based transmitter and the highest data rate at all
using a PIN-PD transmitter. Even at 100 Gbit/s, which is the
data-rate target of the new IEEE 802.15.3d standard, the signal
integrity is still high with BER close to 10 [9].

In addition to the BER, the error vector magnitude (EVM)
further indicates the quality of the terahertz transmission. Fig. 6
shows the EVM as a function of data rate for the employed
modulation formats. The data points are the same as in Fig. 5
(d). The strongest increase of EVM is observed for QPSK
although the BER is quasi-zero for all symbol rates up to
32 GBaud. Note the monotonic evolution of the EVM with the
increase of data-rate indicating that the data link is free from
resonances for theses bandwidths. The attached constellation
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diagram illustrate the progress of increasing EVM: although the
EVM increases stronger than for 32QAM, QPSK and 16QAM
modulation result in a clear and symmetric constellation
diagram for the highest symbol rate of 32 GBaud, i.e. a data rate
of 64 Ghit/s and 128 Gbit/s, respectively. Compared to that, the
constellation diagram of 32QAM at 40 Ghit/s exhibits oval-
shaped clusters at the outer symbols indicating higher impact of
phase noise than amplitude noise. However, this behavior
cannot be seen at 160 Gbit/s, where both phase and amplitude
noise leads to increased EVM of more than 8 % rms. The
constellation diagram for 64QAM at 48 Gbit/s shows more
noise for the symbols at the corners, i.e. symbols with highest
amplitude. However, the overall shape of the 64QAM
constellation is quadratic with only slightly curved edges due to
reduced amplitude for symbols close to the vertical Q-axis.

I11. CONCLUSION

A 300 GHz wireless link was demonstrated using a photonic
transmitter based on a PIN photodiode. Thanks to the
photomixing approach, the data modulation could be done in
the optical domain exploiting standard fiber-optical
communication technology. On the receiver side, an amplified
direct detector enabled the investigation of the NRZ-OOK link
in real-time. For the coherent link, an electronic mixer was used
to analyze data transmission with high spectral efficiency. First,
two designs of antenna-integrated transmitters were
investigated and compared in a 5 Gbit/s amplitude modulated
link. Second, the most promising transmitter was characterized
in a coherent link, and line rates up to 160 Gbit/s could be
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Fig. 5. The BER as a function of the photocurrent transmitted with the merged bowtie emitter for QPSK (red triangles), 16QAM (black circles), 32QAM (blue
diamonds) and 64QAM (green stars) modulation. Symbol rates of 8 GBaud (a), 25 GBaud (b) and 32 GBaud (c) are shown. QPSK is error free for all symbol
rates. For higher modulation formats, the BER reaches a minimum between 4 mA and 6.5 mA, whereas the optimal photocurrent increases with higher symbol
rates. (d) shows the BER as a function of the data rate at the respective best photocurrent. The grey dashed line indicates the threshold of 2.2x107 for soft-decision

forward-error correction (SD-FEC) with 20% overhead.
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measured. In the first testbed, we observed a non-monotonic
dependence of the bit-error-ratio (BER) on the optical input
power, i.e. the photocurrent of the PD, for both transmitters.
However, the antenna design influenced the BER as well.
Moreover, the two transmitters reach their optimum
performance at different photocurrent, respectively. Echoes in
the eye diagrams indicate a poor signal integrity of one of the
transmitters, which reduced the BER. The other antenna
featured better signal integrity, i.e. less echoes, and allowed to
measure a real-time BER of 7.5x10*2 for the 5 Gbit/s channel.
In the coherent testbed, the QPSK signals were transmitted
error-free enabling a 64 Gbit/s channel at 5 dBm optical input
only. Here, that bandwidth was limited by the maximum
symbol rate of our setup, which was 32 GBaud. For the highest
spectral efficiency, we demonstrated 64QAM modulation at
8 GBaud resulting in 48 Ghit/s. The highest data rate was
achieved with 32QAM at 32 GBaud. Here, 13 dBm optical
power allowed for a BER of 1.5x102 which is still below the
SD-FEC threshold assuming 20% overhead, i.e. 133 Gbit/s net
data rate.

Our results proved the advantage of the photonic approach to
enter the terahertz range for wireless communications:
generation and amplification of the optical feed signal,
modulation techniques, high-level modulation formats, and
techniques for digital signal processing were adopted from
mature fiber-optical communication. Moreover, the steady
increasing toolbox of photonic integration promises even
superior transmitters, e.g. with higher efficiency due to
integrated amplifiers or increased stability due to integrated
comb sources. On the terahertz side, however, the origin of the
particular noise contribution and distortion requires further
analysis. In combination with high frequency simulation of
terahertz antennas, the experimental results are basis for a better
understanding of the interplay between photodiode, antenna
and substrate-integrated silicon lens. Thus, valuable guidelines
for the design of photonic terahertz transmitters will be derived
from the results reported in this work. Future antenna designs
should focus on improved signal integrity and antenna gain in
order to suit real-world communication scenarios, i.e. increased
link distance and no need for optical elements in the free-space
path.
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