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Highly Tunable Heterodyne Sub-THz Wireless Link
Entirely Based on Optoelectronics

Alvaro Morales, Student Member, IEEE, Gleb Nazarikov, Simon Rommel, Member, IEEE,
Chigo Okonkwo, Senior Member, IEEE, and Idelfonso Tafur Monroy, Senior Member, IEEE

Abstract—This article presents the experimental demonstra-
tion of a fully photonics-based heterodyne sub-THz system for
wireless communications. A p-i-n photodiode is used as a broad-
band transmitter to up-convert the signal to the sub-THz domain
and a photoconductive antenna down-converts the received wave
to an intermediate frequency around 3.7 GHz. The optical signals
used for photomixing are extracted from two independent optical
frequency combs with different repetition rates. The optical phase
locking reduces the phase noise of the sub-THz signal, greatly
improving the performance of the system when phase modulation
formats are transmitted. The sub-THz carrier is tuned between
80 GHz and 320 GHz in 40 GHz steps, showing a power variation
of 21.8 dB. The phase noise at both ends of the communication
link is analyzed and compared with the phase noise of the
received signal with different wireless carriers. As a proof-of-
concept, a 100 Mbit/s BPSK signal is successfully transmitted over
80 GHz, 120 GHz, and 160 GHz carriers, achieving a bit error
rate below 10-5 in the first two cases. These results show the
great potential of THz communications driven by photonics to
cover an extensive portion of the THz range without relying
on electronic components that limit the operating range of the
system to a concrete frequency band.

Index Terms—Sub-THz communications, THz heterodyne de-
tection, photomixing, optical frequency comb, phase noise.

I. INTRODUCTION

THE ever-increasing demand for higher data rates in
wireless communications inevitably leads to the explo-

ration of new frequency allocations in the sub-terahertz (sub-
THz) and terahertz (THz) bands [1]–[3]. Although the THz
frequency range is in general defined as the gap between
microwaves and infrared waves (0.3 – 10 THz), only some
windows in the lower region and below (0.1 – 1 THz) are
suitable for wireless communications due to the high at-
tenuation or strong atmospheric absorption elsewhere. The
available spectral resources in this range of the electromagnetic
spectrum promise to fulfill the capacity demands of future
communication standards, reaching data rates of 100 Gbit/s
and beyond [1]. This trend drives the development of more
efficient THz systems and components operating at room
temperature, aiming to cover a transmission bandwidth of hun-
dreds of gigahertz, supporting broadband modulation formats
and increasing the transmission distance.
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was partly funded by the H2020 ITN CELTA and H2020 blueSPACE projects
under grant Nos. 675683 and 762055 as well as the NWO HTSM project
FREEPOWER under project No. 17094.

A. Morales, G. Nazarikov, S. Rommel, C. Okonkwo and I. Tafur Mon-
roy are with the Department of Electrical Engineering, Eindhoven Uni-
versity of Technology, 5600 MB Eindhoven, the Netherlands, (e-mail:
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Different technologies and methods are used to generate
and detect sub-THz and THz waves in many applications
[4]. The main approaches that are suitable for wireless com-
munications can be classified into two categories: electronics
and optoelectronics. The signal power in electronic systems is
typically better than that of their purely optoelectronic coun-
terparts, which require hybrid solutions based on electronic
amplifiers to overcome their power limitations [1]. However,
the operating range for the frequency in electronic devices is,
in general, lower as many of them are limited to a concrete
frequency band. This category includes low-frequency signal
generators followed by a chain of multipliers, sub-harmonic
mixers and resonant tunneling diodes (RTD) among others [5]–
[7]. As electronic receivers, waveguide envelope detectors and
mixers can be used depending on the modulation format [8].
Furthermore, many breakthroughs have been achieved in THz
power amplifiers and low noise amplifiers [9], [10]. The op-
toelectronic approaches for signal generation are based on the
heterodyning of two optical signals – de-tuned by the intended
wireless carrier frequency – on a high bandwidth photodiode.
Both p-i-n and uni-travelling carrier (UTC) photodiodes have
been used for this purpose [11], [12]. The main advantage of
this solution is the possibility to cover a large portion of the
THz range by simply tuning the frequency difference between
two optical carriers and the ability to multiplex different
channels in frequency [13]. Similarly, photoconductors can
be used to detect THz waves. Although this technique is not
common for communications, it has been widely used in other
applications like spectroscopy [14].

Although electronic components (e.g., power amplifiers) are
required to face the high attenuation of wireless propagation at
sub-THz and THz frequencies [15] (see Fig. 1), they prevent
systems from fully exploiting the available spectral resources.
Moreover, using the same technology for signal transmission
and detection will facilitate the implementation of bidirectional
links, as will be required in real deployments [16]. Future
THz communications will therefore rely on photonics to
implement ultra-broadband, highly tunable, multi-channel, and
bidirectional links, potentially achieving channel allocations of
several gigahertz over a tuning range of hundreds of gigahertz.
This scenario is not yet possible, especially for transmission
distances higher than several meters, because of the limited
dynamic range. The transmission attenuation is in the order
of 100 dB for distances longer than 2 m as can be observed in
Fig. 1. A possible solution to increase the transmitted power is
to use phased antenna arrays, offering extra functionalities like
beamforming [17]. Nevertheless, ultra-broadband short-range
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Fig. 1. Attenuation in a wireless link due only to free space propagation
(dashed lines) and including atmospheric absorption (solid lines) for different
transmission distances, d. The graphs were calculated assuming 7.5 g/m3 water
vapor density and 15 °C temperature according to [15].

wireless links (< 1 m) also have many applications such as
personal area networks (PAN), kiosk downloading and inter-
rack wireless communications in data centers [18].

Some works have already attempted to establish heterodyne
wireless links driven by optoelectronic techniques, covering a
wide range in the sub-THz domain [19]. The first realizations
of communication links using optoelectronics at both sides
have been recently reported [20], [21]. In these works, multi-
channel transmissions in the 300-GHz band were successfully
demonstrated, achieving an aggregated bit rate of 30 Gb/s and
a wireless distance of 58 m [21]. Waveguided horn antennas
and power amplifiers were employed to achieve these fig-
ures, limiting the operating range to the waveguide frequency
band. A transmission in the 100-GHz range without THz
amplifiers and a wireless distance of 7 cm is also included,
with some modifications in the system [21]. Another essen-
tial aspect to take into consideration when a THz signal is
generated/detected by photomixing is the phase noise. When
two independent laser sources are used, the phase distortions
of both contribute to the instability of the resulting THz
signal. This fact will degrade the signal quality when phase
modulation is used, impeding advanced phase modulation
formats or imposing heavy equalization requirements. This
can be solved using two phase-locked signals, for example,
extracted from an optical frequency comb (OFC).

The practical realization of a broadband wireless link, with
enough flexibility to sweep the wireless carrier over a wide
range without frequency-limiting electronics, using phase-
locked optical signals to generate stable signals, is still an open
challenge to be addressed. In this paper, we experimentally
demonstrate a heterodyne sub-THz wireless link entirely based
on optoelectronic techniques. Optical signals extracted from
two independent OFCs, generated by a phase modulator and
a pico-second laser, are used to drive a THz photodiode
serving as emitter, and a photoconductive antenna (PCA) used
as receiver. A continuous wave (CW) signal from 80 GHz to
320 GHz in 40 GHz steps is down-converted to an intermediate
frequency around 3.7 GHz. A 100 Mbit/s BPSK is successfully
transmitted at 80 GHz, 120 GHz and 160 GHz wireless carri-

ers, achieving bit error rates (BERs) below 10-5 in the first two
cases. The presented experimental demonstration highlights
the ability of photomixers to act as transmitters and receivers
for sub-THz and THz signals and to enable a huge frequency
tuning range for THz communication links.

II. ALL-PHOTONICS-BASED THZ COMMUNICATIONS

A. Signal generation and detection
The THz wave is generated and detected by the process

called photomixing, also known as optical heterodyning if data
is transported [22], [23]. For signal generation, a CW THz
emitter based on a p-i-n photodiode (PD) is used [24]. If the
PD is driven by two optical tones with powers P TX

1 , P TX
2 , with

an angular frequency difference ωTHz, and one of them carries
data modulation with information in amplitude s(t) and in
phase φ(t), a THz signal is produced with a field (ETHz)
proportional to:

ETX ∝ s(t)
√
P TX
1 P TX

2 cos(ωTHzt+ φ(t) + φsys,TX) (1)

where φsys,TX accounts for the phase difference between the
two mixed optical tones due to different propagation paths
and different initial phases. It is clear that using separate free-
running lasers, without phase locking, will greatly impact on
the phase noise of the THz signal since φsys,TX will have a
strong random time dependence.

On the receiver side, a CW THz receiver based on a PCA
is used [24]. Similarly, a beat signal produced by the addition
of two optical tones with powers P RX

1 and P RX
2 biases the

receiver antenna, behaving as a local oscillator (LO) whose
field is proportional to:

ELO ∝
√
P RX
1 P RX

2 cos(ωLOt+ φsys,RX) (2)

where ωLO is the angular frequency difference between the
two tones and φsys,RX represents the phase difference. Again,
the phase noise of the resulting signal is highly determined
by the phase relation between the two optical tones. The LO
signal mixes with the received signal after wireless propaga-
tion, producing a current at an intermediate frequency (IF),
ωIF = |ωTHz − ωLO|, proportional to:

(3)iIF ∝ s(t)
√
P TX
1 P TX

2 P RX
1 P RX

2 cos(ωIFt+ φ(t) + φsys,TX

− φsys,RX)

The amplitude and phase components of the modulation,
s(t) and φ(t), can be recovered at the IF after demodulation.
Polarization matching between the optical signals used for
photomixing is assumed in all cases. The bandwidth of the
received signal is limited by the electronics after down-
conversion. The receiver module used for this demonstration
has an electrostatic discharge protection circuit that behaves
as a band-pass filter and limits the usable bandwidth to a
400-MHz window around 3.7 GHz. This device is originally
designed for spectroscopy applications in which signals with
frequencies in the order of kHz are detected, and not to
support IFs above 1 MHz. However, the same devices can be
designed without these limitations, so they become suitable
for broadband communications [19].
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Fig. 2. Experimental setup for the demonstration of a sub-THz communication link using optoelectronic techniques at both ends: (a) block diagram, CW:
continuous wave, EDFA: erbium-doped fiber amplifier, MZM: Mach-Zehnder modulator, PCA: photoconductive antenna, LNA: low noise amplifier; (b) photo
of wireless link and (c) photo of experiment setup.

B. Optical frequency combs

An OFC is an optical signal whose spectrum consists of a
series of equally spaced frequency lines that are phase coherent
with one another [25]. It can be defined in the frequency
domain according to fn = f0 + nfr, where n is an integer,
fr is the repetition rate and f0 the frequency offset. One of
the many applications of OFCs is the THz signal generation.
Two spectral lines with the intended frequency difference can
be filtered and used for photomixing, generating a low phase
noise signal. There are some parameters that describe a comb
which are relevant for THz generation: first, the bandwidth,
defined as the total bandwidth occupied by the spectral lines.
This bandwidth must be sufficient to achieve the frequency
difference of the desired THz signal. Second, the repetition
rate, which is related to the optical filters needed to extract the
desired lines. If the repetition rate is high, the optical filtering
is easier, but the radio frequency (RF) sources and electronics
components needed for phase locking are more complex. On
the other hand, if the repetition rate is low, the comb source
becomes simpler and the optical filtering more challenging.
Another important parameter is the tunability of the comb.

There are several ways to generate OFCs [25]. Two different
methods are used in this work. Mode-locked lasers (MLLs) are
one of the simplest ways to obtain an OFC. MLLs produce
very short optical pulses in time (in the order of ps or fs),
which correspond to the addition of the different resonant
cavity modes. It is possible to generate broadband combs with
a relatively high repetition rate using MLLs. However, the
tuning range of the repetition rate is small. Another simple
approach is using an optical phase modulator to modulate a
single laser source with a high-power CW electronic oscillator.
The different harmonics produced with the modulation create
the comb. The comb bandwidth is limited by the RF power
that can be supplied by the electronic source and handled by
the modulator. The main advantage of this approach is the
tunability of the repetition rate, which is only limited by the
operational bandwidth of the modulator.

III. EXPERIMENTAL SETUP

Figure 2 shows the experimental setup used to demon-
strate a sub-THz communication link based on photonic up-
conversion with a p-i-n PD for signal generation and a PCA
for heterodyne down-conversion to an IF. Two optical tones,
which are extracted from different OFCs, are used as optical
inputs in both cases. At the transmitter, the comb is generated
by modulating a CW laser source with a phase modulator
driven by an external RF source. The signal source produces a
sinusoid with frequency fcomb,TX, fixing the repetition rate of
the comb. This signal is boosted by a power amplifier in order
to increase the number of effective harmonics. The operation
bandwidth of this amplifier (30 – 40 GHz) sets the tunability
range for the repetition rate of this OFC. The electrodes of
the phase modulator have been modified to dissipate high
RF power, up to 2 W. This scheme results in a comb with
a bandwidth above 300 GHz.

Two comb lines are filtered by an 8-channel arrayed waveg-
uide grating (AWG) following the dense wavelength division
multiplexing (DWDM) recommendation with a channel spacing
of 50 GHz [26]. The 3-dB passband bandwidth of the optical
filters is approximately 42 GHz. The frequency of the laser
is therefore fixed to 192.225 THz, the center of the AWG
bandwidth. The first line is amplified by an erbium-doped
fiber amplifier (EDFA) and modulated with a Mach-Zehnder
modulator (MZM). The MZM is biased at the null point of
its transmission function for two reasons: first, the optical
carrier is suppressed, and thus the modulation-to-noise ratio
increases after optical-to-electrical conversion. Second, a bi-
nary phase-shift keying (BPSK) modulation is produced when
launching a 100 Mbit/s polar non-return-to-zero (NRZ) signal
into the RF port of the MZM. The data signal is generated by
an arbitrary waveform generator using a pseudo-random bit
sequence (PRBS) with 29-1 bits. The polarization of the second
line is controlled by a polarization controller to maximize the
generated THz power, and it is recombined with the modulated
signal using a 3-dB coupler.
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TABLE I
EXPERIMENT PARAMETERS

Wireless Carrier fcomb,TX fcomb,RX n fIF

[GHz] [GHz] [GHz] [GHz]

79.62 37.96 39.81 2 3.70
119.44 38.52 39.81 3 3.88
159.25 38.88 39.81 4 3.74
199.07 39.07 39.81 5 3.71
238.89 39.19 39.81 6 3.72
278.69 39.27 39.81 7 3.78
318.51 39.35 39.81 8 3.70
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Fig. 3. Normalized spectra of OFCs (dashed lines) and optical signals after
filtering for photomixing (solid lines).

After the combiner, the signal is amplified by a second EDFA
to set the maximum optical power incident on the photodiode
to 30 mW (15 dBm). A variable optical attenuator (VOA)
and a 99%/1% coupler control the optical power for BER
measurements. This signal is converted into the THz domain
by a THz emitter based on a p-i-n diode, and it is radiated by a
THz antenna attached to the diode contacts and a silicon lens.
A couple of Teflon lenses are also added to further collimate
the THz beam across a 25 cm wireless link.

At the receiver, a MLL is used as the comb source. The
repetition rate can be fixed within a small fine-tuning range
around fcomb,RX = 40GHz, using an external LO. A wave-
length selective switch (WSS), also following the 50-GHz
DWDM grid [26], is used to extract the two comb lines
used to bias the photoconductor on a single fiber. The 3-
dB passband bandwidth of the optical filters is approximately
35 GHz. An EDFA, a VOA and a 99%/1% coupler are used
again to set and control the optimum optical power required
by the photoconductor to bias the receiver THz antenna and
detect the transmitted wave. This optical power is fixed to
30 mW (15 dBm). As a result, the recovered signal is down-
converted to an IF and amplified by three cascaded low noise
amplifiers LNAs with an overall gain of 54 dB and an operating
bandwidth of 6 GHz. The signal is finally captured by a
digital phosphor oscilloscope (DPO) for off-line processing.
The experiment was conducted inside a Faraday cage to avoid
external RF interference.

The major benefit of this scheme is its wide tunability. The
wireless carrier can be selected by tuning fcomb,TX and filtering
the proper optical lines. The main limitation is imposed by
the bandwidth of the RF amplifier and the fact that the filter
bandwidth is higher than the repetition rate of the comb. Seven
wireless channels with 40 GHz difference (from 80 GHz to
320 GHz) are tested. Table I lists the parameters used in the
transmitter to establish these channels and Fig. 3 shows the
optical spectra of the filtered signal (solid line), compared
with the input comb (dashed line). There are some important
points about these graphs to be noted. The amplitude of the
different harmonics in the input comb is strongly related to the
RF power [27]. This feature can also be used to improve the
filtering by decreasing the power of unwanted harmonics. The
mismatch between the filter bandwidth and the comb period
becomes more significant as higher-order harmonics are used.
For instance, an important part of the neighbouring lines is
also passed by the filter in the 280 GHz and 320 GHz cases.
The power of these harmonics is also lower due to the comb
shape. Since an EDFA operating in automatic power control
mode is used to provide constant optical power to the PD, this
fact is translated into an apparent increase in the noise floor.

In a similar way, the wireless signal to be detected can
be selected by filtering the proper comb lines driving the
photoreceiver. The repetition rate, fcomb,RX, is in this case fine-
tuned around 40 GHz. The intermediate frequency is therefore
given by the difference in the repetition rate between the two
OFCs according to fIF = nfcomb,RX − nfcomb,TX, where fIF

is the IF and n is an integer. As explained in the previous
section, fIF can be tuned around 3.7 GHz with a modulation
bandwidth up to 400 MHz. The receiver parameters are listed
in Tab. I and the optical spectra are also shown in Fig. 3. In
this case, the shape of the comb does not change, although
the center frequency was slightly tuned. There is again a
mismatch between the repetition rate of the comb and the
bandwidth of the filters, so part of unwanted comb lines passes
through. This effect is particularly noticeable in the 80 GHz,
120 GHz, and 240 GHz cases. However, the additional tones
are maintained sufficiently attenuated compared to the main
lines, more than 10 dB in the worst case and more than 20 dB
in most configurations. These values allow the wireless signal
to be downconverted to the intended intermediate frequency.

IV. RESULTS AND DISCUSSION

A. System spectrum

The first test was the validation of the heterodyne THz
system transmitting a pure tone without data. The power of the
received signal, after amplification, was measured with a 40-
GHz-bandwidth electrical spectrum analyzer (ESA), obtaining
the IF peak powers plotted in Fig. 4. These results prove a
system bandwidth of more than 240 GHz and a maximum
signal-to-noise ratio of approximately 39.7 dB at 80 GHz. The
main limitation comes from the transmitter OFC bandwidth
and the noise of the LNAs used after the photoconductor.
Although they have a relatively low noise figure of 3.8 dB,
it is high compared with transimpedance amplifiers used in
traditional spectroscopy systems, which require much smaller
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Fig. 4. Received peak power without modulation versus frequency compared
with transmitted THz transmitter power according to datasheet.

bandwidths. The distribution of the points agrees with the
generated THz power in the emitter (inset of Fig. 4), although
more factors contribute to these results. The sensitivity of the
photoconductor is also frequency-dependent, and the optical
signals launched into emitter and receiver are not pure tunes
and not equal for each wireless carrier (see Fig. 3). The
wireless propagation loss also varies with the frequency. This
additional attenuation is partly overcome by the Teflon lenses
that increase the effective antenna gain.

B. Phase Noise

An important parameter that largely determines the per-
formance of the data link is the phase noise. As shown
by Eqs. 1 – 3, the use of phase-locked optical signals for
photomixing significantly reduces the phase noise of the THz
waves, enabling the transmission of complex phase modulation
schemes. The phase noise measurement functionality of the
40-GHz-bandwidth ESA was used to measure the phase noise
at different points in the transmitter and receiver systems.

The phase noise measurements at the transmitter branch are
depicted in Fig. 5(a). The curve that represents the phase noise
of the RF source has a relatively flat response of 100 dBc/Hz
in the 1 – 30 kHz range with the characteristic 1/f2 negative
slope beyond 30 kHz. This electrical signal has a significant
impact on the phase of the transmitter side. The full comb
is used as the input to a 40-GHz PD to analyze the beating
product at fcomb,TX. Although the shape of the curve follows
the behavior of the electrical source in the low frequencies,
the power of the signal is very low. This is due to the phase
relation between symmetric harmonics of the comb, which
causes destructive interference. If the same measurement is
repeated after filtering the center carrier and half of the comb,
a curve that closely follows the original RF source is obtained.
The filtering was done, in this test, with the WSS because
it allowed the extraction of the intended comb lines without
using separate fibers and combiners.

Figure 5(a) also plots the phase noise at the output of the
50%/50% combiner, after filtering with the AWG and following
the arrangement in Fig. 2. Two consecutive tones (beating
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Fig. 5. Phase noise measurements at: (a) different points in the transmitter
system, (b) different points in the receiver system and (c) received signal at
intermediate frequency after sub-THz wireless transmission.

product at fcomb,TX) are used for this measurement, due to
the bandwidth limitation of the ESA. The power of the signal
at this point is low, but an increment in the phase noise level
is observed. This increase appears because the two optical
components used for photomixing propagate through separate
optical fibers with different lengths [28]. Two additional peaks
appear at 24 kHz and 100 kHz, which are attributed to the
filtering and the control loop of the EDFA in one of the two
lines. Finally, the phase noise measurement after the second
EDFA matches with the previous one, with a small increment,
for frequencies below 1 MHz. For frequencies above 1 MHz,
an oscillation with a slope steeper than 1/f2 appears. This
behavior has already been studied, and it is produced due to
the interferometer formed by the arrangement of the system
[29]. These results show that the phase noise behavior of the
produced signal is largely determined by the length unbalance
between the two arms of the system and the electrical source
[28], [29].
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The same analysis is done for the receiver, as shown in
Fig. 5(b). The phase noise characteristic of the reference RF
source is worse than the one used for the transmitter. It has
an approximately flat response above −80 dBc/Hz in the 0.3 –
20 kHz range and the 1/f2 negative slope starting at 30 kHz.
A noise reduction is observed at frequencies above 2 kHz in
the curve corresponding to the beat tone of the entire comb.
This reduction is attributed to the internal electronic circuit
for phase-locking. The same behavior was not observed when
better signal sources were used. Again, the phase noise of
the comb beating is mainly determined by the RF source. The
problem related to the phase difference between lines does not
appear in this case because each line corresponds to different
cavity modes. A reduction in the power and the apparition of a
peak at 120 kHz are recognizable after filtering two tones with
the WSS. This demultiplexer allows the extraction of the two
optical components to the same optical fiber, so the increment
in phase noise observed in the transmitter system does not
appear in the receiver. Finally, a new peak appears at 7 kHz
due to the last EDFA. The final phase noise curve is essentially
determined by the electronic source, as expected.

The phase noise behavior after the wireless transmission and
down-conversion is clearly the superposition of the phase noise
curves at the transmitter and receiver, with the same character-
istic peaks appearing in the recovered signals: 24 kHz, 100 kHz
and 120 kHz. The phase noise contribution of the transmitter
is more relevant at high frequencies, while the contribution
of the receiver is dominant at lower frequencies. The power
of the receiver signal is low, making the 1/f2 negative slope
impossible to distinguish. The detected power decreases with
frequency with the same relation discussed in Fig. 4. It can
be drawn from these results that the phase noise is mainly
determined by the electronics used for optical phase locking,
the fiber length unbalance in the transmitter side, and the signal
power.

C. Data Transmission

The last experiment was the data transmission of a
100 Mbit/s BPSK stream over different wireless channels
with 40 GHz spacing. The BER measurements for 79.62 GHz,
119.44 GHz and 159.25 GHz carriers compared with the pho-
tocurrent generated by the PD are shown in Fig. 6(a). The
traces captured with the DPO were digitally demodulated using
digital filters and a Costas loop algorithm for carrier recov-
ery, without further equalization. The maximum photocurrent
Iph,MAX = 10.2mA corresponds to the optimum value for the
optical power, which is 30 mW (15 dBm) and produces the
wireless signal power displayed in Fig. 4. For this value, the
BER is below 10-5 when transmitting over the 79.62 GHz and
119.44 GHz channels and it increases to the limit of forward
error correction (FEC) techniques with 25 % overhead when
the carrier is 159.25 GHz. The data could not be recovered for
higher frequencies due to a lack of received signal power.

The 79.62 GHz BER curve is maintained below 10-5 until
the photocurrent is decreased to 5.4 mA, and below the FEC
limit with 7 % overhead over the full measurement range.
The eye diagram for the maximum photocurrent is shown in
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Fig. 6. Data transmission results: (a) bit error rate curves versus photocurrent
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Fig. 7. Electrical Spectra of the received signal when the transmitted power
was 10.2 mA and the wireless carrier was (a) 79.62 GHz, (b) 119.44 GHz and
(c) 159.25 GHz.

Fig. 6(b). The 119.44 GHz BER increases due to the lower
SNR. However, it is below the limit for a FEC with 7 %
overhead when the emitter photocurrent is more than 5.6 mA.
The eye diagram depicted in Fig. 6(c) is worse compared with
the previous one, but stays open. The last curve, corresponding
to 159.25 GHz, represents a great increase in the BER as it can
also be seen in the closed eye diagram in Fig. 6(d). The BER
increase at 159.25 GHz is noticeable compared to the previous
curves. This may be caused by the worse response of the signal
processing algorithms when the signal power is low.

The BER performance of the link is primarily determined by
the link SNR. The optical fiber length is too short to observe
significant chromatic dispersion, and the wireless link is very
directive, so no multipath effects appear. This can also be
seen in the symmetry of eye diagrams in Figs. 6(b)-(d) and
in the shape of the received electrical spectra in Fig. 7. The
SNR decreases as the wireless carrier increases without any
significant deformation in the signal spectrum. This means
that the curves in Fig. 6(a) can be prolonged if the transmitted
SNR is increased. More efficient CW THz emitters and antenna
arrays combining several sources are two possible solutions to
enhance the system bandwidth.
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V. CONCLUSION

A full-photonic heterodyne sub-THz system was demon-
strated, detecting wireless waves transmitted at seven different
carriers, ranging from 80 GHz to 320 GHz in 40 GHz steps,
with an intermediate frequency of 3.7 GHz. The power varia-
tion was higher than 21.8 dB over a 240 GHz frequency span.
Independent optical sources were employed for photomixing
at both ends of the communication link. Optical frequency
combs were used to reduce the phase noise of the resulted
sub-THz signals to increase the dynamic range of the system
and improving the performance when phase modulated signals
are transmitted. The OFCs were generated with an external
phase modulator and a mode-locked laser. The phase noise of
the transmitter, receiver, and recovered signals was analyzed,
concluding that it is mainly determined by the RF sources
needed for optical comb generation and the fiber length
unbalance between the two arms in the transmitter system.
Finally, a 100 Mb/s BPSK data stream was successfully trans-
mitted over 79.62 GHz, 119.44 GHz and 159.25 GHz wireless
carriers, achieving a BER below 10-5 in the first two cases. This
performance was limited by the SNR, and thereby the presented
results of frequency range and BER can be improved by using
more efficient signal sources, optimized for operation in the
lower region of the THz spectrum, and antenna arrays.

This work represents an important step towards the full ex-
ploitation of the sub-THz and THz ranges for ultra-broadband
short-range wireless communications. The optical domain
offers a wide range of possibilities to THz communications
through optoelectronic techniques for signal generation and
detection. However, power amplifiers and other electronic
components, which are, in most cases, required to overcome
the high propagation loss, limit the frequency tuning range.
Technical advances in photonic integration and THz sources
and detectors offer a great potential to integrate on-chip
complex systems like the one described in this work. THz
links entirely relying on photonics represent one of the lead-
ing candidates to implement highly tunable, ultra-broadband,
multi-channel, and bidirectional THz communications in the
future.
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