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ABSTRACT This study demonstrates a measurement setup of an over-the-air (OTA) sub-THz link using a
hybrid system of transmission comprising standard optical communications components and propagating
the signal over 6 meters. The emitter was a p-i-n photodiode (PIN-PD), and the receiver was a sub-
harmonic down-converter. The transmission testbed for the frequencies between 240 GHz to 300 GHz was
characterised. Key parameters including the optical frequency, frequency hopping, the direct current (DC)
bias of the emitter, the equalisation taps, and the digital signal processing stages were examined to optimise
performance. An error-free 25.6 Gbit/s QPSK signal was achieved. A 16-QAM characterisation investigated
the power combination from the two optical branches fed to the photodiode (PD) and its influence on the
error vector magnitude (EVM) of the in-phase and quadrature (IQ) amplitude linearity and the probability
density estimate. An optimum 16-QAM constellation was achieved using power combination of 5 mW and
10 mW for the optical modulator and optical carrier power, respectively. Finally, an image transmission of
24 data packets was performed and achieved error-free QPSK image reception at 25 Gbit/s.

INDEX TERMS 6G mobile communication, electromagnetic radiation, free-space, image transmission,
photodiodes, terahertz communications.

I. INTRODUCTION
Wireless communications have traditionally been dominated
by electronic systems. The electronic systems circuit design
can be compact, which is beneficial for end-user devices,
among other applications [1], [2], [3], [4], [5]. However, this
technology is restricted by the limited bandwidth that its
components can handle and the need for multiple circuits to
cover different frequencies with adequate bandwidth for the
application. Furthermore, purely electronic systems might be
limited by noise, waveguide losses and power consumption.
The limitations of electronics-based systems and the shift
towards sub-THz frequencies have made optical systems an
attractive solution. In the last decade this has spurred studies
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on radio over fibre and wireless transmission-based photonic
systems, with many high-speed demonstrations in theWR-10
(75 – 110) GHz andWR-06 (110 – 170) GHz bands and, most
recently, in the WR03 (220 – 325) GHz band [6], [7], [8].

Photomixers can efficiently provide an extended wide
bandwidth of up to 3 THz, which electrical systems struggle
to achieve. However, photomixer technology is expensive,
and designing compact systems for users is challenging. Nev-
ertheless, photomixer technology can be employed in hybrid
systems for access points by taking advantage of their wide
bandwidth. This type of photonic emitter has previously been
used for the 300 GHz region [9], employing a combination
with electronic in-phase and quadrature (IQ) receivers.

Presented here is the characterization of a hybrid optical
and RF sub-THz over-the-air (OTA) system. This character-
ization involved separate studies on different aspects of the
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setup. We characterised different sub-THz frequencies within
the WR03 band using quadrature phase shift keying (QPSK).
The study also involvedmeasuring the error vector magnitude
(EVM) and the received signal strength. A p-i-n photodiode
(PIN-PD) emitter was used to propagate the sub-THz signal.

First, the beam profile was investigated at three locations
on the beam path via the knife edge method using a pyro-
electric thin-film (PTF) detector placed at the receiver’s focal
point. We sampled the beam by translating a metal blade
perpendicular to the beam axis in linear incremental steps.

It is important to investigate the beam profile to map
the signal distribution along the beam path and determine
if frequency selection influences the signal profile that the
emitter radiates and if it affects the aligned beam. For systems
potentially employing diffraction optics in the beam path,
this is crucial. Parabolic mirrors were used to collimate the
emitted beam and achieved the desired transmission distance
of 6 meters. The radiation pattern of PIN-PD emitters and
different antenna designs internal to the emitters have been
investigated in [10], [11], and [12].

Next, we examined the influence of the choice of laser
source wavelength on the received signal. This is because the
signal strength and stability of a laser can differ [13], creating
changes in the transmitter and receiver signal strength and
data reception. Different optical frequencies in a 2.5 THz
range were measured. Frequency changes in the carrier and
modulated signals propagating through different components
can influence the down-converted signal and change the out-
put signal and beam profile of the emitter [14].
Then, we examined frequency hopping and its influence on

the stability of data transmission in the measurement setup.
The effect of the stability and frequency hopping of the laser
on the received signal was examined by calculating the inter-
mediate frequency (IF) offset slope over time and the
influence of the frequency offset on the recovery of the
received signal. A frequency offset estimation step was also
required to aid digital signal processing (DSP). Cost-effective
semiconductor lasers are used in a variety of applications.
Some suffer frommode hopping, the effect of which has been
reported in [15].
We then examined the influence of the external bias voltage

of the emitter on the propagated signal and if the bias voltage
would linearly affect the received signal at three selected
voltages. The output current flowing through the emitter’s
antenna can be controlled by the PD bias voltage. The PD bias
determines how a device responds to an optical signal; such as
whether the output current is linear with the bias voltage. The
output power of a PIN-PD at different DC biases is found in
literature, and has been measured at frequencies of 100 GHz
to 700 GHz [12].

The complex baseband signal was then analysed using a
systematic DSP procedure containing an adaptive equaliser to
provide a suboptimal blind equalisation of time variants of the
channel driven by the constant-modulus algorithm (CMA).

The technique was devised by Godard in 1980 [16] and
is considered one of the most commonly used equalisation
methods. We also discuss the synchronisation of the local
oscillator (LO) at the receiver with the transmitted signal
using the algorithm described in [17].

We then investigated 16-quadrature amplitude modulation
(16-QAM) in terms of the optimum amount of optical power
to be fed to the emitter, the share of power required from
the modulator, and the carrier optical branches required to
achieve an optimised 16-QAM signal reception. The QPSK
modulation that we used earlier was not suitable for this
investigation. The 16-QAM has three IQ levels which makes
it easier to monitor the influence of the optical power change
on the modulated magnitude. The sub-THz frequency was
measured at 260 GHz. The optical modulation branch greatly
influenced the linearity of the received symbols in the con-
stellationmapping which, in turn, directly affected the quality
of the received signal. For 16-QAM, a fast Fourier transform
(FFT)-based estimation algorithmwas employed to search for
the frequency offset [18].
Real data transmissions test the stability of a system and

compare its ability to modulate different types of data points
with that of pseudo-random sequences (PRBS). We thus
conclude our measurement testbed characterisation with an
image transmission demonstration. In this study, we achieved
an error-free data reception in the measurement path via
QPSK modulation at 25 Gbit/s centred at 260 GHz, a mod-
ulated optical frequency of 194.75 THz, and an emitter DC
bias of −1V.
The study in this paper focused on the 6G candidate

frequency band, which falls within the WR03 waveguide
range, from 252.72 GHz to 321.84 GHz, and investigated
the influence of data transmission performance and mea-
surement setup parameters on the received signal. This band
has received considerable research attention recently as its
atmospheric transmission window is around 300 GHz [19].
Frequencies up to 322 GHz have already been standardised
by the IEEE 802.15.3d [20].
The IEEE802.15.3d standard allows different channel sizes

to be used for different applications [5]. Figure 1 presents the
channel allocation of different channel bandwidths accord-
ing to the IEEE 802.15.3d, showing the frequency bands
that this study tested at different modulations. The chosen
frequencies correspond to the mid-WR03 waveguide band,
which is favourable to achieving the best performance from
the waveguide components at the receiver. The QPSK inves-
tigation of this present study closely intersects with IEEE
802.15.3d channels 57 to 60. At the same time, the 16-QAM
investigation lies between channels 49 and 50. The selected
measurement bandwidth and centre frequencies correspond
to the optimal settings required, based on the modulation
and the different hardware used in the measurement setup,
which were validated by the image transmission setup around
the 260 GHz frequency band.
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FIGURE 1. Channel allocation proposed by the IEEE 802.15.3d and the frequencies investigated in this present study.

FIGURE 2. Measurement setup. (a) A photograph of the setup, showing the transmission path; (b) the OSA trace of the two optical frequencies; and
(c) QPSK constellation received over 6m transmission after DSP.

II. MEASUREMENT SETUP
As seen in Figure 2, the measurement setup depicts a
single-channel heterodyne photonic-based THz link. The sig-
nal generation comprised two continuous waves distributed
feedback (CW-DFB) tuneable laser sources, with wave-
lengths of 1526.05 nm and 1549.75 nm, using a matrIQ-
Laser 1000 SeriesTM laser source, which offers a linewidth
of 100 kHz and tunability resolution of 0.01 pm. The optical
frequency separation between the two lasers generated an
OTA transmitted THz signal at fTHz = |f1 − f2|, where f1
and f2, are the optical frequencies of the tuneable lasers.
The fTHz was selected between 0.24 THz to 0.3 THz to fit
within the WR3.4 receiver band. Figure 2 (a) shows a photo-
graph of the measurement setup and the transmission path.

Figure 2 (b) shows the two optical frequencies measured
using an optical spectrum analyser (OSA) while Figure 2 (c)
shows the error-free QPSK constellation diagram at
25.6 Gbit/s.

One laser was the optical carrier while the other was
modulated with the IQ orthogonal components of a complex
signal generated by a Coherent Solutions IQTransmitter-FDP
Complex Modulation TransmitterTM.

The modulator amplified the electrically separated I and
Q components of the signal, that had been generated using
a Keysight M8194ATM 120 GSa/s arbitrary waveform gen-
erator (AWG); the digitally generated signals were mapped
to their oversampled symbols before they were loaded in the
AWG.
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FIGURE 3. DSP blocks used to demodulate the received signals.

The IQ output signals of the AWG were then fed to drive
the optical IQmodulator, which converted the data to the opti-
cal domain using internal Mach-Zehnder-Modulator (MZM)
structures.

The two optical signals were fibre-coupled by a 50%
optical coupler prior to launching into a TOPTICA Pho-
tonics™ PCA-FD-1550-100-TX-3TM InGaAs PIN-PD pho-
tomixer. The two lasers were photomixed and the sub-THz
signal was emitted via an internal bow-tie antenna mounted
on a hyper-hemispherical silicon lens to produce a beam with
15◦ full-width half maximum divergence and output power
of around 0 dBm for the selected 0.3 THz frequency band,
achieving a dynamic range of 90 dB at 100 GHz and 70 dB
at 500 GHz, [21].
The THz waveform can be expressed as [22]:

YTHz (t) = ηA1A2 [I cos (ωTHzt + θTHz)

+Q sin (ωTHzt + θTHz)] (1)

where η is the optical mixer conversion efficiency, which
includes the influence of the applied DC bias; A1 and A2
are the optical amplitudes of the carrier and modulated IQ
waveforms, respectively; and ωTHz and θTHz are the angular
frequency and phase of the generated THz signal, which is the
difference between the two optical frequencies. This trans-
mission scheme provided accurate and undistorted frequency
conversion of the modulated waveforms, from the optical to
the THz range. The signal received at the THz frequency
passed through a bandpass filter imposed by the emitter and
the receiving waveguide operational range, preventing the
image frequencies from accompanying the received signal.

Sub-THz signal transmissions are presumably LoS (line of
sight) and require beam directionality towards the receiver.
To avoid beam divergence and the associated propagational
losses, the transmitted signal was collimated using four
parabolic mirrors aligned through two folds of 3 meters to
achieve a total distance of 6 meters. A 25 dBi WR3.4 horn
antennawas placed at the receiver end and connected to aVDI
WR3.4MixAMCTM, sub-harmonic mixer (SHM), to detect

the received sub-THz signal. The SHM had an IF output
bandwidth of 40 GHz and was driven by a 12-time frequency
multiplied electrical LO signal. The received waveforms
passed through the receiver horn antenna and propagated
through the receiving circuit waveguide.

An external synthesizer was used as an LO source. The
resulting mid-band IF frequency was within the mid fre-
quency range of the receiving oscilloscope, which can be
expressed as:

YIF = AIF [I cos (ωIF t + θIF ) + Q sin (ωIF t + θIF )] (2)

where AIF , ωIF , θIF are the amplitude, the angular frequency,
and the phase of the IF received waveform, respectively.
The recorded waveforms were then prepared for DSP anal-
ysis using MATLAB Communications Toolbox™at different
demodulation steps to reconstruct the signal received in its
original symbols.

III. DIGITAL SIGNAL PROCESSING
Figure 3 shows the block diagram that was used to process
the received signal and extract the constellation points onto
their mapped positions. After the signal was captured using
the oscilloscope at a sampling frequency close to the one used
to generate the signal, the recorded block was demodulated
and digitally down-converted using a digital LO frequency
that matched the IF received to reach the baseband, with the
IQ components extracted from the received vector. The digital
down-conversion of the received signal can be expressed as:

YBB,IQ
(
nTp

)
= YIF

(
cos

(
ωIF

(
nTp

))
− sin

(
ωIF

(
nTp

)))
(3)

where n is the sample number of N recorded samples and Tp
is the sampling period of the digital waveform.

The signal was then down-sampled and digitally lowpass
filtered and normalised:

YDS,IQ(nTp) = ⟨YBB,IQ(nTp)⟩ ∗ IL (4)

where (∗) is the convolution between the filtered IQ wave-
form and the downsampling IL unity vector, and L is the
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FIGURE 4. A diagram of the CMA equalisation block.

downsampling factor. The angle brackets represent the digital
lowpass filter.

The complex baseband signal was then fed into the CMA
equaliser, which is well known for its lower computational
complexity compared to other equalisers that require training.

The CMA equaliser minimises the dispersion of the output
around a circular contour. The sum of the output weights of
the delay line is multiplied by the input symbols and adapts
its filter coefficients at each symbol to minimise the symbol
position to its circular contour [23]. Figure 4 depicts the
equalisation steps.

The equalised symbols were then analysed to identify
the frequency offset and characterise the sweeping time of
the frequency shift at different measurement recordings and
within a single measurement record. An FFT-based estima-
tion algorithm was used to determine the frequency offset
[18]. The Y1f search conducted using a periodogram of the
mth power of the received signal and is given as:

Y1f =
fsamp
N .m

argmax f

∣∣∣∣∣
N−1∑
n=0

YmCMA(n)e
−j2πnt/N

∣∣∣∣∣ (5)

and
(
−
Rsym
2 ≤ f ≤

Rsym
2

)
should be satisfied, where m is the

modulation order, and Rsym is the symbol rate. The basic
principle is to search for the frequency, which yields the mth
power of the time average of the received signal correspond-
ing to periodogram maximisation. A recording time sliding
window was also used to calculate the frequency offset shift
within the recorded waveforms based on the received signal
EVM. Frequency offset correction is essential for optical
systems to compensate for the IF frequency offset caused by
the frequency hopping that occurs when using free-running
DFB laser sources.

The phase error was calculated using the phase error detect-
ing block, where both phases were subtracted using a closed
loop (Figure 5) that uses the PLL-based algorithm described
in [24]. This yielded the corrected phase offset for the input
signal:

Yϕ = Y1f eiλn (6)

FIGURE 5. The process of the carrier phase recovery.

FIGURE 6. The knife edge positions examined along the measurement
path.

where λn is the output of the direct digital
synthesis (DDS).

IV. BEAM PROFILE
The beam profile was highly relevant to this measurement as
no other beamforming was used at the emitter’s output or at
the receiver’s horn antenna. It was also important because it
impacts the energy density. Figure 6 shows the beam profile
measurement locations P1, P2, and P3, on the beam path
using the knife edge method. This was accomplished by
translating a rectangular blade across the sub-THz beam so as
to block increasing fractions of the wavefront, and measuring
the power received from the PD using a PTF detector placed
at the receiver’s focal point, connected to a lock-in amplifier.

The collimated beam profiles measured at P1 and P3 on the
measurement path were, respectively, 1.5 m and 4.5 m from
the PD emitter. Figure 7 (a) shows the power of the beam
spot and the error function fit. The intensity values were
then derived from their knife edge positions to calculate the
Gaussian distribution of the beam profile as first derivative,
as shown in Figure 7 (b), where both tested locations exhib-
ited similar beam intensities and profiles, confirming that the
beam was well collimated.
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FIGURE 7. The knife edge profile of the PIN-PD collimated path
at 260 GHz, optical modulator at 194.75 THz, and bias at −1.5 V. The
(a) error function and (b) the derivative and curve fitting.

Beam profile measurements were conducted around the
focal point at P2. The sub-THz frequencies were tested
between 240 GHz and 300 GHz at 20 GHz intervals. The
beam profile showed that the power intensity changes from
one frequency to another showing its dependance on the
measured frequency. The beam profile yielded the highest
intensity at a frequency of 260 GHz. Figure 8 (a) shows a
sharper drop in power of the beam spot as the focused beam
region was affected by the blade displacement. Figure 8 (b)
shows the derivative of the measured intensities representing
the Gausian distribution of the power profile for the measured
sub-THz frequencies.

V. RESULTS AND DISCUSSION
A. QPSK MEASUREMENT
A 29 PRBS signal at 12.8 GBaud generated by the IQ AWG
output channels at a sampling frequency of 100 Gsa/s, was
used for the QPSK measurement. The generated waveform
had a raised cosine (RC) pulse-shaping filter with a 0.35 roll-
off factor. The IQ baseband signal was then fed to the
optical modulator at 500 mV from each of the I and Q
channels, producing an optical output power of 3 mW of the
modulated waveform coupled with 16 mW from the optical
carrier fed to the THz emitter. The down- converter’s LO
frequency was set between 21.345 GHz and 26.345 GHz to
obtain a received IF frequency of 16.5 GHz, depending on
the sub-THz frequency transmitted. The received waveforms
were recorded using a Keysight-UXR0334ATM real-time
oscilloscope (RTO) 128 GSa/s, where the received signal

FIGURE 8. The knife edge profile at P2 (a) beam spot size and
(b) derivative obtained using the knife edge.

containing 2.56 MSa was split into 160 kSa windows for
demodulation analysis.

Additional optical amplifiers were not used at the two
optical branches feeding the optical photomixer. The aim
was to characterise this setup’s measurement parameters and
their influence on the received signal quality in terms of the
received signal strength and EVM.

Choosing an optical excitation wavelength in the c-band
(1530 nm to 1565 nm) facilitated the optimisation of the
optical frequency of the setup components, including the
DFB laser source, optical modulator, and PD. This opti-
misation would provide the necessary signal improvement
for the best signal reception in terms of signal strength
and EVM.

The influence of optical frequency on the received sig-
nal was measured by tuning a range of optical frequencies
used at the optically modulated branch; specifically, from
193.75 THz to 196.25 THz, at 0.5 THz steps.

The optical carrier frequency was varied to achieve
the optically mixed sub-THz band between 240 GHz and
300 GHz at 5 GHz intervals. Figure 9 depicts the perfor-
mance of the received signal in terms of the signal strength
and EVM of the sub-THz frequencies generated using dif-
ferent optical frequency combinations. The peak-to-peak
root-mean-square (rms) voltage of the received time-domain
signal influenced the optical frequency selection and affected
all the sub-THz frequencies. The highest received signal was
achieved at 194.75 THz while the lowest was at 196.25 THz,
creating a band difference of approximately 0.4 mV.
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FIGURE 9. The effect of optical frequency on the EVM and strength of the received signal.

FIGURE 10. The optical frequency vs. the combined root-mean-square
(rms) EVM and Vrms.

The EVM reflected this difference less systematically. The
best optical frequency performance overlapped depending on
the measured sub-THz frequency. Figure 10 shows the mean
of the combined sub-THz frequencies for each of the tested
optical frequencies. The optical frequency at 194.75 THz
outperformed the other frequencies in terms of the strength
and EVM of the received signal while the 196.25 THz fre-
quency yielded the weakest signal. However, the 195.75 THz
frequency yielded the worst EVM for most of the tested
sub-THz frequencies, especially in the lower frequency
band.

Different factors affect the stability of propagating sig-
nal transmission wavelengths in terms of optical signal
generation. Heating and cooling during transmission create
instantaneous responses in thermally-tuned laser sources,

FIGURE 11. Persistent display using the VSA software used by
Keysight-UXR0334ATM RTO of the IF down-converted signal around
16.5 GHz, showing the frequency hopping of a single frequency generated
by the photomixed lasers.

generating modulation that oscillates around the desired
wavelength, which translates to frequency hopping.

The frequency of the present setup drifted by 170 MHz
around the down-converted IF. Figure 11 shows a persistent
display using PathWave Vector Signal Analysis (VSA) Soft-
ware, by Keysight’s RTO. In this figure, we monitored the
frequency hopping effect originated from the laser sources
by testing a CW signal down-converted to around the desired
16.5 GHz. Independently from the frequency hopping, all the
sub-THz signals had an offset of 360 MHz off the required
THz, due to the laser tuning error, which translates to 30 MHz
for the applied LO after down-conversion. This offset was
compensated at the down-converter to reach the desired
16.5 GHz IF.

The frequency hopping will randomly drift our down-
converted modulated signal with a frequency offset, which
will be different from one signal recording to another.
To be able to perform a proper characterisation for our
measurement parameters, we investigated frequency hop-
ping influence on the received waveforms. Figure 12 depicts
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FIGURE 12. A 10 MHz resolution IF step search vs. EVM for down-converted sub-THz waveforms.

FIGURE 13. The recorded waveform vs. the IF offset slope at 1kHz resolution at down-conversions of 240 GHz and 270 GHz.

the effect of hopping frequency, where a range of sub-THz
recorded signals were presented in terms of the EVM at
different IFs. The IF offset ranged from 16.39 to 16.52 GHz.
A 10 MHz frequency resolution was selected for the EVM
calculation. As seen in the figure, 270 GHz is highlighted
as an illustrative example. The 270 GHz down-converted
IF waveform centred at 16.45 GHz with an off-centre con-
stellations of 20 MHz steps. The EVM reading decreased
from 21.22%, where the offset was resolved, compared to
23.57 %, 30.52 %, 40.53 %, and 46.36 % for the off-centre
frequency offsets between 20 and 80MHz. To be able to track
the frequency hopping drift and the change in drift amount
over time, from one measured signal to another, a 20 µs of
continuous data samples were recorded for each parameter
tested in our measurement setup. An investigation of the
linear sliding window of 1.25 µs was conducted to determine
the extent of frequency drift during recording and to calculate

the frequency hopping speed and variation of the frequency
shift over the recorded duration.

Figure 13 shows the resolved IF frequency of successive
25-time windows of 1.25 µs shifted by 0.78 µs steps to cover
the total waveform recording length of 20 µs. The IF was
resolved based on the lowest EVM achieved at 1 kHz fre-
quency resolution. Two down-converted frequencies of 270
and 240 GHz were tested and exhibited similar frequency
slopes. Both frequencies yielded a total shift of approximately
4 MHz represented by a linear frequency hopping slope of
200 kHz/µs.

The next investigation pertained to the bias DC voltage of
the sub-THz emitter. Three reverse-biased voltages, −0.6 V,
−1 V, and −1.5 V, were tested for their influence on the
received signal strength and EVM.

The DC bias directly affects the output current of the emit-
ter and influences the PD response time, which is important
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FIGURE 14. The DC Bias vs. Combined RMS EVM and Vrms.

FIGURE 15. The DC Bias vs. Sub-THz frequencies mean in terms of EVM
and received signal Vrms.

for modulated optical signals and short pulse applications.
As seen in Figure 14, a DC bias of −1 V outperformed
voltages of−0.6 V and−1.5 V in terms of EVMand received
signal strength. The −1 V bias offered the lowest EVM for
most of the tested frequencies and the highest received signal
strength for all the sub-THz frequencies under test. Figure 15
depicts the mean calculation of the measured frequencies for
rms voltage and of the EVM, where the −1 V bias was the
best selection for lowest EVM and highest Vrms.
The delay tap selection of the CMA equaliser was exam-

ined to improve EVM. A range of taps, between 3 − 50,
were selected and the EVM output of the entire range of the
sub-THz band of interest was calculated.

As seen in Figure 16, the delay tap selection plays an
important role for EVM calculation. This was clear as some
frequencies are more affected by the tap selection than
others, making the mid-band frequency have lower EVM
than the band edges. Figure 16 shows how the number of

FIGURE 16. CMA equalization number of taps influence on EVM at
different sub-THz frequencies.

taps influenced three frequencies of 255 GHz, 275 GHz,
and 295 GHz. The frequencies of 255 GHz and the 275 GHz
start around the same EVMposition of 22.8% at Tap 3, yet the
two frequencies start to diverge with a difference of around
3% at tap number 20. The equalization delay tap of 20 was
selected for our measurement analysis where all the tested
frequencies showed convergence to a stable EVMbefore their
EVM rises again with the adaptation taps increase.

B. 16-QAM MEASUREMENT
Some key changes were made to the 16-QAM measure-
ment setup compared to the QPSK measurement setup.
This included the addition of erbium-doped fibre amplifier
(EDFA), an optical attenuator, and an optical bandpass fil-
ter (OBPF) after the output signal of the optical modulator.
This change enabled more flexibility in terms of the signal
strength produced by the optical modulator branch, which
suited the power investigation requirement of this study and
enabled the 16-QAM signal to be successfully recovered. The
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FIGURE 17. The combinations of optical power vs. EVM.

FIGURE 18. The Optical power vs. received signal strength.

waveforms at the receiver side were recorded using a Tek-
tronix™ DPO72304DX – 100 GSa/s. 2 MSa were recorded
for each of the investigated waveforms with three repetitions.
The generated waveforms were characterised as 25 Gbit/s,
6.25 GHz bandwidth, pulse shaped with RC filter, and
0.35 roll-off factor. The optical frequencies selected for this
measurement were 194.75 THz and 194.49 THz, represent-
ing the modulated and the carrier frequencies, respectively,
forming a propagating 260 GHz OTA modulated signal. The
demodulation steps investigated different time widows of
640 kSa sliding at 10 KSa along the whole recording.

The measurement involved determining the optimal
amount of optical power to be fed to the emitter and the
power share required from the modulated and the carrier
optical branches. Figure 17 shows different sets of optical
power selections between 10 mWand 25 mWat balanced and
unbalanced power combinations. The power values shown
were the contributions of the optical modulator versus optical
carrier power to the final optical power fed to the emitter.
These power levels were essential to guarantee separation

between the constellation power levels, especially the outer
constellation rings as discussed below.

As seen Figure 17, the 16-QAM constellation points suf-
fered from the effects of noise due to weak signal strength at
10 mW and 12 mW. The EVM began to improve at 15 mW
at both combinations of optical power, especially at 5 mW
(modulated) and 10 mW (carrier). The figure also shows the
three repeated analyses of each setting as error bars. As seen,
increasing the modulator’s power to more than 5 mW caused
an increase in the EVM due to the nonlinearity affecting
the transmitted waveform. This was visible at the differ-
ent 20 mW power combinations, where the 5 mW − 15 mW
range shows a 5% difference in EVM compared to the
10 mW − 10 mW combination. Furthermore, increasing the
optical carrier power to 15 mW reduced EVM even
further.

Figure 18 depicts the relation between the total optical
power and the received rms voltage. As seen, increasing the
linear voltage caused an increase in the optical power at a
slope of 0.52 mV/mW. Furthermore, unlike EVM, different
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FIGURE 19. The IQ Amplitude vs. density distribution at different combinations of optical power.

FIGURE 20. The transmitted image and the image transmission measurement setup.
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FIGURE 21. The RMS EVM of the received image packets.

power combinations provided a similar level of received rms
voltage.

The optical power combination of the IQ amplitude and the
probability density estimate of the 16-QAM signal have been
examined in Figure 19. The probability density estimate indi-
cates the optical power needed to reach the expected symbol
probability at each constellation amplitude level. The lowest
and highest levels for the PRBS 16-QAM modulated signal
should possess similar symbol probabilities that represent the
four constellation points at each level. As seen, at power com-
binations of 5 mW − 5 mW and 5 mW − 10 mW, increasing
the optical carrier power branch to 15 mW affected the bal-
ance of the two levels.

On the other hand, increasing the modulated optical
power to 10 mW affected the IQ amplitude represented
by the amplitude levels of the 16-QAM constellation
points.

As seen in Figure 19, the outer points of a 16-QAM con-
stellation are more affected than the inner constellation points
by nonlinearities in IQ amplitude induced by the influence of
over scaling caused by reaching the PD’s non-linear region.
The best separation between the outer levels was achieved at
power combinations of 5mW – 10mW and 5mW – 15 mW.

The 10 mW – 10 mW and 10 mW – 15 mW power
combinations suffered a shifted IQ amplitude. The symbol’s
amplitude in the received constellation diagram shows that
symbols mapped at the inner constellation levels shifted more
than the outer level, causing the outer IQ levels to merge.

C. IMAGE TRANSMISSION
Figure 20 depicts the measurement setup used to test the
image transmission. The image had to be sampled to its digital
bits and mapped to IQ symbols to perform this task. A QPSK
modulation at 12.5 Gbaud and centered at 260 GHz with a
modulated optical frequency of 194.75 THz and an emitter’s
DC bias of −1 V was used for the measurement.
To work around the memory limitations of the AWG, the

transmission symbols were divided into 24 packets contain-
ing 55296 IQ symbols oversampled by a factor of eight,

carrying 442368 samples equally in each packet. The selected
number of samples was less than the maximum 524288 sam-
ples that the AWG can transmit at a time. It also contained a
3456-multiplication factor of the 128 samples that the AWG
requires to saturate the transmission bus feed with samples
for each channel used. Otherwise, padding or truncating
needs to be applied. Figure 21 depicts the packet reception
EVM percentage, where no errors were detected. The EVM
fluctuations depended on the binary representation of each
segmented packet and the 0 and 1 distributions in each mea-
sured packet. The more bits distribution achieved the better
stability the optical modulator’s amplifier would have, and
the lower the EVM percentage is achieved for the received
packet. The received bits were identical to the transmitted bits
for all the 24 packets of the image data transmitted over 6 m,
demonstrating error-free transmission at 260 GHz, which is a
frequency of interest for 6G research.

VI. CONCLUSION
This study set up and tested a single-channel heterodyne
photonic-based sub-THz link using four parabolic mirrors
aligned in two folds of 3m− distance to achieve a total dis-
tance of 6m. Several parameters were investigated to improve
and optimise data transmission and to yield optimal signal
transmission.

The investigation involved different sub-THz frequencies
within the WR03 band.

For the QPSK measurement setup, the investigated fre-
quencies showed a deviation in EVM and received signal
strength, providing the best performance between 255 to
270 GHz. The tested optical frequencies gave the best per-
formance at 194.75 THz. Three emitter bias voltages were
investigated and showed a clear improvement in rms voltage
of the received signal and rms EVM percentage at -1 V
compared to −0.6 and −1.5 V.

The frequency hopping from laser sources caused a back-
and-forth frequency drift of 170 MHz. The drift investigated
for different measurement recordings and along a single
measurement of 20µs showed the possibility of detecting
a 200 kHz/µs frequency change using EVM readings as a
reference.

A 16-QAM measurement was performed to examine the
effect of the optical power of the two optical branches on
the received constellation diagram. The 5 mW 10 mW and
5 mW 15 mWpower combinations performed best compared
to other power combinations we tested.

An error-free image transmission was achieved by con-
verting the image data into 24 packets containing 55296 IQ
symbols oversampled by a factor of eight and carrying
442368 samples in each packet equally.
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