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It is expected that 6G communication technology will achieve a peak data rate capability of 1 Tbit/s. One way of reaching this goal is to employ THz frequencies for carrying wireless signals. THz frequencies have large continuous bandwidths which allow for high data rate signals. In order to support the development of THz communications and accompanying technologies, a 6G THz Communications Testbed has been set-up at the National Physical Laboratory. In this paper, the best signal performance for a variety of different baud rates and modulation schemes is explored for both a direct connection between the waveform generator and measuring oscilloscope and for several different Over-The-Air (OTA) path lengths up to 4 m specular Non-Line-of-Sight. For the direct connection, signals of up to 210 Gbit/s were achieved and data rates of up to 150 Gbit/s were achieved for OTA transmission.
Keywords: Terahertz, 6G, wireless communication, THz communication, THz testbed
INTRODUCTION
Sixth Generation (6G) mobile communication technology (Alraih et al., 2022; Monserrat et al., 2020; Chowdhury et al., 2020) is expected to support applications and use cases such as virtual reality (Fantacci and Picano, 2021), holographic calling (Shi et al., 2023) and autonomous vehicles [(He et al., 2021), (Azari et al., 2022)], all of which require the use of high data rate signals not supported by 5G. In fact, peak data rate is anticipated to increase from the 5G maximum of approximately 10 Gbit/s to 1 Tbit/s in 6G (Banafaa et al., 2023). One way of realizing this data rate increase, particularly for short range applications, is to use THz frequencies for communication signaling (Jiang et al., 2024). THz frequencies have the advantage of having large continuous bandwidths which allow for high data rate transmission (Elayan et al., 2020) and, for frequencies between 0.1–0.5 THz, atmospheric absorption is relatively low making THz wireless communication possible (Taleb et al., 2023).
Though THz frequencies are capable of supporting very high data rate signals, communication technologies at these frequencies have several important challenges to overcome in order to be commercially viable. These include the low-power of available sources (Rikkinen et al., 2020), low energy-efficiency (Halbauer and Wild, 2021) and price point of commercially available technology. Furthermore, as THz radiation can be blocked by obstacles such as buildings and people, beamforming and beam-steering solutions (Xue et al., 2024) are also required to support most THz communication use cases.
To support the continued development of THz communication technologies, a 6G THz Communication Testbed functioning within the 220–330 GHz band has been developed at the National Physical Laboratory (NPL). The purpose of this testbed is to provide a flexible, high-specification environment on which to test THz communication devices and accessories. The testbed has the advantage of a specular Non-Line-of-Sight (NLoS) wireless path which allows for greater flexibility in positioning test artifacts that reflect the beam. In this paper, the testbed set-up is presented, and its performance is characterized.
MATERIALS AND METHODS
The testbed
The 6G THz Communication Testbed is shown in Figure 1. The THz wireless signal is generated in the up-converter (Virginia Diodes, Model: CCU) by mixing a carrier frequency between 220–330 GHz and a modulated waveform created by the Arbitrary Waveform Generator (Keysight, Model: M9502A) with a bandwidth of up to 30 GBd. The carrier frequency is produced by multiplying by 12 a local oscillator signal produced by an Analog Signal Generator (Keysight, Model: E8257D) fed to the up-converter. The modulated waveform is formulated using the IQ tools software. For the characterization measurements presented in this paper, a carrier frequency of 300 GHz has been used. This was produced using a 6 dBm, 25 GHz local oscillator signal from the Analog Signal Generator.
[image: Figure 1]FIGURE 1 | (A) The 6G THz Communication Testbed, (B) Schematic of the testbed with all constituent parts and connections labelled.
Once mixed, the THz signal is sent out Over-The-Air (OTA) via a diagonal horn antenna. The divergent OTA signal is collimated using a PTFE lens (Thorlabs) and then reflected off two plane mirrors before being focused by a second lens onto a down-converter (Virginia Diodes, Model: SAX) that acts as a receiver. The down-converter removes the carrier frequency using the same local oscillator signal sent to the up-converter as a reference, keeping synchronization between the two. The remaining modulated signal is sent on to the oscilloscope (Keysight, Model: UXR0704A), passing through a 25 dB amplifier (SHF Communication Technologies, Model: SHF S824 A). From the oscilloscope, the waveform data is sent to the Keysight VSA software (Keysight Technologies, 2000-2024) which demodulates the signal to retrieve the data and provide signal performance metrics such as Error Vector Magnitude (EVM) and Signal-to-Noise Ratio (SNR). The oscilloscope and Arbitrary Waveform Generator (AWG) are locked using an RF synthesizer which receives a 10 MHz reference signal from the oscilloscope and produces a 285 MHz clock signal for the AWG.
Waveform correction
As the THz signal travels through cables, equipment and OTA, it can undergo distortion due to non-ideal channel responses. This causes additional degradation in the demodulated signal that can lead to higher EVM values and lower SNR. Using the VSA software, it is possible to create a pre-distortion for the modulated waveform to correct for these non-ideal channel responses.
The correction process can be triggered using the so-called “calibration” function in the IQ tools software. First, an undistorted version of the desired THz signal is sent around the beam path. The signal is then demodulated by the VSA software which uses an adaptive Finite Impulse Response (FIR), feed-forward equalization filter compensating linear distortion from the signal. The equalization filter runs until the user confirms that the best possible convergence has been reached. In practice, this is determined through closely monitoring the EVM value produced by the VSA software for its optimum value. This can take from around 20 s to several minutes depending on the signal bandwidth and beam path length. At this stage IQ Tools reads the filter coefficients carrying channel and hardware impairments from VSA software, then applies a corresponding correction to the original waveform.
An example of this correction process, performed on a 5GBd QPSK signal over a 3 m OTA beam path, is shown in Figure 2. The EVM of the uncorrected constellation diagram (Figure 2A) was 13.5%, after running the calibration procedure and applying the generated correction files (Figures 2B, C) the EVM of the resulting signal was reduced to 4.4%.
[image: Figure 2]FIGURE 2 | (A) Shows the constellation plot for a 5GBd QPSK signal over a 3 m beam path before any correction is applied. A calibration has been performed and the (B) real and (C) imaginary parts of the generated correction file are shown. (D) Shows the constellation diagram for the 5GBd signal after the correction file has been applied.
When aiming to produce a signal with a higher-spectrally efficient modulation scheme such as QAM-64, a QPSK signal of the same baud rate is used to create the initial correction file. This allows for higher-spectrally efficient signals to be demodulated when a recognizable constellation diagram would otherwise not be achieved. In high baud rate instances where a QPSK constellation diagram is not retrievable before calibration, the correction file from a lower baud rate signal may be applied first and the calibration function can then be used to adjust the correction file to improve the higher baud rate signal.
The correction files generated during this calibration process may be stored for reuse. However, at these frequencies and bandwidths even minor changes to the set-up or environment can significantly alter linear distortions, typically requiring re-calibration.
RESULTS AND DISCUSSION
In order to understand how the various elements of the testbed affect the signal performance, the EVM values of a variety of modulation scheme and baud rate signals have been measured for different testbed configurations. First, the simplest variation of the testbed is studied by directly connecting the AWG, which produces the modulated waveform, to the oscilloscope, which measures it. This represents the best possible performance of the testbed before OTA elements are introduced, adding additional noise and distortion to the signal. Following this, the best EVM performance is shown for a very short OTA path where the transmitter and receiver have been positioned just a few cm’s away from each other. This performance shows the best achievable OTA performance before any optics, atmospheric absorption or diffuse reflections can result in path loss and a subsequent degradation to the signal. Finally, specular NLoS beam paths of 3 m and 4 m length are investigated. These longer beam paths contain lenses and plane mirrors to reflect the signal which can cause power loss via Fresnel reflections, diffuse reflections and misalignment. Furthermore, comparing the 3 m and 4 m paths, which differ only in the distance between the plane mirrors and lenses, gives insight into the realistic effect of atmospheric absorption and misalignment/propagation losses over realistic distances for many short range THz communication applications.
Arbitrary Waveform Generator to oscilloscope
As mentioned in the previous section on waveform correction, cables, equipment and the OTA beam path can all introduce distortions to the waveform that result in a worsening of the EVM/SNR performance of the signal. This ultimately leads to a limitation in the signal baud rate and modulation scheme that can be successfully demodulated. In order to understand the maximum performance capability of the testbed, the AWG was directly connected to the oscilloscope. In this case, only one cable and the intrinsic performance of the AWG and oscilloscope themselves can affect the signal performance. Figure 3 below shows the EVM and SNR performance for various baud rate signals utilizing six different modulation schemes: QPSK, QAM-16, QAM-32, QAM-64, QAM-128 and QAM-256. The figure shows the EVM performance with waveform correction applied.
[image: Figure 3]FIGURE 3 | Shows (A) the EVM and (B) the SNR performance of various baud rate signals sent directly from the AWG to the oscilloscope for various modulation schemes. The EVM and SNR values shown are an average of 5 recorded values and the associated error bars indicate the standard deviation of the values.
Figure 3A shows the EVM performance for the different modulation schemes. Each modulation scheme shows an increase in EVM and a decrease in SNR for increasing baud rate. This is due to increased noise produced by the testbed hardware as it is required to cope with a larger frequency range for higher baud rate symbols. As these results were produced via a direct connection between the AWG and the oscilloscope this additional distortion only has three possible sources: the AWG, the cable to the oscilloscope and the oscilloscope.
For the square modulation schemes (modulation scheme shapes can be seen in Figure 4) QPSK, QAM-16, QAM-32 and QAM-64, the EVM value of the signals reduces with increasing spectral-efficiency until a baud rate of 20 GBd is reached. This is as expected as the space between the symbols within the constellation diagrams becomes smaller with increasing spectral-efficiency, and therefore require better EVM performance to resolve the individual symbols. At 20 GBd, the QAM-256 signal crosses the QAM-64 and then crosses the QAM-16 performance just after 27 GBd. This is due to the demodulated QAM-256 signal becoming unstable, with the live constellation diagram occasionally collapsing. This is also evidenced by the larger errors in the EVM values for QAM-256 after 20 GBd. The non-square modulation schemes, QAM-32 and QAM-128, had better EVM performance than the square ones. As with the other modulation formats, the more spectrally-efficient modulation scheme, QAM-128, has a better EVM performance until the 30 GBd signal where QAM-128 also begins to suffer from instability within the constellation diagram.
[image: Figure 4]FIGURE 4 | Constellation diagrams for various baud rates and modulation schemes signals after waveform correction has been applied and sent directly from the AWG to the oscilloscope.
The SNR performance shown in Figure 3B shows similar values for all modulation schemes, apart from QPSK, until 20 GBd when the QAM-256 modulation scheme begins to degrade at a faster rate compared to the others. QAM-128 also shows a worse performance at 30 GBd compared to the others. This is consistent with the onset of the observed instability in the demodulated constellation diagram. That no other modulation scheme shows evidence of this instability indicates that successfully demodulated signals at even higher baud rates should be possible with all other schemes. No higher baud rate signals have been investigated here as the testbed up- and down-converters have a 30 GHz bandwidth.
For all modulation schemes the signal performance begins to degrade at a faster rate after 25 GBd. This is due to hardware limitations in the set-up. The oscilloscope has a per-channel bandwidth of 70 GHz and so is not expected to have a degradation in performance at 25 GHz so this is likely due to the performance of the cable or connectors.
The constellation diagrams for several of the baud rates in Figure 3 are shown in Figure 4. It can be seen from Figure 4 that the symbols within all constellation diagrams are separated from one another with the exception of the 30 GBd QAM-128 and 20 GBd and 30 GBd QAM-256 diagrams. This is consistent with the increase in EVM/decrease in SNR seen for these signals in Figure 3. As the baud rates increase, the symbol spot size increases and undergoes distortion from the original square shape shown in the 3GBd constellation diagrams.
Over-the-air signal performance
It is expected that the addition of cables, up- and down-converters, OTA beam path elements and amplifier to the path between the AWG-generated waveform and the oscilloscope will increase the distortion and noise present in the received signal. As a result the EVM performance of the same signals will degrade significantly. To explore the effect of these additional sources of noise and distortion, the EVM of the demodulated signal has also been measured for a variety of data rates and modulation schemes over different beam path lengths. The best performance for an Over-The-Air signal has been measured for the QAM-64 modulation scheme when the signal and receiver are face-to-face approximately 3.5 cm apart. The results of these measurements are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Shows the EVM values for various data rates with the transmitter and receiver ∼3.5 cm apart (black line) and for the AWG connected directly to the oscilloscope (red line) using QAM-64 modulation. The EVM values shown are an average of 5 recorded values.
The maximum data rate achieved with these OTA measurements was 150 Gbit/s using a baud rate of 25 GBd. The EVM achieved for a data rate of 120 Gbit/s, the data rate required to run a 100 Gbit/s signal with error correction, was approximately 5.5%. This is a significant increase from the 2.1% EVM value for a QAM-64, 120 Gbit/s signal sent directly from the AWG to the oscilloscope. Due to the number of potential noises sources that have been added to the system for this measurement compared to the direct AWG to oscilloscope connection, a large increase in EVM is to be expected. In particular, the cabling used within the set up may be contributing a lot of distortion–particularly at these very high baud rates. As we have no reflections in the beam path and it is not sufficiently long enough for much power to have been lost to atmospheric absorption or free space propagation, this represents the best OTA signal performance currently achievable with the testbed. It is therefore expected that increasing the beam path and adding specular NLoS elements such as plane mirrors will result in further increasing the EVM of the signal.
The best achievable signals were also measured for a 3 m beam path with signals using QPSK, QAM-16, QAM-32 and QAM-64 modulation schemes. The results of these measurements are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Shows the average EVM values for different data rates and modulation schemes over a 3 m beam path. Error bars show the standard deviation of the 5 measured EVM values.
The EVM values shown in Figure 6 are an average of 5 recorded values, error bars are shown on the graph to indicate the standard deviation of these measurements. The graph shows that, in general, the higher the modulation scheme used, the lower the EVM value observed for any given data rate. However, the QAM-32 and QAM-64 measurements cross and overlap at both the highest and lowest data rates. It should be noted that at the high data rates, the standard deviation of the EVM measurements is larger for QAM-64 than for QAM-32, whereas at the lowest board rates the QAM-32 EVM becomes lower. The crossing at the highest baud rates can be explained by the constellation diagram of QAM-64 beginning to become unstable as was observed for the QAM-128 and QAM-256 signals in the AWG-to-oscilloscope direct connection measurements. It is interesting to note that in the direct connection measurements the QAM-32 EVM was consistently lower than that of the QAM-64 signal however this doesn’t seem to hold true of the OTA measurements. As with the direct connection measurements, the difference in the performance between the QAM-32 and QAM-64 signals with similar EVM values becomes obvious when looking at the constellation diagrams produced by the VSA software. A selection of which are shown in Figure 7 for three different baud rates and QAM-32 and -64 modulation schemes.
[image: Figure 7]FIGURE 7 | Shows constellation diagrams for 4 different baud rates: 5 GBd, 11 GBd, 17 GBd and 20 GBd, for QAM-32 and QAM-64 modulation schemes for signals transmitted around a 3 m OTA beam path.
From Figure 6, it can be seen that the EVM values for 102 Gbit/s using QAM-64 and 100 Gbit/s using QAM-32 are similar, 6.6% and 6.5%, respectively. Figure 7 shows the constellation diagrams for these two signals, 20 GBd for QAM-32 and 17 GBd for QAM-64. Whilst the points within the QAM-32 constellation plot are largely separated from one another, the QAM-64 plot shows many areas of overlap and distortion. This shows that the EVM value alone is not a sufficient indicator of signal performance to distinguish between data rates achieved using different combinations of baud rate and modulation scheme. However, crossings of the EVM vs. baud rate graph can be indicative of the constellation diagram for one modulation scheme beginning to become unstable.
All signals measured in Figures 6, 7 have been corrected by performing a calibration using the VSA software on the QPSK signal for every baud rate used. These correction files generated from these calibrations which were then applied to the waveform being transmitted. The real and imaginary parts of those correction files are shown in Figures 8A, B.
[image: Figure 8]FIGURE 8 | Shows the (A) real and (B) imaginary parts of the correction files applied to the different baud rate signals transmitted around a 3 m OTA beam path.
The correction is applied across the frequencies used within the signal with the 20 GBd signal having the largest range, between 3–23 GHz, with a central frequency of 13 GHz. In general, the correction becomes more significant the higher the baud rate used. The correction shows large changes at the edge of the spectrum as baud rate increases where frequencies that were not previously included in the signal bandwidth must now be included in the correction. Furthermore, whilst the shape of the correction for the central frequencies remains relatively constant for the different baud rate files, the magnitude of this correction increases for increasing baud rates. This indicates that more pre-distortion of the waveform must be applied to create a flat spectrum response in the received signal.
QAM-64 signals have also been compared for 3 m and 4 m beam paths. The results of this are shown in Figure 9. The EVM values for the 4 m beam path are consistently higher than those for 3 m for the same data rate. This is to be expected as signal power is likely reduced over the longer beam path so the signal-to-noise on the received signal will be reduced. The degradation in signal performance is particularly noticeable at higher data rates. It should be noted that the 3 m QAM-64 performance shown here has been studied in further detail in a previous work (Fatadin et al., 2024) and, at the time of publication, constitutes the highest data rate performance over this length of beam path for this type of electronics-based THz generation (Rodriguez-Vazquez et al., 2019; Lai et al., 2021; Abdo et al., 2021; Hamada et al., 2020).
[image: Figure 9]FIGURE 9 | Shows the average EVM value for different data rate QAM 64 signals over a 3 m and 4 m beam path. The standard deviations of the recorded EVM values are shown as error bars for each point.
The standard deviations of the EVM values shown in Figure 9 are also greater for the 4 m beam path data at higher data rates. This is indicative of an unstable constellation diagram and the constellation diagram inserts shown in Figure 9 support this.
Power measurements
A significant factor in the signal performance degradation as the beam path becomes longer is likely to be loss of signal around the beam path. Measurements of both the power emitted from the up-converter and received by the down-converter have been taken. These measurements have been performed for both corrected and un-corrected signals around the 3 m OTA beam path to demonstrate the effect of the pre-correction files on the signal power.
The power of the signal emitted from the up-converter has been measured and is shown in Figure 10A. A calibrated SLT (Sensor-und Laser Technik 10 HS) THz pyroelectric detector was used to measure the power, and this was positioned a few mm’s directly in front of the up-converter antenna aperture. A chopper was placed between the antenna and detector to apply a 25 Hz modulation to the signal in order for the detector to function. The power was measured using a lock-in amplifier (Signal Recovery, Model: 7265).
[image: Figure 10]FIGURE 10 | (A) Shows the measured power output from the transmitter in mV for the different Baud rates used with and without the correction file applied. (B) Shows the power loss in dB over the 3 m beam path measured at the receiver for the different Baud rates used with and without correction.
As can be seen from Figure 10A, the signal power when no correction file is applied remains somewhat constant for all baud rates ranging from around 17–17.5 mV. When the correction file is applied the signal power drops approximately linearly with the baud rate. This is likely due to the corrections required by the higher baud rates being more extreme than those required by the lower baud rates.
The power at the receiver position was also measured by moving the receiver back and placing the pyroelectric detector in the receiver position, in the focus of the beam after the PTFE lens. The power lost over the beam path for the different baud rates is shown in Figure 10B. As with the measurements in Figure 10A, the power loss when no correction is applied remains relatively constant at around 5.4 dB. Contributing factors to this power loss may include misalignment of the optics within the beam path, imperfect collimation of the beam by the PTFE lenses, diffuse reflections at the plane mirrors caused by dust or small scratches and the size of the focus spot compared to the receiver antenna opening. In order to understand the significance of these losses, an ideal version of the testbed can be considered where all transmitted power is collimated by the first lens, perfectly reflected by the plane mirrors and focused by the second lens into the receiver antenna. There would still be power loss due to atmospheric absorption (0.015 dB for 300 GHz at 3 m), Fresnel reflections from the PTFE lenses (approximately 0.14 dB per lens) and a small loss from the skin depth of the plane mirrors (less than 0.04 dB per mirror). In total, these contributions lead to a 0.375 dB loss of power around the 3 m ideal beam path, meaning that the imperfections to the beam path discussed above account for around 5 dB of the 5.4 dB loss.
When the correction file is applied, less of the transmitted power is received at higher baud rates, although in this case, the trend is non-linear. It is expected that most of the power lost along the beam path is lost when reflecting the beam off the flat mirrors.
SUMMARY
In this paper, a 6G THz Communication Testbed has been presented and characterized. The best signal performance for different modulation schemes has been explored for both a direct connection between the AWG and oscilloscope and for an OTA signal travelling over several different path lengths. For the direct connection measurements, stable constellation diagrams at a baud rate of 30 GBd were achieved for QPSK, QAM-16, QAM-32 and QAM-64 modulation schemes with a maximum data rate of 180 Gbit/s for the QAM-64 signal. An unstable but recognizable constellation diagram was also achieved for QAM-128 at 30 GBd producing a 210 Gbit/s signal. For the OTA measurements, the highest data rate signals achieved at each path length were 150 Gbit/s, 120 Gbit/s and 102 Gbit/s for 3.5 cm, 3 m and 4 m beam paths, respectively In each of these cases QAM-64 was used as the signal modulation scheme. Investigating the signal quality of beam paths longer than 4 m was not possible as the path length of the testbed is currently limited to the length of the optical table. Increasing the maximum length of the beam path would greatly benefit the testbed as most THz communication applications would require a distance of >10 m. Future development of the testbed will include multiple reflections to increase the effective beam path length the signal travels.
During these investigations, the power loss over the 3 m beam path was investigated and found to be approximately 5.4 dB for uncorrected waveforms. For waveforms where a pre-correction file has been applied, the power loss was greater and increased with increasing baud rate. A significant contributor to this power loss is the use of the plane mirrors for reflecting the light. Lower power loss could be achieved through the use of parabolic mirrors in the plane mirror position to collect the light from the transmission arm and ensure it is well collimated before being sent to the receiver lens. Plans are in place to position permanent parabolic mirrors at the end of the optical table to provide a consistent, ‘best performance’ beam path whilst the plane mirrors will continue to be used for rapid path length variation. Another way of reducing power loss and improving the flexibility of the testbed would be to enable point-to-point links by increase the distance that the transmitter and receiver can operate when in the face-to-face position. This is currently limited by the lengths of the cables which do not allow for the transmitter and receiver to move far away from one another.
At the time of this paper, the testbed is set up for producing THz signals through electronic generation techniques like those used for RF and microwave frequencies. Many THz communication devices currently being developed with both industry and academia produce THz signals through “photonic generation”[(Nellen et al., 2022), (Ding et al., 2023), (Deumer et al., 2024)]. In these cases, a gain medium is pumped by two laser beams slightly offset in frequency by the THz frequency to be generated. Creating a THz signal using this kind of device requires tunable lasers, an optical modulator and various laser/optical fibre components such as optical amplifiers, optical attenuators and polarization controllers. A second arm to the testbed has been planned to produce photonically generated THz signals in order to cater for the testing of these devices.
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