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6G research is in its very early stages. The vision for what the International Telecommunication Union 
calls Network 2030 is still taking shape. While the industry is years away from starting the standards 
development process, sub-terahertz (sub-THz) territory is the focus of active research. Achieving 
high throughput performance in sub-THz (100–300 GHz) or THz (300 GHz–3 THz) spectrum involves 
extreme modulation bandwidths. 

Researchers require a flexible and scalable testbed to gain insight into their designs’ performance 
while 6G evolves. Keysight’s white paper “A New Sub-Terahertz Testbed for 6G Research” introduced 
a testbed for the D (110–170 GHz) and G bands (140–220 GHz) to measure waveform quality through 
error vector magnitude (EVM) measurements, with modulation bandwidths of up to 10 GHz occupied 
bandwidth. High-performance multichannel equipment and hardware, combined with flexible signal 
generation and analysis software, enables the evaluation of candidate waveforms for 6G. Sub-THz 
frequencies present many unknowns. Determining the level of EVM system performance possible in 
these new frequency bands and extreme modulation bandwidths is a key area of research. Channel 
characteristics are another unknown.

Reaching data rates of 100 Gb/s or higher can require using high symbol rates with wide modulation 
bandwidths, possibly up to 10 GHz of occupied bandwidth. These bandwidths introduce significant 
linear amplitude and phase impairments that come from the radio hardware and the channel. 
Receiver baseband algorithms such as adaptive equalizers can mitigate these impairments. In 
addition, you may want to use multiple-input / multiple-output (MIMO) to exploit the channel and 
simultaneously transmit and receive multiple independent data streams for higher throughput. 
Transmitting several data streams requires new spatial encoding and decoding algorithms in addition 
to multiple hardware channels at sub-THz frequencies. Lastly, the industry is also considering 
advanced capabilities such as 6G cognitive radio. These capabilities require research for dynamic 
whitespace sensing algorithms and coexistence between multiple users of shared spectrum. 

Testing baseband algorithms at sub-THz frequencies in a controlled lab environment enables you to 
evaluate many scenarios in a repeatable and controlled manner so you can identify, diagnose, and 
debug potential issues cost-effectively before field deployment. 

This white paper explains how to use Keysight’s sub-THz testbed to perform 6G channel sounding 
research with wide bandwidths at D-band. The testbed uses channel sounding signal generation and 
analysis software with the same hardware setup used for waveform quality EVM measurements, to 
demonstrate how you can address different research areas with the same system. Receiver systems 
often use baseband functionality to mitigate channel impairments. This white paper demonstrates 
how you can customize the field-programmable gate arrays (FPGAs) of the testbed receiver to 
evaluate real-time baseband algorithms during the transmission of a wide bandwidth signal across an 
over-the-air (OTA) channel. 
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This paper further shows how to customize the testbed receiver to implement a real-time adaptive 
equalizer and a bit error rate (BER) measurement. However, the customization approach goes 
beyond this application, enabling other FPGA implementations for 6G sub-THz research and testing.

Channel Sounding Using a Sub-THz 
Testbed
Channel sounding is the process of measuring the response of a channel to an impulse. If the 
channel is linear and time-invariant, you can predict the response to any signal input into the 
channel. The system computes the response to each impulse in the input signal and adds the output 
responses together to get the total output response to the signal. This process is called convolution.

The channel sounding procedure includes three key steps:

1. send a known signal into the channel

2. capture the signal after the channel

3. compute the channel response by comparing the transmitted signal with the received signal

Figure 1 shows a free-space environment that contains several reflective objects. When an antenna 
transmits a channel sounding signal into this environment, the acquisition hardware captures the 
signal power that reaches the receive antenna. You can analyze the signal power using channel 
sounding software. 

Channel

Signal generation

PathWave N7608C
Signal Generation

Custom modulation software

Signal analysis

PathWave Vector
Signal Analysis (VSA)

Signal analysis software

Generation
hardware

Acquisition
hardware

Figure 1. Channel sounding procedure
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6G channel sounding setup overview

Figure 2. D-band channel sounding setup

Figure 2 shows a channel sounding configuration for D-band. This testbed can also perform EVM 
measurements at D-band and G-band. Keysight’s PathWave Signal Generation custom modulation software 
generates the channel sounding signal, while Keysight’s PathWave Vector Signal Analysis (VSA) software 
analyzes the signal. The software runs in the AXIe embedded controller PC, Keysight’s M8195A 65 GSa/s 
arbitrary waveform generator (AWG). The following are steps to set up the testbed and signal flow process:

1. Use PathWave Signal Generation software to generate and download the channel sounding signal to 
the M8195A 65 GSa/s AWG to create the modulated intermediate frequency (IF) signal at 6 GHz.

2. Upconvert the 6 GHz IF to 144 GHz using a Virginia Diodes Inc. (VDI)1 compact D-band upconverter to 
enable the next step. 

3. Transmit the channel sounding signal to the chamber with reflectors (channel) using a transmit horn 
antenna. A receive horn antenna receives the channel sounding signal.

4. Downconvert the received channel sounding signal to an IF using a VDI compact D-band downconverter.

5. Capture and digitize the IF signal using Keysight’s UXR multichannel high-performance oscilloscope.

6. Acquire the data with PathWave VSA software from the UXR multichannel high-performance 
oscilloscope to perform channel sounding analysis on the digitized IF signal.

A single Keysight E8267D PSG vector signal generator with a power splitter provides a low phase 
noise local oscillator (LO) for the VDI upconverter and downconverter. You can use a separate signal 
generator if the converters need to be further apart to sound the channel.

 5

http://www.keysight.com


Inside the chamber 

Horn antennas with a 9- to 10-degree beamwidth transmit and receive the channel sounding signal 
over the air. Reflectors placed in the chamber illustrate the effect of multipath in Figure 3. Laser 
pointers mounted on top of the VDI converters help direct the beams toward the reflectors. 

Reflector

Reflector

RxTx

Reflector

Reflector

1 m

2 m

Tx Rx

Figure 3. Inside a chamber with reflectors (left) and top-down view (right) 

The two reflectors in the RF chamber represent the channel. The testbed equipment and Tx and Rx 
antennas sit on a table in front of the chamber. In the top-down view, the grey rectangle represents 
the table, and the red boxes represent the instruments on the table. The reflectors are approximately 
1 meter and 2 meters away from the Tx and Rx antennas. During the sounding signal transmission, 
the Rx antenna sees two main reflections of the transmitted signal, separated in time.
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6G channel sounding measurements

To configure the N7608C PathWave Signal Generation custom modulation software (Figure 4), 
select Shortcut by Modulation > Channel Sounding, and then select a sequence length (number of 
symbols) and symbol rate. Leave the other parameters at the default value.

Figure 4. N7608C PathWave Signal Generation custom modulation software channel sounding settings

After configuring the parameters, the testbed generates the channel sounding signal and downloads 
it to the M8195A 65 GSa/s AWG. Figure 5 shows the channel sounding measurement at 144 GHz.

Figure 5. PathWave VSA channel sounding measurement at 144 GHz
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You can see the spectrum of the acquired data before any sounding measurements at the top left of 
the screen and the channel sounding measurement metrics at the bottom left. The spectrum helps 
verify that the signal is present. The metrics provide information on impairments that might impact 
the measurements of the channel. 

You can see the frequency domain (top) and the time domain (bottom) plots of the channel response 
on the right side. The trace of most interest is the impulse response, the bottom trace. This trace 
shows the reflections of the impulse sent into the channel at various delays. This information 
includes their location in time, amplitude, and phase relative to the measurement carrier if you set 
the trace format to show the phase. The peak occurs at time = 0, in the center of the trace. 

In this particular measurement, there are two paths close in amplitude and several smaller peaks. The 
amplitudes of the two paths are similar but not the same. Since the reflectors are made of the same 
material, the amplitude difference is due to free space loss or beam misalignment. The amplitude 
difference could be greater if one reflector’s material was made of glass, wood, or drywall.

Delta marker measurement

A delta marker measurement helps to measure the time difference between two peaks. Figure 6 
provides a close-up view of the delta marker measurement at 7 ns (upper right of impulse response 
measurement). Electromagnetic waves travel at approximately 300 million meters per second in the 
air, translating into approximately 3.33 ns per meter. The path difference between the two reflectors 
is approximately 2 meters, translating into approximately 6.7 ns between the paths. This time 
difference correlates to the 7 ns measured with the delta marker measurement.

The smaller peaks are likely reflections from the instruments and room walls. As the signal continues 
bouncing around the room, the power decreases and tapers off into the noise floor, as you can see 
in the trace.

Figure 6. Close-up of PathWave VSA delta 
marker measurement
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Channel response measurements

The main peak is approximately 45 dB above the noise floor. Some of the noise includes Gaussian 
noise that is uncorrelated across time. You can average multiple channel response measurements, 
and the uncorrelated part of the power will average towards zero (vector averaging). You can acquire 
more repetitions of the sounding signal by increasing the number of repeats and average them when 
computing the sounding response. The measurement time increases, but the measurement is more 
sensitive to symbol clock errors. You can use this approach to extract the signal out of the noise if 
the measurement is having difficulty synchronizing with fewer repetitions.

Another way to perform averaging is to average after computing the channel response (Figure 
7). Select MeasSetup > Average > RMS Video (Exponential) and set the default type to RMS. This 
method uses RMS averaging for some of the VSA results and vector averaging for the channel 
response traces. After vector averaging, the main peak is approximately 70 dB above the noise floor, 
which is an improvement of 25 dB.

Figure 7. PathWave VSA results after vector averaging

This channel sounding solution supports multiple receive channels so that you can measure relative 
differences in channel responses. This measurement is helpful when antennas point in different 
directions or have different polarizations. 
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Customizing the Sub-THz Testbed 
Receiver FPGAs
Figure 8 shows a modified version of the sub-THz testbed using a Keysight M8131A AXIe digitizer 
instead of a UXR multichannel high-performance oscilloscope. You can use the Keysight M8132A 
640 Gb/s digital signal processing (DSP) module to customize the FPGA of the testbed receiver. The 
M8132A 640 Gb/s DSP module connects to the M8131A AXIe digitizer using Optical Data Interface 
(ODI) links.

Figure 8. Equipment setup to customize the FPGA of the sub-THz testbed receiver 
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Testbed overview

A multichannel Keysight M8195A 65 GSa/s AWG generates wide-bandwidth modulated IF signals. 
The M8195A 65 GSa/s AWG has an analog bandwidth of 25 GHz, but it usually generates an IF of 
4 to 6 GHz for this application. These IF frequencies are high enough to filter the undesired image 
product after upconversion to the sub-terahertz frequency band. The frequency is also low enough 
to achieve optimal EVM performance from the oversampling processing gain from the M8195A’s 65 
GSa/s AWG sampling rate. 

Compact VDI D-band or G-band upconverters convert the 4 to 6 GHz IF, dependent on modulation 
bandwidth, from the M8195A 65 GSa/s AWG to the desired sub-THz frequency band. These 
upconverters use a 6x multiplication factor for the LO frequency. A Keysight E8267D PSG vector 
signal generator with Option UNY provides a low-phase-noise LO for the VDI upconverter. 

On the receive side, the compact VDI downconverter converts the signal to a 4 to 6 GHz IF. An 
M8131A 32 GSa/s streaming digitizer digitizes the signal. Depending on the sampling rate, one or two 
ODI ports pass the digitized data to the M8132A 640 Gb/s DSP module. Using an M8131A 32 GSa/s 
digitizer in the 16 GSa/s mode requires one ODI port while the 32 GSa/s mode requires two. Each 
ODI port operates at 14.1 Gbps to handle the full sample rate of the M8131A 32 GSa/s digitizer module 
(M8131A requires a throughput of 16 GSa/s x 10 bit = 160 Gbps, the ODI link provides 12 lanes x 14.1 
Gbps = 169 Gbps). 

You can use additional M8132A 640 Gb/s DSP modules in series and in parallel, but each hop over 
an ODI interface add a small first in, first out (FIFO) delay on either end. Each M8132A 640 Gb/s 
DSP module contains two Xilinx VU9P FPGAs that you can customize with user-specific hardware 
description language (HDL) code and the PathWave FPGA programming environment. Figure 9 
shows the high-level block diagram of the system.
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M8195A
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signal generation
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ODI optical
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M8131A M8132A

Figure 9. High-level block diagram of sub-THz testbed

PathWave System Design software generates and downloads the 6 GHz IF waveform to the M8195A 
65 GSa/s AWG. A VDI D-band upconverter upconverts the IF to 144 GHz using a Keysight PSG signal 
generator LO. A horn antenna transmits the 144-GHz signal over the air across the channel. Another 
horn antenna receives the signal. A PSG signal generator LO downconverts the signal back to a 
6-GHz IF. 

A 32 GSa/a M8131A digitizes the 6-GHz IF and transmits the digitized samples to the M8132A DSP 
module via ODI optical links. The real-time equalizer runs in the M8132A 640 Gb/s DSP module that 
transfers the equalized IQ data and equalizer coefficients to a host PC via direct memory access 
(DMA) for post-processing. The 6G software built using PathWave Test Automation displays the data.

 12

http://www.keysight.com


DSP module overview

An M8132A 640 Gb/s DSP module features two Xilinx VU9P FPGAs (Figure 10). The data streams from 
the M8131A digitizer to the M8132A 32 GSa/s digitizer DSP module via ODI optical links after real-time 
processing occurs in the two FPGAs. The equalizer design for the 8-GHz symbol rate implementation 
is split between the two FPGAs. The first FPGA (FPGA A) contains the downconverter, trigger, and 
root-raised cosine (RRC) filter decimation blocks. The second FPGA (FPGA B) contains the equalizer 
and BER blocks.

Figure 10. Block diagram of M8132A DSP module
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FPGA customization of testbed receiver

Figure 11 provides a more detailed block diagram of the FPGA customization of the sub-THz 
testbed receiver.
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Figure 11. Detailed block diagram of the FPGA customization for the sub-THz testbed receiver

The red box represents the FPGA customization in the M8132A 640 Gb/s DSP module implemented with 
PathWave FPGA. An FPGA LO block downconverts the IF from 6 GHz to a complex baseband. A magnitude 
trigger provides coarse time-alignment of the receive waveform with the reference waveform from 
the M8195A 65 GSa/s AWG, which acts as the reference in the equalization process. A sample shift 
block refines the time alignment and further aligns the receive waveform with the reference waveform 
after magnitude triggering. After triggering and alignment, an RRC filter decimates the signal by a factor 
of four down to the symbol rate for equalization. The equalizer has 20 parallel finite impulse response 
(FIR) filters with a least mean square (LMS) adaptive update algorithm. The equalized IQ symbols are then 
sent to the host PC via DMA. An FPGA BER block calculates the uncoded BER by recovering bits from 
the equalized IQ symbols and comparing them to reference bits from the reference symbols. The 20 FIR 
coefficients from the LMS adaptive update algorithm are also sent to the host PC via DMA.

The green box represents the PathWave Test Automation control and software visualizer that displays 
the IQ constellation, BER versus time, and equalizer frequency response after performing a fast Fourier 
transform (FFT) algorithm to convert the FIR time domain coefficients to the frequency domain.
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Measurement examples

Figure 12 shows the OTA measurements at 144 GHz using the custom real-time FPGA equalizer 
implementation at an 8 GHz symbol rate.

Figure 12. OTA measurements at 144 GHz using the custom real-time FPGA equalizer implementation, 8 GHz symbol rate

The complex equalizer response in the top trace shows the magnitude versus frequency 
measurement. The blue trace comes from the first time the equalizer runs during initialization at a 
high signal-to-noise ratio (SNR), so it is static. The red trace represents the current complex equalizer 
response, so it is dynamic and responds to the channel conditions as they change. The constellation 
plot displaying I versus Q appears in the bottom right trace. The BER percentage versus time 
measurement appears in the bottom left trace. 

If these measurements were live with a time-variant channel, you would see the complex equalizer response, 
IQ constellation, and BER versus time measurement changing depending on the channel response. 

A control panel provides real-time control between the user interface and the test program during the 
test run. Numerical controls for the test program’s external settings and event buttons enable specific 
actions while running the test program. For example, you can reset the equalizer coefficients and BER 
measurements and hold and restart the equalizer coefficients if needed.
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Summary
6G research requires channel sounding at sub-THz frequency bands to determine channel 
propagation characteristics. Key metrics include EVM, BER, and data throughput to achieve 
individual rates of 100 Gb/s. Wide modulation bandwidths of up to 10 GHz occupied bandwidth 
introduce significant linear amplitude and phase impairments from both the radio hardware and the 
channel. You can mitigate these impairments with receiver baseband algorithms to optimize data 
throughput and minimize BER. 

In addition to measuring waveform quality (EVM), Keysight’s Sub-THz Testbed can also perform 
channel sounding using channel sounding signal generation and analysis software. You can also add 
a DSP module to customize the testbed receiver with custom / proprietary algorithms. The example 
featured in this paper is that of a real-time adaptive equalizer and BER, but the approach enables 
other FPGA implementations for 6G research and testing.
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