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1. Introduction
[bookmark: _Hlk510705081]The Next G Alliance (NGA) is an organization in North America with a goal of advancing the evolution of 5G and early 6G technologies [2].  In early 2023, the NGA’s 6G National Roadmap Working Group (6G NRWG) created a “small group” working on the advancement of modeling for Joint Communication and Sensing (JCAS). The goal of the JCAS small group is to share channel measurements related to communication and sensing, and further conduct analysis of the measurements to develop a comprehensive model for communications and sensing. These findings are intended to assist the evolution of 5G and early 6G as a source of information for contributions to the international standards, such as the 3GPP and ITU, providing fundamental measurements and recommendations on the needed improvements to the existing channel models.
This contribution is provided by co-sourcing companies/institutions/universities participating in the JCAS small group.  The contribution outlines the completed and planned channel measurement campaigns being conducted by these cooperating companies. The contribution further identifies the opportunities for improving the channels models captured in TR 38.901 to help address future ISAC studies.
2. Discussion
Channel propagation models are defined by the properties of the link between a transmitter and receiver pair. The link properties, in turn, can be decomposed into the properties of the line-of-sight (LoS) propagation path and of the paths scattered by objects in the environment. For communications applications, it is the aggregate properties of the paths that matter to define key communications metrics such as large-scale and small-scale fading. For sensing applications, rather, it is the properties of the individual paths scattered from the target objects – in particular how they vary in a spatially and temporally consistent manner – that define the very radio-frequency signature that is used for sensing the targets. In light of this, to produce a channel propagation model for joint communications and sensing (JCAS) applications, we propose characterizing separate models for environment classes (urban, suburban, office, factory, etc.) and for target classes (humans, vehicles, UAVs, robots, etc.) for the following specific reasons:
· Whereas any realization of the JCAS channel will be defined by a single environment class, it will in general be defined by multiple target classes and separate realizations of each: e.g., urban environment plus three human targets plus two vehicle targets. As such, the JCAS channel can be represented most generally as a collection of paths generated from an environment model plus paths generated from target models. 
· The precision of channel sounders to characterize environments may not be sufficient to characterize targets, in reference to the wider bandwidths and narrow beamwidths to spatially resolve (in delay and angle respectively) multiple paths scattered from smaller targets, and in reference to high enough channel sample rate to characterize how the paths evolve over time.
· Scattering from targets that are small (e.g., humans, vehicles) with respect to environment objects (e.g., building facades, walls) will be weaker and so much more challenging to characterize together with environment objects.
· A wealth of models for many different environment classes at many different center frequencies that are independent of target models already exist and can be leveraged. 
· The link distances for certain sensing applications may be significantly shorter (< 1 m) than for communications applications and, in addition to bistatic configurations, channel models (including the environment itself as a target for sensing or as background clutter) will include the monostatic configuration.

3. Measurement Campaigns
The NGA JCAS Small Group have conducted and plan to conduct a set of measurement campaigns covering frequencies from 2.5 GHz through 140 GHz for both indoor (e.g., smart production lab, office with corridor, conference room, cafeteria, etc.) and outdoor (e.g., courtyard, etc.). These measurements are intended to provide a better empirical basis for 3GPP development of both sensing and communication propagation channels as part of their ongoing studies in Rel-19 [1],[3]. The complete list of completed measurements and planned measurements are captured in Table 1.
Table 1 List of NGA JCAS Small Group measurement campaigns.
	Source
	Measurement Type
	Scenario
	Frequency band
	Data Status

	Anritsu
	Environment
	Indoor-Smart Production Lab
	2.5-4.5, 12-14, 28-30 GHz
	Data available to NGA
Analysis by Nokia presented to NGA

	
	Environment
	Indoor-Office with Corridor
	8.4-10.4, 12.4-18, 26.5-40 GHz
	Data available to NGA

	
	Environment
	Outdoor-Courtyard
	2.5-4.5, 12-14, 28-30 GHz
	Data available to NGA

	
	Target
	Indoor and outdoor
	FR1, FR2, and 7-24 GHz, 70GHz-220 GHz
	Not Available yet

	AT&T
	Target (vehicle and pedestrian detection and tracking)
	Outdoor
	6.7 GHz 
	Analysis presented to NGA

	
	Target (vehicle and pedestrian detection and tracking)
	Outdoor
	28 GHz
	Not Available yet

	
	Environment
	Outdoor
	8GHz, 15GHz
	Not available yet

	
	Environment
	Indoor- office
	8GHz, 15GHz
	Not available yet

	Keysight
	Environment
	Material penetration loss measurements
	7 to 15 GHz, every 500MHz
	Data available to NGA

	
	Environment
	Indoor -Conference Room
	6.75-7.25, 10-10.5, 12.75-13.25 GHz
	Data available to NGA

	
	Environment
	Indoor-Cafeteria
	6.75-7.25, 10-10.5, 12.75-13.25 GHz
	Data available to NGA

	
	Environment
	Indoor-Factory floor
	6.75-7.25, 10-10.5, 12.75-13.25 GHz
	Data available to NGA

	
	Environment
	Outdoor Open courtyard
	6.75-7.25, 10-10.5, 12.75-13.25 GHz
	Not Available yet

	NIST
	Target (Human Hand Recognition)
	Indoor
	28 GHz
	Data available to NGA
Analysis and model presented to NGA

	
	Target (Pedestrian Walking)
	Indoor and Outdoor
	28 GHz
	Analysis presented to NGA

	
	Target (Finger Recognition)
	Indoor and Outdoor
	140 GHz
	Not Available yet

	
	Target (Vehicles)
	Indoor and Outdoor
	28 GHz 
	Not Available yet

	NYU WIRELESS & SHARP
	Environment
	Material Penetration Loss Measurements
	6.75 GHz and 16.95 GHz
	Not Available yet

	
	Environment
	Indoor - Office
	6.75 GHz and 16.95 GHz 
	Not Available yet

	
	Environment
	Indoor - Factory
	6.75 GHz and 16.95 GHz
	Not Available yet

	
	Environment
	Outdoor UMi Street Canyon/Open courtyard
	6.75 GHz and 16.95 GHz
	
Not Available yet

	NYU WIRELESS
	Environment
	Indoor
	6-9, 9-12, 12-18, 18-24 GHz
	  Not Available yet

	Nokia Bell Labs
	Environment (monostatic backscatter Clutter)
	Indoor
	28 GHz 
	Analysis and model presented to NGA

	Ericsson
	Target (Pedestrian Walking)
	Outdoor
	3.8 GHz
	Not Available yet



The Anritsu measurement campaigns were performed using a Vector Network Analyzer (VNA) based channel sounder.  A novel technique employed here was using a portable and distributed port VNA (ME7868A) to recover accurate path and phase information. Traditional VNAs have the transmitter (TX) and receiver (RX) combined in single unit and further have the need for running long RF coax cables from VNA ports to the antenna, thereby, inducing high transmission loss and phase incoherency. 
The Anritsu channel sounder consists of distributed VNA whereby TX and RX ports of the VNA can be separated up to 100s of meters and still have a high dynamic range. There is no down conversion needed and phase coherence and accurate magnitude is maintained over large distance, temperature, and movement. This setup provides absolute time of flight path delay information. The TX and RX ports can be separated by 100s of meters and because of its portability, the 2 parts of the VNA channel sounder can be separately mounted on movable robot as shown in Figure 1. 


[bookmark: _Ref163034857]Figure 1 The TX and the RX of the Anritsu sounder.
The VNA and cables are calibrated prior to the testing and link budget analysis performed. The antennas used were biconical and virtual antenna array on a uniform circular array. The virtual array can be formed by moving a single antenna to predefined spatial locations (i.e., virtual array element location) to record the Channel Frequency Response (CFR) for each spatial location sequentially. The CFR measurements were made back-to-back at same location across three different frequency bands without any software or hardware changes. This capability of not making any changes to the test setup resulted in minimum variation in environment and repeatable and accurate results. These measurements were performed at multiple TX and RX locations in different indoor, outdoor, and indoor-to-outdoor scenarios. Examples of channel impulse response and processed power angle delay profile are shown in Figure 2.

[image: ]
[bookmark: _Ref163034899]Figure 2 Examples of channel impulse response and processed power angle delay profile.
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[bookmark: _Ref162959915]Figure 3: AT&T's transmitter and receiver setup for sensing measurements.


AT&T’s measurement campaigns for ISAC object detection and tracking were conducted outdoors at AT&T’s Spectrum drive facility in Austin, TX. The measurements consisted of a fixed gNB and a mobile UE, as shown in Figure 3. A TX antenna and a RX antenna were mounted on the gNB. The targets used were a (i) a Ford Transit consumer vehicle and (ii) a pedestrian.  Both 28GHz and 6.7GHz frequencies were used with a signal bandwidth of 400MHz (SCS of 120 KHz) at each carrier frequency. The base station transmitter was mounted on a mast at a height of 10m, featuring (i) a 60 degrees HPBW horn antenna with an EIRP of 40 dBm/400MHz at 6.7GHz, and (ii) a 256-element phased array with a 60 degrees HPBW beam pattern at an EIRP of 45dBm/400MHz at 28GHz. The base station receiver, for mono-static based sensing is (i) a 2x4 panel (fully digital) with an 80 degrees HPBW per antenna element, at 6.7GHz and (ii) 256 element phased array with an 8 degrees HPBW per beam at 28GHz, beamsweeping is done with a 56-beam codebook swept in 2.5 ms (-30 degrees to 30 degrees azimuth and -30 degrees to 10 degrees in elevation). The mobile receiver, for bi-static sensing consists of (i) four 2x4 panels (fully digital panels) mounted on 4 corners of the van at a height of 0.5m, with a 80 degrees per element HPBW, (ii), 64 element phased array with a 15 degrees HPBW per beam at 28GHz, with beam sweeping done with a 28 beam codebook swept in 1.25ms (-26 degrees to 19 degrees azimuth and -26 degrees to 26 degrees elevation). 
For the experiments, the UE was parked at fixed location while targets roamed the test track. All nodes were precisely tracked and time-synchronized for the duration of the data collection. Complex channel impulse responses were collected continuously during the experiments. The target radar cross section model was derived based on large scale fading, assuming single point scattering. 
[image: A machine in a room

Description automatically generated]
[bookmark: _Ref162959891]Figure 4: AT&T's 15GHz transmitter and receiver setup for indoor communication measurements.
AT&T’s measurement campaigns for communications were conducted indoors in AT&T’s office building in Austin. AT&T is also in the process of conducting measurements for communications at multiple outdoor locations in Austin, TX. Channel sounding was conducted at 8 GHz and 15 GHz, indoors with a signal bandwidth of 400MHz (SCS of 120 KHz) at each carrier frequency. Similar bandwidths will be used for outdoor measurements.
The indoor measurements used a fixed transmitter, and a mobile receiver. The indoor channel sounding setup is depicted in Figure 4. The outdoor channel sounding setup will be similar to the ISAC setup depicted in Figure 3 (with radio heads operating at frequencies different from the ISAC measurements). The base station transmitter was mounted on a mast at a height of 2.7 m indoors, featuring wide beamwidth horn antennas at 8 GHz and 15 GHz with a variable (recorded) EIRP of up to 40dBm/400MHz at both frequencies. The indoor mobile receiver for communications measurements consists of four 64 element phased array with a 13 degrees HPBW per beam at 8 GHz and 15 GHz. The four arrays, were configured to each rapidly sweep through a codebook of 30 beams, resulting in an omnidirectional snapshot of the channel every 1.25 ms. An omnidirectional antenna was also mounted in the center of the phased arrays.
The Keysight measurement campaigns were performed using the channel sounding measurement personality in the 89600 Vector Signal Analyzer software. This measurement uses a wideband modulated waveform and creates a complex channel impulse response by correlating the received signal with the transmitted signal. The dynamic range of the measurement is enhanced by signal processing. Total processing gain in dB is 10*Log10(Sequence Length) + 10*Log10(Number of Averages). The time resolution of the channel impulse response is the 1/(2*Modulation Bandwidth). The time range of the impulse response is (Sequence Length) / (Modulation Bandwidth). The measurement campaigns in this project used a 500 MHz modulation bandwidth, a sequence length of 512 symbols and averaged over 10 repetitions of the waveform. 
The RF signal is generated using the M9484B Vector Signal Generator with an omnidirectional antenna.  The RF signal is measured using the UXR0225A Oscilloscope with a directional antenna.  The directional antenna is rotated, with measurements performed at each 1-degree increment in azimuth from 0 to 360 degrees and in 10-degree increments in elevation from -30 to +30 degrees.  The measurements are triggered to provide absolute propagation time values.  The system was calibrated by normalizing to the loss at 1 meter.  Measurements were performed with at center frequencies of 7.00 GHz, 10.25 GHz, and 13.00 GHz.
The channel impulse response from each measurement point is saved in a data file for model extraction and visualized in the VSA and test automation software as shown in the following figure:
[image: ]
Figure 5 Example channel impulse response from Keysight’s sounder.
Measurements from NIST were conducted using a context-aware channel sounder as shown in Figure 6. The RF system is used to extract channel paths from the measurements. The TX and RX ends of the system feature 28.5 GHz 8 x 8 phased-array boards of microstrip antennas spaced half-wavelength apart (see figure below). The TX features a single board only while the RX features four boards stacked in a skew tetromino configuration to increase angular resolution in both dimensions, forming a 256-element antenna array. The configuration was chosen to favor resolution in the azimuth (horizontal) domain over the elevation (vertical) domain while constrained by the connectors on one side of the boards. Extensive simulations were conducted to find the optimal configuration in terms of minimum beamwidth and maximum sidelobe suppression.
[image: ]
Figure 6 NIST measurement equipment.
To estimate the angle-of-arrival (AoA) of paths at the RX, we implement switched beamforming -- a technique we developed to overcome the hardware limitations of the boards -- instead of analog beamforming. That is, the channel impulse response (CIR) of each antenna is sampled by switching it on and off sequentially and then the CIRs are beamformed in postprocessing. The two major benefits of switched beamforming are near-ideal beam patterns and short channel sweep duration.  When applying a Kaiser taper window across the RX antennas in beamforming, the azimuth and elevation beamwidths are 3.7 degrees and 5.6 degrees respectively.
The 64 antennas at the TX are analog beamformed into a quasi-omnidirectional pattern with 90 degree azimuth and 50 degree elevation field-of-view (FoV), equivalent to the FoV of the individual microstrip antennas.  At the TX, the probing signal is a repeated M-ary pseudorandom (PN) sequence with 2047 chips; the chip duration is 0.5 ns, corresponding to a baseband signal bandwidth of 2 GHz.  The PN sequence is generated at baseband and modulated at an intermediate frequency (IF) of 4 GHz by an arbitrary waveform generator. The IF signal is fed to the TX antenna board and subsequently upconverted to precisely 28.5 GHz through an on-board mixer and radiated. An optical cable was used for phase synchronization between the TX and RX and for coordinated switching of the RX antennas at each repeated PN sequence at the TX. 
At the RX, the received signal at each antenna is downconverted back to IF and directly digitized at 16 Giga~samples/s. The digitized signal is then matched filtered with the known PN sequence to generate a complex channel impulse response (CIR) in delay. Predistortion filtering is employed to reduce the delay sidelobes of the matched filtered response to the PN sequence to 47 dB.  In postprocessing, the 256 CIRs of a single acquisition are beamformed every 1 degree within the FoV of the boards (4500 beams) and then synthesized through the SAGE super-resolution algorithm to extract individual paths.
The NYU WIRELESS and SHARP measurement campaign[footnoteRef:2] investigates radio propagation characteristics within the 7-24 GHz band. A 1 GHz wideband sliding correlation channel sounder is employed at two distinct frequencies: 6.75 GHz and 16.95 GHz. The system utilizes mechanically steered horn antennas with sub-degree accuracy for both TX and RX. These antennas offer switchable vertical and horizontal polarization through a 90-degree waveguide twist, enabling co- and cross-polarization measurements. The 6.75 GHz channel sounder features TX/RX antennas with a 30° half-power beamwidth (HPBW) and 15 dBi gain, capable of measuring path loss up to 155.6 dB. Similarly, the 16.95 GHz channel sounder utilizes TX/RX antennas with a 15° HPBW and 20 dBi gain, achieving a maximum measurable path loss of 159.24 dB. [2:  A collaborative effort between NYU WIRELESS and SHARP.] 

Measurements will be conducted across diverse environments: indoor office (InH), indoor factory (InF), and outdoor scenarios encompassing both street canyons (UMi) and open courtyards. For the InH scenario 20 TX-RX LOS/NLOS pairs will be measured at each frequency (6.75 GHz and 16.95 GHz) ranging over 17 m-97 m. In the InF scenario 12 TX-RX LOS/NLOS pairs will be measured at each frequency (6.75 GHz and 16.95 GHz) ranging over 13 m-35 m. In the UMi scenario 15 TX-RX LOS/NLOS pairs will be measured at each frequency (6.75 GHz and 16.95 GHz) ranging dover 45 m-1000m. The gathered data will be leveraged to extend the NYUSIM channel model and validate the 3GPP channel model for the 7-24 GHz band. Specifically, the validation will focus on path loss, material penetration loss, delay spread, and angular spread.

[image: ][image: ]
Figure 7 NYU WIRELESS and SHARP measurement campaign.

NYU WIRELESS is also planning to conduct indoor measurements at 6-24 GHz using the Pi-Radio 2-channel FR3[footnoteRef:3] platform.  The Pi-Radio FR3 platform provides fast frequency hopping enabling measurements at multiple bands near simultaneously. The multiple antennas will also enable digital angular localization of paths.   NYU has acquired licenses at multiple bands to conduct the measurements. Pi-Radio is also developing an 8-channel system which will provide higher angular resolution.  If funding is available, some experiments may be run on the 8-channel system. [3:  The “Pi-Radio 2-channel F3 platform” is a commercial name and it is acknowledged that “FR3” is not a defined 3GPP frequency designation.] 

Two experiments are being considered:

(1) An indoor set of measurements in the NYU building.  This area is a typical office with partitions and office furniture.  The campaign will sound the channel at approximately 25 TX-RX locations containing the double directional channel at each TX-RX pair.
(2) A wide aperture measurement.  In this case, the two antennas on the TX and RX will be placed on a linear track.  The channel will then be measured at multiple TX and RX locations on the track.
The basic components of the Pi-Radio upper mid-band SDR platform can be summarized as follows:
Quad-band antenna board: It consists of a miniature panel that supports 2 TX and 2 RX channels over the entire 6-24 GHz range. The band is divided into four bands 6-9, 9-12, 12-18 and 18-24 GHz.  Within each band, the arrays have 2 elements with separate feeds to provide support for up to 2x2 MIMO. Each channel connects to a 4x4 metasurface antenna, sized lambda/2 at each center frequency. Each channel can be switched across 4 such antennas: 6-9, 9-13, 13-18, or 18-24 GHz, with < 1us switching time. The gain per unit-cell is 5dBi. Importantly, these antennas provide 40% fractional bandwidth, which is key to enable wideband 6-24 GHz operations. In fact, regular microstrip-fed patch antennas provide only 2-3\% fractional bandwidth.
RF transceiver board: The antenna board mates with an RF transceiver board that performs the up and down-conversion to 2 TX and 2 RX IF streams. This two-stage up- and down-conversion is used to meet the out-of-band (OOB) and adjacent channel rejection ratio (ACLR) requirements and strict spectral masks. The transceiver board is built from commercial off-the-shelf (CoTS) parts. Importantly, LO inputs are included to tile the boards for higher array     counts and support wide aperture designs.
Digital baseband board: The FR3 front-end will be via SMA cables to an RFSoC 4x2 that will perform the digital processing for the channel sounding.  Channel sounding will be performed via a standard frequency-domain correlation with repeated wideband digital signal.
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Figure 8 Pi-Radio FR3 Transceiver board.
[image: A screenshot of a computer
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Figure 9 Pi-Radio FR3 Antenna board.

Nokia Bell Labs has collected monostatic backscatter from indoor clutter data at 28 GHz at 251 locations in 27 rooms of various size (offices, labs, gym, game room, cafeteria, etc.) from 3 buildings. Measured rooms included individual 9 m2 offices with wooden and steel furniture, 120 m2 electronic laboratories with steel furniture and steel equipment racks and 600 m2 cafeteria with metallized windows and wood furniture. A narrowband 28 GHz sounder used a quasi-monostatic radar arrangement with an omnidirectional transmit antenna illuminating an indoor scene and a spinning horn receive antenna displaced vertically (less than 1 m away) collecting backscattered power as a function of azimuth. Data collected is suitable for processing to formulate a statistical clutter backscatter model needed in evaluation of monostatic indoor sensing performance. Figure 8 shows the 28 GHz narrowband backscatter radar arrangement, with omnidirectional TX antenna on lower cart shelf illuminating the scene and a spinning horn receiver collecting backscatter power vs. azimuth on top cart shelf.  Figure 9 shows the sample measured backscattered power ratio vs. azimuth. The dashed line is average backscattered power ratio.
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[bookmark: _Ref163035868]Figure 8  Nokia’s 28 GHz narrowband backscatter radar arrangement.
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[bookmark: _Ref163035997]Figure 9 Sample measured backscatter power ratio vs. azimuth from Nokia’s measurement.

Ericsson has performed measurements of a channel that mimics a bistatic sensing channel of a pedestrian moving in the environment. The Rx location is 15m above the ground on a building facade and the Tx location is 1m above the ground in an open square. Figure 1 shows the geometry of the environment. The receiver is attached on a building overlooking a square, in which a transmitter is located on a tripod. A pedestrian walks by the transmitter along a straight line. Measurements of the Doppler spectrum over time as well as the radar cross section are performed. Further details on the measurements and modelling are available in 3GPP R1-2402290. 
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[bookmark: _Ref162347242]Figure 10: Satellite image of Ericsson’s measurement scene. The receiver position and orientation is indicated by a yellow fan and arrow.  The transmitter is marked by a red dot. The trajectory of the pedestrian is shown as an orange line, where the arrowhead indicates the direction of the movement.

4. Necessary Improvements to TR 38.901
The group of co-sourcing companies at NGA has identified at least the following enhancements/modifications to the existing RAN1 propagation channel model provided in TR 38.901.
· Channel Model Construction under binary hypothesis
· For evaluating object detection and tracking the channel model must capture wireless signal propagation between a transmitter and receiver under alternative hypotheses whether a target(s) is present to be detected by a signal propagating through that channel or whether there is no target present.
· Target Model
· The channel model can capture the impact to signal propagation of a target based on a parameterized model that may include the following but are not limited to:
· Target size
· Target type/class
· Target velocity
· Target range
· Target reflectivity/scattering
· Target proximity (in case of multiple targets)
· Target mobility should be reflected with a corresponding change in channel realization
· Target impact to channel model may not be stationary across all relevant carrier bands and bandwidths
· Environment Clutter Model
· Channel model characterizing the scattering from sensing environment clutter for at least some of the six sensing modes, i.e., TRP-TRP bistatic, TRP monostatic, TRP-UE bistatic, UE-TRP bistatic, UE-UE bistatic, UE monostatic. Enhancements/modification to existing models can be considered where possible.
5. 
Conclusion
This contribution has been provided by co-sourcing companies/institutions/universities participating in the JCAS small group within NextG Alliance, North America.  The contribution has outlined the completed and planned channel measurement campaigns being conducted by these co-sourcing companies.   The contribution has further identified the opportunities for improving the channels models captured in TR 38.901 to help address future ISAC studies.
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