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Introduction
A Rel-19 Study item on channel modelling in the band from 7-24 GHz was approved in RAN1#102[1]. The justification for the study item is provided as follows:
With the anticipation that 6G studies could start in Release 20 timeframe, 3GPP should ensure that proper channel models are available for the entire range of spectrum applicable for 6G. While the existing 5G channel model TR38.901 does support channel modelling from 0.5 GHz to 100 GHz, it is acknowledged that 5G channel model development in RAN1 was primarily targeting sub-6 GHz and above 24 GHz mmWave bands. Companies reported channel measurement data spanning various frequency ranges from sub-6 GHz to up to 75 GHz. However, more than 80 % of the channel measurement data submitted to RAN1 was from sub-6GHz or from 24 GHz to 60 GHz bands.
More specifically, channel correlation parameters for 6 to 28 GHz were interpolated from measurements below 6 GHz and above 28 GHz, including simple first order scaling of the mean and standard deviation of DS, AoD, AoA, ZoA. Additionally, there was a lack of measurement data for modelling frequency dependency for the cluster DS, ASD, ASA, and ZSA for UMi deployment scenarios. Limited pathloss measurements were available and measurements based on a fixed BS height were used for the modelling. Measurements for O2I loss and calibration efforts for O2I scenarios were limited.
With 6G studies on the horizon, having a well-established channel model is crucial. 3GPP channel models are not just used within the 3GPP community but recognized all over the wireless industry for various commercial activities. As such, a study for the verification of the channel models for 7 to 24 GHz in Rel-19 is timely. Validation of the channel model should consider continuity of the model in the frequency domain and may consider comparison with existing channel models, which may be not strictly limited to 7 to 24 GHz frequency (e.g., boundary frequencies, sub-6GHz), for the modelling parameters of interest.
Lessons learned from 5G/5G Advanced also provide insights for new considerations for specification development.  Large MIMO antenna array deployments being envisioned for mid-band would test the limits of the existing channel models. Such considerations include near-field effects of the channel, and spatial non-stationary effects of the channel - the modelling of ray cluster blockages and/or channel parameter correlation effect on a subset of the antenna elements of a large antenna array. Additional considerations may also include the number/power of paths, cluster structure, material/building penetration loss models, and spatial consistency between a UE and different non-co-located TRPs, for example. As part of this study, assessment of these limitations and potential updates to better reflect new use cases in the 7 to 24 GHz band are proposed.

Additionally, the following RAN1-led objective was included for this study:

1. Validate using measurements the channel model of TR38.901 at least for 7-24 GHz
0. Note: Only stochastic channel model is considered for the validation.
Note: The validation may consider all existing scenarios: UMi-street canyon, UMa, Indoor-Office, RMa and Indoor-Factory

This study was also to take into account the following considerations:
Note 1: Continuity of the channel model in the frequency domain below 7 GHz and above 24 GHz shall be ensured.

Note 2: Mathematical and/or theoretical aspects (if any) may be studied before results of measurement campaigns are available. While measurement results may be available and submitted at any time, the study of measurement results may start later (e.g., Q3 2024).

This contribution provides Nokia’s views regarding TR 38.901 channel model validation in the 7-24 GHz band.
Discussion
Validation with measurements
Data analyzed in this contribution utilized the channel measurements made by Anritsu,  utilizing Aalborg University capability and facilities, spanning 2.5-4.5 GHz, 10.0-12.0 GHz, and 28-30 GHz for validating the channel model across the 7-24 GHz range in TR 38.901 [2]. Detailed information regarding the measurements, including the channel sounder and environment descriptions can be found in [3]. In this document, we will use the center frequencies, which are 3.5 GHz, 11.0 GHz, and 29.0 GHz to represent the measurement results in these three frequency bands. 
Indoor Factory Scenario
The indoor factory measurements were conducted in the smart production lab at the Department of Mechanical and Manufacturing Engineering, at Aalborg University [3]. Figure 1 shows the average path gain on a total of 254 links measured in the factory environment against the TX-RX distance (up to 25 m) for the three frequency bands (3.5, 11.0, and 29.0 GHz). Additionally, best known common-slope fit lines are included. Best-fit common distance exponent is found to be 2.17. Furthermore, the best-fit lines are separated within 2 dB of what would be expected from freq2 scaling of path gain.
A more illustrative way to display frequency dependence of path loss beyond what is expected in free space is to plot path gain relative to free space, thus Relative Gain = Path gain – Free Space gain, shown in Figure 2. Also shown are the three common slope fit lines. The fit lines for the 3 bands in Figure 2 are within 3 dB of each other, thus exhibiting only weak frequency dependence, as compared to absolute path gain in Figure 1 spanning some 20 dB for the 3 bands (which corresponds to the free space path loss difference in the first meter in different frequency bands).
Point-by-point frequency dependence is now examined by calculating the excess loss, defined as pairwise difference between the measured path gains reference to 1 m free space path loss (FSPL) in different bands (to compensate the expected frequency squared scaling of path loss):
[bookmark: ZEqnNum381027]							

Where . Cumulative distribution of Excess loss  for the 3 band pairs (3.5, 11), (11, 29), (3.5, 29) GHz measured at all 254 factory locations is plotted in Figure 3. Values of Excess loss > 0 dB indicates locations where path loss gap is larger than that given by frequency squared scaling, while Excess loss < 0 dB corresponds to path loss gap being smaller.
[image: ]
[bookmark: _Ref165928361]Figure 1. Measured average path gain in factory for 3 bands.
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[bookmark: _Ref165929043]Figure 2. Gain relative to free space in a factory.
Measured Excess loss values are observed to cover both negative and positive values, with a median of 1.3 dB. This is an indication of a very weak path gain bias in favor of lower frequencies, beyond the expected frequency square scaling.
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[bookmark: _Ref165929184]Figure 3. CDF of Measured excess loss in a factory, all locations.
Path gain and related quantities in Figure 1, Figure 2, and Figure 3 covered all measured locations. It may be argued that power in Line of Sight (LOS) locations is dominated by a direct arrival, for which path gain scaling with frequency as in free space is particularly unsurprising. Yet coverage concerns arise most often in Non-Line-of-Sight (NLOS) conditions. It is therefore of interest to examine path gain frequency dependence in NLOS locations. Measured path gain excess loss for NLOS locations where distance >10 m are plotted in Figure 4 and Figure 5, respectively. The common slope fit lines for NLOS path gain are seen in Figure 4 to span about 20 dB for the 3 bands, consistent with freq2 path gain scaling, as in free space as well as in 3GPP recommendations. Point by point NLOS Excess loss between bands is seen in Figure 5 to have both positive and negative values, with a median of 2.3 dB indicating a weak bias in favor of lower frequencies.
[bookmark: _Ref166008271]Observation 1:	The path loss measured from an indoor factory environment exhibits very weak frequency dependency beyond the first meter of free space propagation, both in LOS and NLOS scenarios.
It is thus concluded that path gain measured in this factory both for all locations as well as the NLOS subset scales as frequency squared, as per 3GPP recommendations. Additionally, there are research in the literature suggests that the path loss does not depend on frequency up to sub-THz range when referenced to the first meter FSPL [5] [6]. 
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[bookmark: _Ref165930038]Figure 4. Path gain measured in NLOS links, >10 m distance in a factory.
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[bookmark: _Ref165930046]Figure 5．CDF of excess loss measured in NLOS links, >10 m distance in a factory.
Measured path gain in NLOS factory links at 3.5 GHz and 29 GHz is compared in Figure 6 and Figure 7 to two of the 3GPP factory models (SH-inF and DL-inF) [2], as well as a published theoretical model [7], attributing main NLOS propagation mechanism in a factory to the ceiling reflection. The theoretical model was previously found [7] to be more accurate against diverse factory environments. Both the 3GPP and the theoretical model predict path gain as scaling with the square of the center frequency. It is seen in Figure 6 and Figure 7 that both the 3GPP models as well as the theoretical model are accurate in predicting the current data, with RMS errors below 3.5 dB.
[bookmark: _Ref166008277]Observation 2: The current 3GPP indoor factory path loss model aligns well with the measured data (at 3.5, 11, 29 GHz) across sub-6GHz, 7-24 GHz, and mmWave frequencies.
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[bookmark: _Ref165929558]Figure 6．Measured path gain in factory NLOS links at 3.5 GHz, compared against 3GPP and theoretical models.
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[bookmark: _Ref165929727]Figure 7. Measured path gain in factory NLOS links at 29 GHz, compared against 3GPP and theoretical models.
Impulse response computed from measured complex frequency response of the channel were processed to extract RMS delay spread. To reduce the impact of weak, possibly noisy, arrivals at long delays, only the strongest arrivals constituting 90% of measured power were kept.
Cumulative distributions of the root mean square (RMS) delay spread in LOS and NLOS conditions are plotted for the 3 bands in Figure 8 and Figure 9. The RMS delay distributions for different bands are seen to be quite close to each other, with no definitive trend in favor of lower or higher frequencies: as the center frequency increases, the median RMS delay spreads decrease in LOS links Figure 8 from 16 to 10 ns and increase in NLOS links Figure 9 from 22 to 24 ns. Measured RMS delay spreads are also seen even smaller than RMS delay spreads recommended by the 3GPP. 3GPP recommended delay spreads for factories are independent of center frequency, which aligns with this study. However, the suggested RMS delay spread in TR 38.901 [2], which follows a log-normal distribution, is larger than what is measured in both LOS and NLOS scenarios. 
[bookmark: _Ref166008280]Observation 3: RMS delay extracted from the measured data in an indoor factory environment does not exhibit dependence on center frequency.
[bookmark: _Ref166008283]Observation 4: The recommend RMS delay spread suggested in 3GPP, which indicates no frequency dependence, aligns with measurements. However, the suggested RMS delay spread is larger than what is measured, possibly because 3GPP suggests more multipath components than realistic.  
[bookmark: _Ref166008399]Proposal 1:	RAN1 should further validate the RMS delay spread and the number of multipath components suggested in TR 38.901, to ascertain whether updates are necessary.
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[bookmark: _Ref165930632]Figure 8. RMS delay spread in factory LOS links.
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[bookmark: _Ref165930639]Figure 9. RMS delay spread in factory NLOS links.

Outdoor Courtyard
Similar measurements of channel complex frequency response have been conducted in a courtyard, in both LOS and NLOS conditions, at ranges reaching up to 90 m. Corresponding path gains are plotted in Figure 10 and Figure 11. It may be observed that the separation between the common slope line fits for the 3 bands are within 2 dB of what is expected based on frequency2 path gain scaling.
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[bookmark: _Ref165991369]Figure 10. Measured average path gain in courtyard LOS links for 3 bands.
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[bookmark: _Ref165991375]Figure 11. Measured average path gain in courtyard NLOS links for 3 bands.
Cumulative distribution of the point-by-point excess loss  for NLOS links is shown in Figure 12. The median excess loss differential value of 0.3 dB is an indication of negligible impact of center frequency on path gain in the collected data, beyond the frequency2 used in models.  
[bookmark: _Ref166008288]Observation 5: Negligible impact of center frequency on measured path loss in an outdoor courtyard environment for both LOS and NLOS scenarios, when referenced to the first meter of free space propagation (frequency squared effect in path loss). 

[image: A graph with a red line

Description automatically generated]
[bookmark: _Ref166052865]Figure 12. CDF of excess loss differential (1) measured in NLOS links, >20 m distance in a courtyard.

Cumulative distributions of the RMS delay spread in LOS and NLOS conditions are plotted for the 3 bands in Figure 13 and Figure 14. Median RMS delay distributions for different bands range from 18-26 ns in LOS and 45-60 ns in NLOS, increasing as the center frequency increases. This is in contrast to 3GPP Umi (Urban-street-canyon) model, which predicts a decrease in RMS delay spread as center frequency increases. Since 3GPP Umi model is stated as applicable to ranges reaching 5 km, it is unclear if it is an appropriate representation of the courtyard environment measured in this work. 
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[bookmark: _Ref165930982]Figure 13. RMS delay spread in courtyard LOS links.
[bookmark: _Ref166008292]Observation 6: An increase RMS delay spread as the center frequency increases is observed in the measured data from an outdoor courtyard scenario. This is in contrast to 3GPP Umi (Urban street canyon) model, which predicts a decrease in RMS delay spread as center frequency increases.
[bookmark: _Ref166008408]Proposal 2: Study the necessarily of introducing modelling scenarios like sub-urban Macro and outdoor courtyard/parking lot.
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[bookmark: _Ref165930993]Figure 14. RMS delay spread in courtyard NLOS links.
Conclusion
Wideband channel response measurements were collected in 254 factory links at ranges up to 25 m and 125 courtyard links at ranges up to 90 m, in both LOS and NLOS conditions. Wideband biconical antennas were used at each location, allowing direct comparison of channel path gain and RMS delay spread in three 2 GHz-wide band, centered on 3.5 GHz, 11 GHz and 29 GHz. Key findings include: 
· Weak (< 2 dB) increase in path loss as center frequency increased from 3.5 GHz to 29 GHz, aside from expected frequency squared, in line with standard models (3GPP), in both factory and courtyard.
· No systematic rms delay spread dependence on center frequency in the factory. In line with 3GPP factory models on center frequency
· Modest increase in median RMS delay spreads in a courtyard (45 to 60 ns in NLOS) as center frequency increases from 3.5 GHz to 29 GHz). Observed delays are smaller than those predicted by 3GPP in urban street canyons, which predicts a decrease in RMS delay spread as center frequency increases. 
In this contribution, we make the following observations regarding of channel model validation of TR 38.901 in the 7-24 GHz: 

Observation 1:	The path loss measured from an indoor factory environment exhibits very weak frequency dependency beyond the first meter of free space propagation, both in LOS and NLOS scenarios.

Observation 2: 	The current 3GPP indoor factory path loss model aligns well with the measured data (at 3.5, 11, 29 GHz) across sub-6GHz, 7-24 GHz, and mmWave frequencies.

Observation 3: 	RMS delay extracted from the measured data in an indoor factory environment does not exhibit dependence on center frequency.

Observation 4: 	The recommend RMS delay spread suggested in 3GPP, which indicates no frequency dependence, aligns with measurements. However, the suggested RMS delay spread is larger than what is measured, possibly because 3GPP suggests more multipath components than realistic.

Observation 5: 	Negligible impact of center frequency on measured path loss in an outdoor courtyard environment for both LOS and NLOS scenarios, when referenced to the first meter of free space propagation (frequency squared effect in path loss).

Observation 6: 	An increase RMS delay spread as the center frequency increases is observed in the measured data from an outdoor courtyard scenario. This is in contrast to 3GPP Umi (Urban Street canyon) model, which predicts a decrease in RMS delay spread as center frequency increases.

 
Additionally, the following proposals are made regarding use cases and scenarios for 7-24 GHz channel modeling:

Proposal 1: RAN1 should further validate the RMS delay spread and the number of multipath components suggested in TR 38.901, to ascertain whether updates are necessary. 

Proposal 2: Study the necessarily of introducing modelling scenarios like sub-urban Macro and outdoor courtyard/parking lot.
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