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1 Introduction
In the study item on channel modeling enhancements for 7-24 GHz [1], the first objective is to “validate using measurements the channel model of TR 38.901 at least for 7-24 GHz”. The purpose of this contribution is to provide measurement data and observations for comparison with the TR 38.901 channel model [2]. 
This comparison lets us establish the accuracy and validity of the model and identify potential areas for improvement, which is the topic of the second objective of the study item, “adapt/extend as necessary the channel model of TR 38.901 at least for 7-24 GHz”.
Observations related to significant discrepancies between the model and measurements will be provided here and summarized in a companion contribution [3].
2 [bookmark: _Ref178064866]Discussion
2.1 Path loss
The path loss models in TR 38.901 were developed based on numerous measurements by many companies across multiple frequency bands. One challenge when combining the data from the different measurements was that the equipment, scenarios, and data processing was different for the different measurement campaigns and frequency bands. This can cause false trends to be observed that are due to these differences rather than any frequency dependence of the actual propagation.
To provide high quality data for further validation of the frequency dependence of the path loss, several new measurement campaigns have been performed. In all these campaigns, care was taken to equalize all radiation patterns, dynamic ranges, and deployments to minimize the risk of bias. Three different measurement scenarios were considered: an urban macro scenario, an urban micro scenario, and a suburban macro scenario. Further details on the measurement equipment are in Table 1 and Figure 1, Figure 2, and Figure 3.
[bookmark: _Ref162335451]Table 1	 Measurement parameters for the outdoor path loss measurements.
	Parameter
	Values

	Frequencies
	862.5 MHz, 2.011 GHz, 5.02GHz, 10.297 GHz, 22.001 GHz, 37 GHz

	Rx antennas
	10 dBi horn antennas

	Tx antennas
	2 dBi dipoles

	Bandwidth
	0 Hz

	Tx antenna height
	1.5 m

	Rx antenna height
	28 m above ground (urban macro)
1.7 m above ground (urban micro)
21 m above ground (suburban macro)

	Distances
	0 – 600 m (urban macro)
0 – 830 m (urban micro)
1100 – 2000 m (suburban macro)



[image: ]
[bookmark: _Ref162336177]Figure 1	Overview of urban macro path loss measurements.
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[bookmark: _Ref162336179]Figure 2	Overview of the urban micro path loss measurements.
[image: ]
[bookmark: _Ref162336180]Figure 3	Overview of the suburban macro measurements. Note: due to equipment issues the 5 GHz measurements were only successful on a small fraction of the locations.
The received power for each frequency and at each location was used to determine the path loss via comparison with calibration data. The path loss was subsequently converted into excess loss by subtracting the theoretical free space path loss. 
Figure 4 shows the measured excess path loss in NLOS in the urban macro scenario, which shows a weak frequency dependence except for the highest percentiles where the excess loss increases slightly faster with frequency. For comparison, the TR 38.901 UMa NLOS model has an excess loss that independent of the frequency, which would correspond to a horizontal line with constant value in the figure. The absolute value of the excess loss in the model depends on the distance making a direct comparison a bit challenging considering the range and distribution of distances in the measurements. The median excess loss of the UMa NLOS model at 300 m distance is 22.3 dB which seems reasonable in comparison with the measured 50th percentiles. 
[image: ]
[bookmark: _Ref162337534]Figure 4	Measured excess path loss in NLOS in the urban macro scenario, with error bars denoting the measurement uncertainty.
Figure 5 shows the measured excess path loss in NLOS in the urban micro scenario. As in the urban macro measurements, we see a weak frequency dependence except at the highest percentiles. For comparison, the TR 38.901 UMi NLOS model has an excess loss that also has a weak frequency dependence of . The absolute value of the excess loss in the model depends on the distance making a direct comparison a bit challenging considering the range and distribution of distances in the measurements. The UMi NLOS median excess loss for 2 GHz at 100 m distance is 21 dB and at 600 m distance is 33 dB which do not seem like unreasonable values in comparison with the measured 50th percentiles.
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[bookmark: _Ref162338907]Figure 5	Measured excess path loss in NLOS in the urban micro scenario, with error bars denoting the measurement uncertainty.
Only at the highest percentile does the frequency dependence become stronger than in the model. However, these percentiles represent much higher path loss values than the expected operating conditions for FR3 or FR2, and therefore this behaviour is of less importance to capture in the model.
[bookmark: _Toc163219085]The measured outdoor path loss in Urban Macro and Urban Micro scenarios has a very weak frequency dependence, similar to the TR 38.901 model in these scenarios.
[bookmark: _Toc163219093]Consider that the presented measurements validate the existing UMa and UMi path loss models over the frequency range 0.8-37 GHz.
Figure 6 shows the measured excess loss in the suburban scenario, including both LOS and NLOS locations. In contrast to the urban macro and micro scenario there is here a stronger frequency dependence that seems to follow a trend of  up to a breakpoint at 10 GHz. Above 10 GHz, the trend is excess loss is essentially frequency-independent or even reducing slightly at the highest frequency. However, the 37 GHz measurements had a higher uncertainty and involved fewer location so the apparent reduction of the excess path loss at 37 GHz is probably not real. The reason for break point at 10 GHz is hypothesized to be due to diffraction being the dominant propagation mechanism up to 10 GHz, while above 10 GHz the diffraction becomes weaker than other mechanisms such as scattering. Note that a single knife-edge diffraction has a  frequency dependence while reflections and scattering are not very clearly frequency dependent. 

[image: ]
[bookmark: _Ref162340970]Figure 6	Measured excess path loss in the suburban macro scenario, with error bars denoting the measurement uncertainty. Note that some percentiles are missing for 5 GHz due to an equipment misconfiguration that affected the sensitivity.
[bookmark: _Toc163219086]In a suburban residential scenario, the path loss has a  frequency dependence up to 10 GHz and a rather flat frequency dependence above 10 GHz. 
[bookmark: _Toc163219087]The measured frequency-dependence of the path loss in a suburban scenario is not predicted by any of the existing path loss models in TR 38.901.
[bookmark: _Toc163219094]Consider adding and parameterizing a Suburban Macro (SMa) scenario using these measurements as input to the path loss modeling.
2.2 Delay spread and angular spread
A measurement campaign in an urban macrocell utilizing a large antenna array and wide bandwidth has been performed with the aim of validating the delay spread and angular spread in the TR 38.901 UMa model. Further details are given in Table 2 and Figure 7 and Figure 8.
[bookmark: _Ref162343955]Table 2	 Measurement parameters for the Urban Macro delay and angular spread measurements
	Parameter
	Values

	Frequency
	3.5 GHz

	Rx antenna
	Virtual array with 28 columns, 8 rows, with dual-polarized subarrays consisting of 3x1 vertically stacked elements, i.e. 672 antenna ports and 1344 elements

	Tx antennas
	Roughly omnidirectional

	Bandwidth
	100 MHz

	Tx antenna height
	1.5 m

	Rx antenna height
	30 m

	Distances
	30 m – 400 m

	Tx locations
	3 outdoor LOS
29 outdoor NLOS
14 indoor (office buildings)
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[bookmark: _Ref162344740]Figure 7	Overview of measurement locations for the urban macrocell delay and angular spread measurements.
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[bookmark: _Ref162344932]Figure 8	View from the urban macro-BS location.
The measurement scenario was selected to be a reasonable approximation of the TR 38.901 UMa scenario, with outdoor users in LOS and NLOS, and indoor users on different floors of multi-floor buildings. Various metrics derived from the measurements have been compared to identical metrics derived from a large number of UMa channel realizations. The methodology for generating the metrics is based on channel coefficients, correlations, and powers (rather than post-processing the measurements to extract paths and clusters), which can be done on both the measurements and model and thus guarantees a fair comparison. 
The first metric is the rms delay spread, which is shown in Figure 9. Considering that the measurement CDF is based on just 46 points the correspondence is remarkably good. 
[bookmark: _Toc163219088]The measured delay spreads at 3.5 GHz in an urban macrocell match the TR 38.901 UMa model well.
[bookmark: _Toc163219095]Consider the delay spread model in the TR 38.901 UMa scenario to be validated at 3.5 GHz.
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[bookmark: _Ref162347031]Figure 9	Comparison of rms delay spread between the measurements and the UMa model.
The second metric is the angular spread. An estimator of the angular spread based on correlations between array elements was used [4]. While this estimator gives a slightly different result than the path-based angular spread equation in TR 38.901 Annex A.1, it can be applied directly on the measured and modeled channel coefficients with no need for sensitive super-resolution methods to extract paths. Figure 10 shows the elevation angular spread (ZSD) comparison while Figure 11 compares the azimuth angular spread (ASD). The ZSD statistics are spot on, but there is a large discrepancy between the ASD statistics in the measurements and in the model. For instance, the median ASD is 3.4° in the measurements but 13.1° in the model which is an almost 4x difference. 
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[bookmark: _Ref162349879]Figure 10	Comparison of elevation angular spread between the measurements and the UMa model.
[image: ]
[bookmark: _Ref162350062]Figure 11	Comparison of azimuth angular spread between the measurements and the UMa model.
[bookmark: _Toc163219089]The measured elevation angular spreads at 3.5 GHz in an Urban Macro scenario match the TR 38.901 UMa model well.
[bookmark: _Toc163219090]The TR 38.901 UMa model overestimates the azimuth angular spreads at 3.5 GHz by almost 4x compared to measurements in an Urban Macro scenario.
[bookmark: _Toc163219096]Consider the elevation angular spread (ZSD) model in the TR 38.901 UMa scenario at 3.5 GHz to be validated.
[bookmark: _Toc163219097]Consider reducing the azimuth angular spread (ASD) significantly in the TR 38.901 UMa scenario.
2.3 Polarization
The polarization of the th ray in the th cluster in the TR 38.901 model is characterized by a polarization matrix:

Here, the phases are randomly generated within  and the cross-polarization ratio (XPR)  is log-normally distributed with a mean and standard deviation. 
[bookmark: _Toc163219091]In the TR 38.901 model, the two co-polar components in the channel always have exactly equal power, and the two cross-polar components are equally attenuated according to a stochastic XPR.
On average, this model is well supported by measurements such as [5], see Figure 12 and Figure 13. However, while there is indeed an average power difference between co- and cross-polar channel components the measurements show a slow variation in time and in delay around the average powers of each of the co- and cross-polar components. As observed in [5], the standard deviation of this variability is about 3 dB.
[bookmark: _Toc163219092]Measurements show a slow variability around the mean co-polar and cross-polar power that is independent between different components
[image: ]
[bookmark: _Ref161917824]Figure 12	Power delay profiles from a 200 MHz bandwidth macrocell outdoor measurement at 5.25 GHz. From [5].
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[bookmark: _Ref161917841]Figure 13	Co- and cross-polar powers as a function of total received power (here given by pVV). Error bars denote +/- one standard deviation per 5 dB pVV interval. Results are from all indoor measurements. From [5].
The polarization variability can have an impact on e.g. codebook design. One example is when selecting a pair of beams for rank-2 transmission. Using the TR 38.901 model, the two strongest beams are very likely to be a pair of cross-polarized beams pointing in the same direction. However, the measurements show that such a selection can be suboptimal when one of the two polarizations is significantly weaker than the other since there could be similarly powered single or dual-polarized beams in other directions to choose from. Motivated by this discrepancy we therefore propose to include polarization variability in the model. 
[bookmark: _Toc163219098]Introduce a random variability of the co- and cross polar powers in the TR 38.901 model, such as an i.i.d zero-mean Gaussian with 3 dB standard deviation.
Conclusion
In the previous sections we made the following observations: 
Observation 1	The measured outdoor path loss in Urban Macro and Urban Micro scenarios has a very weak frequency dependence, similar to the TR 38.901 model in these scenarios.
Observation 2	In a suburban residential scenario, the path loss has a  frequency dependence up to 10 GHz and a rather flat frequency dependence above 10 GHz.
Observation 3	The measured frequency-dependence of the path loss in a suburban scenario is not predicted by any of the existing path loss models in TR 38.901.
Observation 4	The measured delay spreads at 3.5 GHz in an urban macrocell match the TR 38.901 UMa model well.
Observation 5	The measured elevation angular spreads at 3.5 GHz in an Urban Macro scenario match the TR 38.901 UMa model well.
Observation 6	The TR 38.901 UMa model overestimates the azimuth angular spreads at 3.5 GHz by almost 4x compared to measurements in an Urban Macro scenario.
Observation 7	In the TR 38.901 model, the two co-polar components in the channel always have exactly equal power, and the two cross-polar components are equally attenuated according to a stochastic XPR.
Observation 8	Measurements show a slow variability around the mean co-polar and cross-polar power that is independent between different components

Based on the discussion in the previous sections we propose the following:
Proposal 1	Consider that the presented measurements validate the existing UMa and UMi path loss models over the frequency range 0.8-37 GHz.
Proposal 2	Consider adding and parameterizing a Suburban Macro (SMa) scenario using these measurements as input to the path loss modeling.
Proposal 3	Consider the delay spread model in the TR 38.901 UMa scenario to be validated at 3.5 GHz.
Proposal 4	Consider the elevation angular spread (ZSD) model in the TR 38.901 UMa scenario at 3.5 GHz to be validated.
Proposal 5	Consider reducing the azimuth angular spread (ASD) significantly in the TR 38.901 UMa scenario.
Proposal 6	Introduce a random variability of the co- and cross polar powers in the TR 38.901 model, such as an i.i.d zero-mean Gaussian with 3 dB standard deviation.
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