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Introduction
[bookmark: _Hlk510705081]A new radio propagation model for indoor industrial scenarios is being investigated as part of the Rel-16 SI to support studies on URLLC/IIOT enhancements [1]. After the RAN1#97 meeting, a new round of discussions about the remaining aspects of the model [97-NR-11] was initiated over the 3GPP_TSG_RAN_WG1 email reflector. 
One of the remaining aspects of the model is the final formulation and parametrization of the path loss models for the different sub-scenarios (SC):
· LOS
· NLOS SC1: NLOS in low clutter density, both Tx and Rx antennas are clutter-embedded.
· NLOS SC2: NLOS in ligh clutter density, both Tx and Rx antennas are clutter-embedded.
· NLOS SC3: NLOS in low clutter density, one of Tx or Rx is elevated above the clutter.
· NLOS SC4: NLOS in high clutter density, one of Tx or Rx is elevated above the clutter.
In this contribution, we detail our path loss model proposal, based on an extensive and comprehensive analysis of the raw measurement data and literature data collected by the different companies throughout the SI [2], [3]. 
Section 2 details the methodology and introduces the considered modelling approaches. Section 3 elaborates on the derivation of the model, providing support to the final decision of considering a NLOS model that merges SC1+SC2 (clutter-embedded antennas) and SC3+SC4 (antennas elevated above the clutter). Section 4 summarizes our path loss model proposal, and finally, Section 5 concludes the contribution.
Methodology 
The analysis presented in this document, considers both raw measurement data shared by the different companies via the 3GPP email reflector and data generated from the path loss model expressions reported in the literature. Each of the re-constructed data sets from the literature consists of approximately the same number of random samples, spanning over the approximately same distance range, as reported in the original study by considering mean distance-dependent path loss and log-normal shadow fading for all reported measured frequencies.
All data (raw or generated from the literature) is classified according to the above sub-scenarios, resulting in the data sets summarized in Table 1. In total, over 25000 samples (~10000 in LOS and ~15000 in NLOS), were available for the analysis. It should be noted that, as described in the table, the range of frequencies and distance ranges, differs quite a lot from scenario to scenario. 
In order to explore all possibilities, 5 different models were computed for each of the sub-scenario data sets:
1. ABG model: multi-dimensional free linear fit to the data:
PL_ABG [dB] = + 10 · B · log10(d [m]) + 10 · G · log10(f [GHz]) + XSF
where  is the floating offset value in dB,B is the distance (d)-dependent path loss (PL) exponent, G is the frequency (f)-dependent coefficient, and XSF is a zero-mean Gaussian random variable with a standard deviation (σSF) in dB describing large-scale signal fluctuations (i.e., shadowing) around the mean path loss.
2. AB model: the frequency dependence in the ABG model is fixed to 20 ∙ log10(f): 
PL_AB [dB] = + 10 · B · log10(d [m]) + 20 · log10(f [GHz]) + XSF
[bookmark: _Hlk16865730]where  is the floating offset value in dB,B is the slope and captures how the path loss (PL) increase as the transmit-receive in distance (d) in meters increases, and XSF is a zero-mean Gaussian random variable with a standard deviation (σSF) in dB describing large-scale signal fluctuations (i.e., shadowing) around the mean path loss.
As sometimes, when fitting models to data from many different sources, the fits to the data can result in inconsistent results (as for example NLOS path loss being larger than LOS path loss), lower-bounded versions of 1. and 2. are also considered in the exercise for the NLOS cases:
3. NLOS ABG model with LOS lower-bound: 
PLNLOS_ABG [dB] = max (PLNLOS_ABG, PLLOS_ABG) 
4. NLOS AB model with LOS lower-bound: 
PLNLOS_AB [dB] = max (PLNLOS_AB, PLLOS_AB) 
When the nature of the data considered in the model is very different (different campaigns, frequencies, distance ranges, ...), the ABG and AB models can easily be biased by the lack of uniformly distributed data. In such cases, the CI model can help in discriminating the correct path loss trends, with accuracy levels close to those of the ABG and AB models. 
5. CI model (close-in free space reference):
PL_CI [dB] = FSPL(f [GHz], 1m)+ 10 · n · log10(d [m]) + XSF 
= 32.45 + 20 · log10(f [GHz]) + 10 · n · log10(d [m]) + XSF
where FSPL(f, 1m) is the reference free space (FS) path loss at 1m – which anchors the model and fixes the frequency dependence, n is the slope and captures how the path loss (PL) increase as the transmit-receive in distance (d) in meters increases, and XSF is a zero-mean Gaussian random variable with a standard deviation (σSF) in dB describing large-scale signal fluctuations (i.e., shadowing) around the mean path loss.
Derivation of the proposed model
In order to find the more adequate model for the indoor industrial scenario, we have evaluated all aforementioned models over the available data for the different sub-scenarios (LOS, NLOS SC1, NLOS SC2, NLOS SC3 and NLOS SC4). A summary of the parameterization and accuracy of the fitting of the different models is presented in Table 2.
In LOS, all models (ABG, AB and CI) provide a very similar fit, close to FSPL (all models present path loss exponent close to 2). 
Observation 1: When all the available LOS data is statistically analyzed at glance, no waveguiding effect is observed.
In NLOS, intuitively, SC2 (high clutter density and clutter-embedded antennas) should lead to the higher path loss slope, SC3 (low clutter density and elevated antennas) should lead to the lower path loss. Following the same reasoning, SC1 should present lower path loss than SC2, and SC4 should present higher path loss than SC3.
Note: in order to sharp our message, only strictly relevant figures are shown in the main text. All other figures including overviews of data, statistical distributions of fitting residuals (shadow fading) and comparisons between models at 0.9, 3.5, 28 and 60 GHz are given in Appendix A.
[bookmark: _GoBack]With the ABG and AB models, the trends are correct for NLOS SC1, NLOS SC2 and NLOS SC4. However, NLOS SC3 (low clutter density and elevated antennas) presents a strange behavior with a very low path loss exponent of 1.3. This might have a highly undesirable effect when predicting path loss for high frequencies (i.e. 28 and 60 GHz), as the prediction will result in path loss much lower than FSPL for distance above approximately 10 m – see Figures 7 and 9 in Appendix A for further reference.
By applying the CI model, the path loss exponent of NLOS SC3 will be corrected to 2.3 by the model, which makes it more comparable to that in the NLOS SC4 (2.2) – see Figure 11 in Appendix A. All other trends remain correct for LOS, NLOS SC1, NLOS SC2 and NLOS SC4 with the CI model. While it is true that the CI model has a fixed anchor point, which results in a change of the resulting path loss exponent, it helps to discriminate and correct path loss trends when there is limited data available. Using the CI model, results in very similar statistical distribution of shadow fading, σSF and RMSE compared to other approaches. For further reference, see Figures 2-6 in Appendix A.
The similar slopes observed for NLOS SC1 (2.6) and NLOS SC2 (2.8), and NLOS SC3 (2.3) and NLOS SC4 (2.2) with the CI model, indicate that the main effect over path loss in industrial scenarios is caused by the antenna configuration and not by the clutter density. 
As we already stated in [4] and [5], we believe that the distinction in type of clutter can be done by using the different LOS probabilities and, thus there is no need to discriminate between low or high clutter density in terms of path loss. By following this reasoning, we propose specific NLOS path loss models for scenarios with clutter-embedded and elevated antennas by merging the data from the scenarios SC1+SC2 and SC3+SC4, respectively. 
Proposal 1: Merge NLOS sub-scenarios with similar antenna configurations for path loss calculations.
Even by merging the data, the NLOS path loss for elevated antennas is dominated by the data from SC3, which main that the trends are not fully correct with the ABG and AB models - as it happened before; see Figures 14 and 16 in Appendix A for further details. Once again, the CI model helps in correcting the wrong trend, leading to path loss exponents of 2.3 and 2.7 for elevated antennas and clutter-embedded, respectively. The parametrization and accuracy of such models for combined scenarios is also given in Table 2.
Proposal 2: Use the CI model to guarantee correct path loss trends in all sub-scenarios.
We believe that by following this methodology and considering merged path loss models per antenna configuration and the CI modelling approach, the resulting model provides an excellent level of accuracy and stability across sub-scenarios and frequency bands. This can be observed, not only from the RMSE values given in Table 2, but also from the statistical characterization of the residuals, which gives an indication on the shadow fading. As it is shown in the histograms displayed below Table 2, all LOS, NLOS clutter-embedded and NLOS elevated, the residuals are well shaped as normal distributions for the CI model, which further validates the choice of modelling approach.
[bookmark: _Hlk16879305]Observation 2: The CI modelling approach provides an excellent level of accuracy and stability across sub-scenarios and frequency bands, which is not the case with the ABG and AB approaches.
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Proposal 3: Based on the extensive analysis presented in this document, we propose that the above-detailed formulation is considered for inclusion in the updated version of TR38.901 for indoor industrial scenarios.
Interestingly, the above-proposed resulting parametrization of the model, based on 25000 data samples, is quite close to the one that we proposed in [4] based on an educated guess at the time of RAN1#94-bis.
Figure 1 illustrates the prediction of the proposed model for 0.9, 3.5, 28 and 60 GHz for LOS and the two proposed NLOS scenarios (clutter-embedded antennas and elevated antennas).
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Figure 1. Path loss predictions with the proposed model for 0.9, 3.5, 28 and 60 GHz.
Conclusion
This contribution summarized our views on the path loss model discussion. Based on the extensive analysis and modelling work detailed, we present the following proposals:
Proposal 1: Merge NLOS sub-scenarios with similar antenna configurations for path loss calculations.
Proposal 2: Use the CI model to guarantee correct path loss trends in all sub-scenarios.
Proposal 3: Consider the following formulation for inclusion in the updated version of TR38.901 for indoor industrial scenarios: 
LOS: , 
NLOS, SC1/SC2: 
NLOS, SC3/SC4: , 

Table 1. Summary of data sources classified per sub-scenario.
	
	Data sources
	Frequencies covered [GHz]
	Distances covered [m]
	# samples

	LOS
	Nokia [2, 3]
Fraunhofer HHI/IIS [2, 3]
DOCOMO [2, 3]
Huawei [2, 3]
CMCC [2, 3]
CEA-LETI [2, 3] (not considered in the analysis. See Appendix B for more details)
Data from Literature [references 7, 16, 45, 49, 52, 53, 69, 83, 84, 85, and 86 in [2]] 
	0.9-70
	1-153
	10296

	NLOS SC1 (low clutter, clutter-embedded)
	DOCOMO [2, 3]
CMCC [2, 3]
Data from Literature [references 7, 16, 45, 84, 85, and 86 in [2]]
	0.9-28
	2-140
	5436

	NLOS SC2 (high clutter, clutter-embedded)
	Nokia [2, 3]
Fraunhofer HHI/IIS [2, 3]
Huawei [2, 3]
CEA-LETI [2, 3] (not considered in the analysis. See Appendix B for more details)
Data from Literature [references 7, 45, 53, 69, and 83 in [2]]
	1.1-28
	1.5-153
	6201

	NLOS SC3 (low clutter, elevated antennas)
	Data from Literature [reference 16 in [2]]
	0.9-5.2
	15-140
	1871

	NLOS SC4 (high clutter, elevated antennas)
	Nokia [2, 3]
Fraunhofer HHI/IIS [2, 3]
Huawei [2, 3]
Data from Literature [reference 83 in [2]]
	1-60.75
	7-139
	1313










Table 2. Summary of AB, ABG and CI model parametrizations for the different sub-scenarios based on the raw data provided by the different companies and the random data generated based on the literature.
	
	Overview of data availability
	ABG model
	AB model
	CI model

	Sub-scenario
	f [GHz]
	d [m]
	# samples
	A
	B
	G
	 [dB]
	RMSE [dB]
	A
	B
	 [dB]
	RMSE [dB]
	n
	 [dB]
	RMSE [dB]

	LOS
	0.9-70
	1-153
	10296
	30.7
	2.2
	1.9
	4.8
	4.8
	29.8
	2.2
	4.8
	4.8
	2.0
	4.9
	4.9

	NLOS SC1 (low clutter density, clutter-embedded)
	0.9-28
	2-140
	5436
	34.2
	2.5
	1.9
	5.7
	5.7
	33.0
	2.5
	5.7
	5.7
	2.6
	5.7
	5.7

	NLOS SC2 (high clutter density, clutter-embedded)
	1.1-28
	1.5-153
	6201
	24.5
	3.0
	2.5
	8.3
	9.0
	27.7
	3.1
	8.3
	8.3
	2.8
	8.3
	8.3

	NLOS SC3 (low clutter density, elevated antennas)
	0.9-5.2
	15-140
	1871
	55.0
	1.3
	1.0
	5.3
	6.7
	50.5
	1.3
	5.4
	5.4
	2.3
	5.9
	5.9

	NLOS SC4 (high clutter density, elevated antennas)
	1-60.75
	7-139
	1313
	35.7
	2.1
	1.9
	4.5
	5.7
	34.3
	2.1
	4.5
	4.5
	2.2
	4.5
	4.5

	NLOS clutter-embedded
	0.9-28
	1.5-153
	11637
	30.7
	2.8
	2.0
	7.4
	7.4
	31.1
	2.8
	7.4
	7.4
	2.7
	7.4
	7.4

	NLOS elevated antennas
	0.9-60.75
	7-140
	3184
	49.3
	1.5
	1.3
	5.1
	6.2
	41.2
	1.8
	5.2
	5.2
	2.3
	5.4
	5.4


[image: ][image: ][image: ]
Note: the ABG and AB NLOS models with lower-bound, provide similar accuracies in terms of σ and RMSE, than the pure ABG and AB models detailed in the table.
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Appendix A – Support Figures  
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Figure 2. Overview of the raw measurement data, data generated from the literature, and resulting fitted CI model for LOS (left). Empirical probability distribution function of the fitting residuals (shadow fading) for the different models in LOS (right).
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[bookmark: _Hlk16885915][bookmark: _Hlk16885932]Figure 3. Overview of the raw measurement data, data generated from the literature, and resulting fitted CI model for NLOS SC1 (left). Empirical probability distribution function of the fitting residuals (shadow fading) for the different models in NLOS SC1 (right).
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Figure 4. Overview of the raw measurement data, data generated from the literature, and resulting fitted CI model for NLOS SC2 (left). Empirical probability distribution function of the fitting residuals (shadow fading) for the different models in NLOS SC2 (right).
[image: ][image: ]
Figure 5. Overview of the raw measurement data, data generated from the literature, and resulting fitted CI model for NLOS SC3 (left). Empirical probability distribution function of the fitting residuals (shadow fading) for the different models in NLOS SC3 (right).
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Figure 6. Overview of the raw measurement data, data generated from the literature, and resulting fitted CI model for NLOS SC4 (left). Empirical probability distribution function of the fitting residuals (shadow fading) for the different models in NLOS SC4 (right).
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Figure 7. Path loss predictions with the ABG model for 0.9, 3.5, 28 and 60 GHz for the different sub-scenarios.
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Figure 8. Path loss predictions with the ABG model (with LOS lower-bound) for 0.9, 3.5, 28 and 60 GHz for the different sub-scenarios.
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Figure 9. Path loss predictions with the AB model for 0.9, 3.5, 28 and 60 GHz for the different sub-scenarios.
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Figure 10. Path loss predictions with the AB model (with LOS lower-bound) for 0.9, 3.5, 28 and 60 GHz for the different sub-scenarios.
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Figure 11. Path loss predictions with the CI model for 0.9, 3.5, 28 and 60 GHz for the different sub-scenarios.
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Figure 12. Overview of the raw measurement data, data generated from the literature, and resulting fitted CI model for NLOS clutter-embedded SC1+SC2 (left). Empirical probability distribution function of the fitting residuals (shadow fading) for the different models in NLOS clutter-embedded SC1+SC2 (right).
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Figure 13. Overview of the raw measurement data, data generated from the literature, and resulting fitted CI model for NLOS elevated SC3+SC4 (left). Empirical probability distribution function of the fitting residuals (shadow fading) for the different models in NLOS elevated SC3+SC4 (right).
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[bookmark: _Hlk16886200]Figure 14. Path loss predictions with the ABG model for 0.9, 3.5, 28 and 60 GHz for the LOS and NLOS clutter-embedded and elevated antenna scenarios.
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Figure 15. Path loss predictions with the ABG model (with LOS lower-bound) for 0.9, 3.5, 28 and 60 GHz for the LOS and NLOS clutter-embedded and elevated antenna scenarios.
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Figure 16. Path loss predictions with the AB model for 0.9, 3.5, 28 and 60 GHz for the LOS and NLOS clutter-embedded and elevated antenna scenarios.
[image: ]
Figure 17. Path loss predictions with the AB model (with LOS lower-bound) for 0.9, 3.5, 28 and 60 GHz for the LOS and NLOS clutter-embedded and elevated antenna scenarios.

Appendix B – CEA-LETI raw measurement data
We have, finally, not considered the data from CEA-LETI in the analysis, as it biases quite a lot the results (especially in LOS). Their reported path loss is quite different from all the other sources and presents a very peculiar behaviour: ~7 dB lower than FSPL in LOS, and very close to FSPL in NLOS. They provided a massive amount of data (~6000 samples) but spanned over a limited distance range 1-28 m in LOS and 1-21 m in NLOS, which bias all model calculations. No large variations are observed in either LOS or NLOS, as they seem to measure a very short-range and specific measurement condition.
[image: ]
Without CEA-LETI data, the LOS path loss presents a slope close to 2, while including CEA-LETI data, it increases to 2.5 (using the ABG model). As a further consequence over the model, it biases the distributions of the residuals as it can be seen here: 
[image: ]
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