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In 3GPP RAN#81 meeting, a new study item (SI) was approved [1] to study on channel model for indoor industrial scenarios. It was recognized that the current 3GPP channel model in TR 38.901 [2] contains a common channel model with scenario-specific model parameters and settings for scenarios such as Urban Macro, Urban Micro, Rural Macro, and Indoor Hotspot (InH). However, it is noted that InH is based on indoor office / shopping mall environment. To address industrial scenarios that exhibit more diverse and unique environmental features, see the LS from 5G-ACIA in RP-181521 [3], it is needed that the InH in TR 38.901 should be extended to cover additional characteristics of industrial scenarios.
In this contribution, we provide a summary based on the R1-1903124[4] E-mail discussion summary and related contributions [5][6][7][8][9][10][11][12][13] focus on the path loss model from other companies.
Existing literature and measurements review
In this section, some contributions about IIOT channel model will be summarized. If there are measurement results in the contribution, then the measurement scenario, test frequency band, modeling method will be introduced first. Then the path loss parameters, for example, LOS and NLOS exponents, and shadow fading standard deviation will be introduced as well. Finally, observations and proposals will be listed. Some contributions are literature review that have no measurement results, only their observations and proposals will be introduced unless they is no observation and proposal.
Nokia, Nokia Shanghai Bell (R1-1810659, R1-1813177) [4] [5]
· The results presented in this document were obtained from measurements performed at an operational factory hall at 3.5 GHz and 28 GHz. (R1-1810659)
· All the models have been adjusted to the same single-slope floating-intercept formulation.
· Measurements in open production space and densely cluttered factory halls at 3.5 GHz.( R1-1813177) 
· Fitting the data to the following CI (close-in) single-slope formulation.
· Measurement test: Path loss vs gNB height and UE height, 
· Observations:
· Observation 1: Path loss exponents decrease with increasing gNB height.
· Observation 2: Open Production Space and Dense Factory Clutter present very similar path loss exponents
· Observation 3: Clutter-embedded configurations experience higher shadow fading than elevated-gNB configurations
· Observation 4: The InH model is very good for predicting path loss in clutter-embedded configurations.
· Proposals:
· Proposal 1:	 For LOS, the path loss exponent shall be set to nLOS=2 and the shadow fading standard deviation should equal 3 dB.
· Proposal 2:	For NLOS, the path loss exponent shall be set to nNLOS=2.47 and the shadow fading standard deviation should equal 5.17 dB.
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CMCC R1-1812894 [6]
· Measurements in automobile welding workshop at 1.1 GHz, 2.55 GHz, 5.8 GHz 		 
· The ABG model was used for the path loss fitting 
· LOS and NLOS path loss
· Normally the propagation exponents in indoor scenarios is below 2, which could also be observed from TR 38.901
· Higher propagation exponents are observed from the measurement, which means that the propagation loss in the indoor industrial scenarios could be much severer. And the reason for this additional loss should be further studied.
Table 1 Propagation Exponents of CMCC
	Frequency
	LOS
	NLOS

	
	outside
	inside
	outside
	inside

	1.1GHz
	2.5
	2.6
	3.1
	3.4

	2.55GHz
	2.4
	2.5
	3.4
	3.7

	5.8 GHz
	2.6
	-
	3.2
	-



· Observation:
· Observation 1: Higher propagation exponents are observed from the measurement, more data and analysis are needed. 
· Proposals:
· Proposal 1: Propagation loss and fast fading in the indoor industrial scenarios should be studied. Impact due to the metallic machinery and their movements should be studied, such as more severe and random blockages, different delay/angle/Doppler spreads, electromagnetic interference or noise. 
· Proposal 2: 4.9 GHz, 2.6 GHz, 1.8 GHz and high frequency (26 GHz) should be studied in the IIOT SI. And other frequency band such as 900 MHz, 2.3 GHz, 2.4 GHz, and 3.3 GHz should also be considered.
Ericsson R1-1813129 [7]
· Literature review at 0.9-70 GHz 		 
· A surprisingly large number of path loss measurements in various industrial environments were found in the literature  mainly focusing on 2.4 GHz or below though there were some results at frequencies up to 70 GHz
· The most common measurement scenario is a factory hall or warehouse. 
· LOS and NLOS path loss
· Reflections from walls, ceiling, and metallic objects are commonly found to provide lower than free space path loss in LOS
· In obstructed LOS or NLOS the path loss exponent is also found to be lower than in outdoor cases, sometimes even with a similar slope as in LOS though with an offset corresponding to a shadowing or blocking loss 
· Higher propagation exponents are observed from the measurement, which means that the propagation loss in the indoor industrial scenarios could be much severer. 
· When modelling the NLOS path loss using a single slope path loss model, the standard deviation is typically around 4-9 dB (although it is significantly higher at 12 dB in an outdoor mine measurement ) 
· When within the same hall the excess loss in NLOS seems to be 2-20 dB. Propagation through walls or floors may bring this excess loss up to 15-30 dB.
· To summarize, the excess loss relative to free space within a factory hall would be expected to be similar at all frequencies except in the case where most or all multipath is blocked in which case the loss is expected to increase with frequency.
· Propagation in higher frequency bands
· The NLOS losses from blocking by various objects will probably not be strongly dependent on frequency.
· Proposals: 
· [bookmark: _Toc527373052][bookmark: _Toc527474721][bookmark: _Toc527475352][bookmark: _Toc527475427][bookmark: _Toc527539357][bookmark: _Toc528149317][bookmark: _Toc528160252][bookmark: _Toc528160373][bookmark: _Toc528250489][bookmark: _Toc528334343][bookmark: _Toc528334412][bookmark: _Toc528570617][bookmark: _Toc528571660][bookmark: _Toc528572031][bookmark: _Toc528581629]Proposal 1: The industrial indoor scenario description and modelling should be sufficiently generic and non-site-specific to allow efficient simulations and statistically stable simulation results. However, to capture the important impact of metallic clutter we propose to use explicit blocking modeling with a predefined density of the blockers.
· Proposal 2: The model should target a wide frequency range, e.g. 0.5-100 GHz, to support future frequency ranges in 3GPP and potential deployments. 
· Proposal 3: The literature review in section 2.3 and the observations from this should be taken into account in the formulation of a channel model for the indoor industrial scenario.
NTT DOCOMO, INC. R1-1813337 [8]
· Measurements in lab area at 3.35, 8.45 and 27.89 GHz 		 
· Measurement  was performed in our lab which is not factory but has relatively large size and height
· LOS and NLOS path loss
· Prediction accuracy of InH Office of 38.901 is evaluated using measurement data
· In LOS case, measurement results are relatively close to InH Office of TR38.901. 
· In NLOS case, measurement results tend to be larger than InH Office of TR38.901.
· Results show relatively good prediction in LOS and NLOS.
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Qualcomm Incorporated R1-1813453 [9]
· Literature review at 0.9-5.2 GHz 		 
· Many studies have observed low path loss exponent (1.5-2.5) in indoor industrial environment caused by wave-guide effects, especially in the near field. On the other hand, the presence of sizable number of objects can often lead to non-line-of-sight propagation, which can have higher path loss. This has motivated several papers to propose path loss models with slope change.
· The presence of many metallic/concrete objects in an industrial environment also can lead to higher shadowing than in a typical indoor office/residential environment.
· Higher shadowing also has been observed in several other measurement campaigns in different factory setups.
· Another aspect is of shadowing decorrelation distance, which has been observed in to be between 0.2 m and 5.3 m for the aforementioned frequencies and different types of topologies – The lower part of the range implies that there can be significant variation in the shadowing conditions over short distances. Consequently, there can be a large rate of change in path loss due to even limited movement of the UE and/or in the surrounding environment (e.g., robotic arm, AGV, etc.).
· Proposal: 
· Study the impact of the various peculiar characteristics of indoor industrial environment reported in literature. Specifically, consider the need for additional modeling for path loss, shadowing, spatial correlation, rate of path loss change, delay spread, types of multipath components, among others.

Huawei, HiSilicon R1-1813680 [10]
· Literature review at 25 MHz-5.2 GHz 		 
· A number of narrowband indoor channel measurements in various industrial settings have been conducted over the past few years. The reported measured path-loss parameters show significant variations with the environment, frequency, and link configuration
· In [14], measurements were done in an industrial facility at 2.4 GHz. Path-loss exponents of 1.6 and 3.73 for line-of-sight (LOS) and non-LOS (NLOS) scenarios were found, respectively. 
· Three other indoor industrial measurements with LOS scenario, path-loss exponents of 1.1 for the chemical pulp and cable factories, and 1.86 for nuclear power plant were reported in [15]. 
· Luo et al. [16] reported path-loss parameters at 2.4 and 5.8 GHz from a test-bed emulating an oil rig installation with LOS and NLOS scenarios. 
· Measurement results of excess path loss from highly reflective environments (an oil refinery and automobile assembly plant) for 25 MHz–18 GHz signals were also reported in [17]. 
· In [18], path-loss parameters for various industrial topographies, at 900, 2400, and 5200 MHz, are reported. 
· Similar results obtained from three different industrial indoor environments, at 900, 1600, and 2450 MHz, are presented in [19]. 
· Gungor et al. [20] reported path loss measurement results from electric power environments for smart grid applications.
· Observations:
· Observation 1: The reported measured path-loss parameters show significant variations with the environment, frequency, and link configuration 
· Observation 2: Measurements in various industrial facilities with different frequencies and link configurations are required to further validate the noise characteristics in industrial environments
· Observation 3: It is unclear which envelope distributions to use for the received signal and multipath taps as various distributions have been suggested by different measurement campaigns. Further study is needed to characterize the envelope distribution of the received signal as well as the multipath taps.
· Proposals: 
· Proposal 1: Study the potential influence of channel model for different frequency band
· Proposal 2: New measurements in various industrial facilities with different frequencies and link configurations are required
· 
Fraunhofer 5G-ACIA WI 018 Report [11]
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]In this report, three sections which related with the measurement test for indoor IIoT path loss has been discussed. 
· Section 3.2: Measurements in operational factory hall at 3.5, 28GHz (Source Nokia)
· Fitting the data to the following CI (close-in) single-slope formulation
· LOS and NLOS path loss
· In LOS conditions, propagation at both frequencies is in good agreement with free space propagation (slope n=2). For the NLOS case, the measurement data at 3.5 GHz and 28 GHz present slopes close to n=3 in both cases. 
· Such similar slopes at both frequencies in both LOS and NLOS conditions indicate little frequency dependence in terms of path loss. The measured path loss offset between 3.5 GHz and 28 GHz was in the range 16-22 dB (where the nominal expected was 18 dB). 
· Section 3.5: Measurements conducted by the ReICOvAir project partners CWC from Oulu, Finland with support from Fraunhofer IIS and Fraunhofer HHI in the frequency bands 2.3 to 2.4GHz and 5.3 to 5.5 GHz.
· Measurement results in 5.4GHz frequency band, and the received power is fitted to the Hata model
· LOS and NLOS path loss
· The LOS path loss coefficients are similar in both, the industrial and to the 3GPP office scenario. However, there is on average a 6 dB increased PL in the industrial scenario.
· The NLOS PL is very different from the office, where there is more than 35 dB more power in the industrial NLOS scenario. 
· When comparing industrial LOS and NLOS propagation, there is an additional 10 dB attenuation when the direct path is blocked. However, the PL coefficient is only 20.8 indicating a LOS-like propagation.
· Section 3.6: Huawei contribution based on measurement in Factories in Germany and China in different frequency bands.
· The fitting curve is based on 3GPP TR38901 InH office NLOS path loss model
· LOS and NLOS path loss in China measurement scenario
· In LOS conditions, path loss at all frequencies is in good agreement with free space propagation.
Table.2 Measurement Path Loss for LOS
	Position
	Tx-Rx Distance(m)
	Measurement Pathloss dB
	Free space Pathloss dB

	
	
	3.5GHz
	4.9GHz
	5.8GHz
	28GHz
	3.5GHz
	4.9GHz
	5.8GHz
	28GHz

	S1 Rx1
	10.6
	64.4
	67.5
	68.8
	81.9
	63.8
	66.7
	68.2
	81.9

	S2 Rx13
	34.2
	70.69
	74.7
	76.7
	91.2
	73.9
	76.8
	78.3
	92.2

	S2 Rx15
	37.8
	69.7
	76.5
	76.9
	92.12
	74.8
	77.7
	79.2
	92.9

	S2 Rx16
	40.4
	70.9
	80.7
	76
	95.1
	75.4
	78.3
	79.8
	93.47



· In NLOS conditions, the PLE range is 2.7~3.8 based on the measurement which is smaller than InH in TR 38.901. The Measurement path loss offset between 3.5GHz and 28GHz is in the range of 15 ~33dB.
[image: ][image: ]
Figure 1 NLOS path loss in industrial scenarios

Huawei, HiSilicon R1-1903111 [12]
· Measurement campaign in Germany 		 
· The measurements have been carried out in an indoor industrial environments in Munich, Germany, which is a plant for producing automotive components.
· The measurements were at carrier frequencies of 6.75, 30 and 60 GHz. 
· Fitting the data to the following CI (close-in) single-slope formulation

· Measurement campaign in China
· Two industrial scenarios are considered in Shanghai measurement campaign. 
· The measurements has been performed in 3.5 GHz, 4.9 GHz, 5.8 GHz and 28 GHz
· Scenario1-Manufacturing district
· Scenario2-AGV (Automatic Guided Vehicle)
· The fitting curve is based on 3GPP TR38.901 InH office LOS/NLOS path loss model.
· Observations based on the measurement campaign
· Observation 1: In LOS conditions, the PLE is about 1.9 depending on the measurement scenario and frequency. Path loss is in good agreement with the free space propagation.
· Observation 2: In NLOS conditions, the PLE range is 1.95~3.8 depending on the measurement scenario and frequency, and it is often smaller than that in InH of TR 38.901. 
CEA-LETI, Nuclear Plant [13]
· Radio Channel Characterization at 2.4 GHz in Nuclear Plant Environment
· Fitting the data to the following CI (close-in) single-slope formulation
· The fading was firstly characterized by the Minimum Fading Dip (MFD) and Average Fading Duration (AFD).
· LOS and NLOS path loss
· It can be noticed that in LOS condition the path loss exponent presents a lower value than in free space. This result is a common value in indoor LOS and it is due to the energy contribution of the secondary multipath components. The AFD in this case is equal to -7.5 dB which is even smaller than the NLOS scenarios. 
· In LOS the MFD is -25.8 dB whereas in strong NLOS3, MFD is -12.3 dB.
· The NLOS and NLOS² configurations present a similar path loss exponent and the same AFDs.
· The main difference is on the value of G0, which presents a 14 dB additional loss that can be explained by the higher wall thickness that generates the NLOS condition in the case.
· The harshest scenario is the NLOS3 configuration which presents a very important path loss component (n=5.7).
Table.3 Channel model parameters
	
	G0(dB)
	n
	dmin(m)
	AFD(dB)
	MFD(dB)

	LOS
	-50.7
	1.5
	3.38
	-7.5
	-25.8

	NLOS1
	-62.4
	2.8
	9.16
	-5.3
	-11.6

	NLOS2
	-76.5
	2.6
	2.58
	-5.3
	-17.2

	NLOS3
	-71.4
	5.7
	6.3
	-4.3
	-12.3




[bookmark: _Ref129681832]Results
In this subsection, the path loss models extracted from the different measurement campaigns are given. The single-slope path loss model (”AB” or “ABG” model), given by 


For each campaign, the following parameters were considered: 
· Center frequency in GHz
· Propagation condition (LOS or NLOS)
· Validity distance in meters.
· Path loss at reference distance d0, often measured at 1m.
· Path loss exponent, n. 
· The standard deviation, σ, of the zero-mean log-normal shadow fading distribution.

Table.4 Channel model parameters
	Environment
	Frequency
(GHz)
	Prop Cond.
	d (m)
	PL (d0) (dB)
	n(-)
	σ (dB)

	Ai, Cheffena [21]
	0.868
	LOS
	1-8
	25.0

	1.63
	1.89

	
	1.600
	LOS
	1-8
	33.5
	1.54
	2.50

	
	2.442
	LOS
	1-8
	34.8
	1.97
	2.69

	Karedal, Molisch [22]
	3.1 – 10.6
	LOS
	2 - 8
	56.70
	1.20
	6.00

	
	
	NLOS
	2 - 8
	56.70
	2.50
	6.00

	Tanghe (WP) [18]
	0.9
	LOS
	15 – 140
	55.10
	3.41
	8.01

	
	2.4
	LOS
	15  - 140
	63.57
	2.56
	5.56

	
	5.2
	LOS
	15 - 140
	70.28
	1.99
	5.44

	Tanghe (MP)
[18] 
	0.9
	LOS
	15 – 140
	55.05
	3.58
	7.79

	
	2.4
	LOS
	15  - 140
	63.57
	3.26
	8.46

	
	5.2
	LOS
	15 - 140
	70.28
	2.12
	5.24

	Luo [24]
	2.4
	LOS
	1- 8
	43.5
	1.39
	1.82

	
	
	NLOS
	1-8
	48.0
	1.17
	1.22

	
	5.8
	LOS
	1- 8
	48.0
	1.76
	1.83

	
	
	NLOS
	1-8
	54.5
	1.40
	1.31

	CEA-LETI nuclear plant
[13]
	2.4
	LOS
	3.38  - 13
	50.7
	1.5
	

	
	
	NLOS
	9.16 - 13
	62.4
	2.8
	

	
	
	NLOS2
	2.58 – 13
	76.5
	2.6
	

	
	
	NLOS3
	6.3 -13
	71.4
	5.7
	

	HHI [25]
	5.85
	LOS
	1 – 2.8
	47.1
	2.18
	2.4

	WINNER [26]
	5.2
	LOS-VV
	25-55
	65.3
	1.37
	1.8

	
	
	NLOS-VV
	25-55
	131.8
	2.14
	3.4

	R1-1810659
R1-1813177
	3.5/28
	LOS
	0-100m
	       32.45 
	2
	3

	
	
	NLOS(Elevated gNBs)
	
	
	2.47
	5.17

	
	
	NLOS(Clutter-embedded gNBs)
	
	
	3.19
	7.56

	R1-1812894
	1.1
	LOS
	0-100m
	　
	2.5-2.6
	　

	
	　
	NLOS
	
	　
	3.1-3.4
	　

	
	2.55
	LOS
	
	　
	2.4-2.5
	　

	
	　
	NLOS
	
	　
	3.4-3.7
	　

	
	5.8
	LOS
	
	　
	2.6
	　

	
	　
	NLOS
	
	　
	3.2
	　

	R1-1903111(Based on 3GPP InH office )
	6.75/33.75/60.75/
3.5/4.9/5.8/28
	LOS
	0-100m
	32.4　
	1.9
	

	
	
	NLOS
	
	17.3　
	1.95-3.8
	

	5G-ACIA Report (Section 3.2 Nokia)
	3.5
	LOS
	0-100m
	43.32
	2.1
	3.0

	
	
	NLOS
	0-100m
	
	3.2
	6.9

	
	28
	LOS
	0-100m
	61.39
	2.0
	3.4

	
	
	NLOS
	0-100m
	
	3.2
	4.4

	5G-ACIA Report (Section 3.6 Huawei)
	3.5/4.9/5.8/28
	LOS
	10-40m
	Free Space Path Loss

	
	
	NLOS
	10-40m
	3GPP InH office NLOS
2.7-3.8




Comparison

The measurement campaigns can be classified frequency-wise. A comparison of the results and models extracted can be interesting. Three frequency subsets were chosen for this investigation: 
· Sub- 1 GHz 
· between 1 GHz to 5 GHz
· Above 5 GHz 

The single-slope path loss models for each campaign was plotted for a distance between Tx and Rx from 1m to 160 m. The validity distances for each models can be recognized by bold red plotting while the extrapolated part were dotted. The error bars were plotted whenever information about the standard deviation of the shadow fading was available.  

[image: ]
[bookmark: _Ref4162098][bookmark: _Ref4162090]Figure 2 Path loss models for sub – GHz measurement campaign
In Figure 2, the path loss models for campaigns that were carried out around 0.9 GHz were plotted. A certain correspondence between the results of the two campaigns that were performed by the contributors of [18] can be found while the path loss model in [21] is more optimistic. It is important to recall that the path loss was characterized only for small distances between the transmitter and the receiver (between 1m and 8 m) while the team of University of Ghent performed measurements for longer distances (15m to 140 m).  
The path loss models for measurement campaigns that shows in Figure 3 were carried out in the frequency range of 1 GHz to 5 GHz were plotted against each other for comparison. Most of the measurements were done around 2.4 GHz and 3.5GHz except for a scenario in [21] performed at 1.6 GHz. Prediction curves from Section 2 include the curves from Huawei, Nokia, the 3GPP InH office can be found in this figure as well, This explains the fact that this scenario suffers less from path loss. The four campaigns done by the CEA-leti [13] are also interesting though not surprising. Indeed, they characterized four scenarios from LOS conditions to the worst NLOS conditions with NLOS3 scenario showing the worst electromagnetic propagating conditions amongst all campaigns. However this could be not considered since it represents a very strong NLOS condition with two concrete walls. 
The results of path loss characterization for frequencies around or above 5 GHz were plotted in Figure 4. The environment characterized by the WINNER project [26] exhibits the worst condition for wireless communication. It is followed by the measurements performed in the metal processing and wood processing factories in [18]. It is important to recall that the latter were performed over long distances. 
[image: ]
Figure 3 Path loss for measurement campaigns carried out between 1 GHz and 5 GHz.

[image: ]
Figure 4 Path loss models for above – 5 GHz measurement campaign.




It seems the path loss can be modelled as a simple AB or ABG model, where A is the intercept point, B the distance dependency, and G the frequency dependency. The parameter values for A, B, and G depend on the environment (sub-scenario).
Conclusion

To summarize, there are two modelling methods, ABG model and close-in-reference model, have been employed to fitting path loss curves. InH office channel model of 3GPP is an important reference as well. LOS exponents and NLOS exponents show significant variations with the environment, frequency, and link configuration.

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Different contribution consider different path loss model fitting curve 
· For example, CMCC studied based on the ABG model to build the channel model of IIOT.
· Measurement in Germany of Huawei, Nokia and France ANR mentioned a group of parameters based on the close-in-reference model. NTT Docomo evaluates the TR38.901 InH model performance.
· Measurement in China of Huawei, the fitting curve is based on 3GPP TR38.901 InH office LOS/NLOS path loss model. 
· HHI consider the Hata model.
The reported LOS exponents show significant variations with the environment, frequency, and link configuration
· For example, LOS exponents respectively are 2 for both 3.6 GHz and 28 GHz from Nokia and around 2.5 for 1.1 GHz, 2.55 GHz and 5.8 GHz from CMCC. The parameters of LOS exponent from CEA-LETI is 1.5. Based on E/// literature review, reflections from walls, ceiling, and metallic objects are commonly found to provide lower than free space path loss in LOS. Based on NTT Docomo’s observation, measurement results are relatively close to InH Office of 38. 901. Huawei mentioned that the LOS exponent should use 1.9 based on serval measurement in different frequency bands.
The reported NLOS exponents show significant variations with the environment, frequency, and link configuration
· For example, NLOS exponent for Elevated gNBs is 2.47, and 3.19 for the Clutter-embedded gNBs from Nokia. A range value for 1.1 GHz, 2.55 GHz and 5.8 GHz is 3.1 to 3.7 from CMCC’s contribution. A range of NLOS exponent from 2.6 to 5.7 is coming from CEA-LETI article. The range of NLOS exponent is 1.95~3.8 that from Huawei’s proposal. 
Proposal 1: The above consideration is taken into account in the IIOT path loss modelling with the aim of having a simple path loss model, e.g. the ABG model, for each sub-scenario.
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