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Introduction
[bookmark: _Hlk510705081][bookmark: _GoBack]A new radio propagation model for indoor industrial scenarios is set to be investigated as part of the recently approved Rel-16 SI to support studies on URLLC/IIOT enhancements [1]. As per the indications in [2], we would like to support the discussions by providing input to the three main areas of the study.
Section 2 is sub-divided in 3 different subsections, where we independently address each of the points: 
· Section 2.1 provides our input to the description of indoor industrial scenarios.
· Section 2.2 elaborates on the frequency bands of interest.
· Section 2.3 describes some existing literature and presents new field measurement results from two different operational factory halls at 3.5 GHz for several gNB-UE antenna height configurations. 
Section 3 summarizes the contribution with a few concluding remarks based on the different observations and recommendations given throughout the document. 

Discussion
2.1 Description of the indoor industrial scenario 
We find two main types of scenarios which shall be included in the model: Open Production Space (OPS), and Dense Factory Clutter (DFC). Their individual characteristics have been detailed in Table 1.
Independently of the reported dimensions of the scenarios or the presence of moving objects; machinery and composition-wise, we identify the clutter types presented in each of the individual categories (medium-sized irregular-shaped industrial machineries in OPS; and huge machineries with large regular-shaped reflective surfaces in DFC) as representative of two main types of industrial clutter, which might present different radio propagation behaviours [3, 4]. Thus, we consider them as relevant to be captured in the model. The analysis of new measurement results presented in Section 2.3 will elaborate further on these aspects.
We would like to highlight also the impact that the ceiling height (relatively to the average machinery/clutter height) of a given scenario might have on the antenna deployment strategies. Independently of the wall-mounted or ceiling-mounted strategy, scenarios with low ceilings are more like to experience deployments with antennas embedded in the clutter; while scenarios with tall ceilings might ease the deployment of elevated antennas, clearly above clutter level. Thus, both options should be considered in the model. 
Recommendation 1: consider, at least, the two proposed types of industrial scenarios: “Open Production Space” and “Dense Factory Clutter” (or alike), in the model.
Recommendation 2: consider, at least, two potential deployment options: “clutter-embedded gNBs” and “elevated gNBs”.



	
	Open Production Space (OPS)
	Dense Factory Clutter (DFC)

	Dimensions
	100 m x 60 m

	Ceiling height
	5 m
	10 m

	Layout
	Several mixed production areas with open spaces and long production/assembly lines, and storage areas.
	Mainly manufacturing lines and large machinery.

	External wall composition
	Thick and composed of metallic structures and reinforced concrete.

	Clutter
	In general, the machinery presents metallic but irregular structures.
	Big machineries composed of large regular metallic surfaces.

	Average machinery height, clutter height
	2.5 m
	5 m

	gNB deployment option
	Ceiling-mounted or wall-mounted (being ceiling-mounted the default, when possible).

	Other considerations
	Prior to a full automation, the facilities are quite filled with active workers interacting with the production lines. There are also small moving vehicles for logistics driving across the facility at low speed.
	Low presence of workers.


Table 1. Characteristics of the different indoor industrial scenarios.

2.2 Frequency bands of interest
We identify, at least, two frequency bands of interest for industrial deployments:
· 3.4-4.2 GHz band: as main focus band for initial roll out of industrial private networks with bandwidths of up to 100 MHz.  
· 26/28 GHz band: for future application scenarios expecting high data rates that require large contiguous bandwidths (i.e. up to 1 GHz). For example, processes with sensors based on HD cameras and ultra-high sampling requirements.
This vision is well-aligned with the main trends announced by verticals in many European countries [5] and supported by governmental regulators as, for example, the German regulator [6].
Recommendation 1: consider, at least, the 3.4-4.2 GHz and the 26/28 GHz frequency bands. 

2.3 Existing literature and new measurements
2.3.1 Existing literature
In our previous contribution in [3], we presented a short analysis of a set of 3.5 and 28 GHz measurements computed over the exact same routes in an OPS industrial scenario. In that case, in both line-of-sight (LOS) and non-line-of-sight (NLOS) conditions, the path loss exponents observed at both frequencies were similar and the path loss offset between the data at both frequencies was on average 19 dB when the nominal expected was 20log(28/3.5) = 18 dB.
Also in that contribution, it was shown that the original 3GPP Indoor Hotspot – Office channel model (InH) [7] is able to predict the propagation in NLOS conditions in industrial scenarios with low gNB antennas embedded in the clutter, providing an average error of only 2-4 dB in NLOS over the aforementioned set of measurements at 3.5 and 28 GHz.     

2.3.2. New measurements
In this section, we present a set of new measurement results from two different halls in an operational factory at 3.5 GHz. In both halls, measurements have been done for various AP2D (Access Point to Device) and D2D (Device to Device) configurations considering different gNB and UE antenna heights ranging from 0.25 to 3.2-4.1 m. 
In Hall 1, which presents a composition close to the described OPS, the size of the scenario allowed for measurement distances up to slightly over 100 m. The UE height was fixed to either 0.25 and 1.75 m, and the gNB height was varied between 0.25 and 3.2 m. The average clutter/machinery height in the scenario was 2.5 m, so most of the considered deployments experience “clutter-embedded” or “slightly-above-clutter” antenna configurations. 
Hall 2 was smaller than Hall 1 and also different in composition, being closer to the DFC scenario described above. In this case, the UE was configured similarly as in Hall 1, with antenna heights of 0.25 and 1.75 m. The gNBs were deployed at heights ranging from 0.25 to 4.1 m. As the average machinery/clutter height in this case was 3.5 m, the antenna deployment configurations explored were close to “clutter-embedded” or “slightly-above-clutter” as in Hall 1.  
The measurements were done with the same multi-node setup that is described in [5], which was especially upgraded to operate in the 3.5 GHz band, with 18 MHz signal bandwidth and +10 dBm transmit output power. The system allows for calibrated path loss measurements of approximately 130 dB.   
To perform the measurements, 12 transceiver system nodes, considering either a pole-mounted Access Point (AP) or a trolley-mounted Device (D) antenna configuration, were re-deployed several times across a number of selected locations which were approximately uniformly spatial-distributed across each of the two facilities. In each re-deployment, all the AP2D and D2D links between all the deployed system nodes are measured, generating the large amount of independent measurement samples that is used in the following analysis. An overview of the AP2D and D2D configurations is depicted in Figure 1; together with a small simplified illustration on the data collection procedures considering a single AP node and 5 D nodes (purple for the first deployment, and green for a second re-deployment). As it can be observed, combining the distributed multi-node system and re-deployment strategies, a massive number of measurement samples can be collected. In particular, for each re-deployment a total number of 2112 independent radio-links were measured almost simultaneously. 
More than 90% percent of these links where in non-line-of-sight (NLOS) conditions, and thus no distinction between LOS and NLOS is done in the following. All the results presented in this document consider vertical polarization.
Figures 2 and 3 illustrate the physical setup specifically used in the measurements. For UE and gNB antenna heights of 0.25 and 1.75 m, the trolley-mounted (D) setup with omnidirectional antennas was used. For higher gNB antenna heights, the pole-mounted (AP) setup with panel antennas was used. Please, note that the displayed pictures of the equipment are taken in a neutral scenario and not in the actual industrial environment.
The samples obtained for each of the different node-to-node links and AP2D and D2D antenna configurations are geometrically-compensated to cope with antenna pattern effects, and averaged over the multiple measurement realizations available, to remove fast fading effects and obtain local mean path loss samples. An example of the original raw measurement samples and resulting averaged set is displayed in Figure 4. 
[image: ]
Figure 1. Illustration of the different D2D (Device to Device) and AP2D (Access Point to Device) node configurations and simplified overview of the data collection procedure considering a single AP (grey) and 5 D nodes re-deployed 2 times (purple, green).
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Figure 2. Omnidirectional antenna configuration (0.25 and 1.75 m).  Figure 3. Directional panel antenna configuration (2.6, 3.2 and 4.1 m).
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Figure 4. Illustration of raw vs. averaged PL results for one specific selected antenna configuration.

The path loss results are first analysed by looking at the different trends exhibited by the different antenna configurations in the different scenarios. This is done by fitting the data to the following CI (close-in) single-slope formulation:
PL [dB] = FSPL(d0=1m) + 10 · n · log10(d) + XSF ,
where FSPL is the floating offset (free space path loss) at the reference distance (d0) of 1 m in dB, n is the slope and captures how the path loss (PL) increase as the transmitter-receiver 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) about the mean path loss.
All measurement fits are summarized in Table 2, classified according to the different AP2D and D2D configurations and antenna heights explored in both the OPS Hall 1 and DFC Hall 2 scenarios. FSPL(1m) at the considered frequency of 3.5 GHz is equal to 43.32 dB.
The path loss results for all configurations in Hall 1 (OPS) are displayed in Figure 5, for the 1.75 m UE height configuration, and in Figure 6 for the UE height of 0.25 m. As it can be observed in both cases, the mean path loss decreases with the increase of the gNB antenna height. Specifically, when both antenna terminals are clearly embedded in the clutter (D2D links), the path loss exponent varies from 3.4 to 3.1 with the lower link (0.25 m - 0.25 m) and higher link (1.75 m - 0.25 m) antenna configurations, respectively. The same happens for the AP2D links, where the path loss exponent is reduced from 3.0 to 2.8 by raising the gNB from 2.6 to 3.2 m in the case of UE at 1.75 m, and from 3.2 to 3.0 in the case of UE at 0.25 m. With respect to the standard deviation of the fit, indicative of the shadow fading, it can be observed how, in general, its value increases with increasing gNB antenna configurations until the antenna height approaches the average height of the clutter (2.5 m). For higher gNB antennas, this standard deviation is reduced. This change in trend is due to the interactions of the signal with the surroundings. When both antennas terminals are embedded in the clutter or at heights close to the average clutter height (gNB heights of 0.25m, 1.75 m and 2.6 m), the propagation occurs in-clutter. On the other hand, when one of the terminals is elevated from the average clutter height (3.2 m), the overall main propagation mechanism is changed to over-the-clutter. Effectively, we see a shadow fading standard deviation of approximately 7.3-10 dB for the clutter-embedded case, reduced to 6.2-7.9 dB for elevated antenna configurations.  
The same general path loss dynamics/trends are observed for Hall 2 (DFC). In this case, the results are displayed for variant gNB heights for UE antenna height of 1.75 m and 0.25 m in Figures 7 and 8, respectively. By looking at absolute values, the path loss exponents for the D2D range from 3.0 to 3.4 for the various antenna







	
	
	
	
	Meas. CI fit
	R1-1810659 model [3]
	InH model [7]
	Modified proposed model

	Scenario
	Link Type
	gNB height
	UE height
	n
	σSF [dB]
	mean [dB]
	std [dB]
	RMSE [dB]
	mean [dB]
	std [dB]
	RMSE [dB]
	mean [dB]
	std [dB]
	RMSE [dB]

	Hall 1
(OPS)

avg. clutter height = 2.5 m
	AP2D
	3.2 m
	1.75 m
	2.8
	7.9 
	-4.8
	8.1
	9.2
	7.0
	7.8
	10.4
	-4.8
	8.1
	9.2

	
	
	
	0.25 m
	3.0
	6.2
	-8.1
	6.6
	10.4
	3.7
	6.2
	7.0
	-8.2
	6.6
	10.4

	
	
	2.6 m
	1.75 m
	3.0
	10.0
	-9.4
	11.8
	15.0
	2.1
	11.6
	11.7
	-9.4
	11.8
	15.0

	
	
	
	0.25 m
	3.2
	9.4
	-12.5
	11.1
	16.7
	-0.9
	10.8
	10.7
	-12.5
	11.1
	16.6

	
	D2D
	1.75 m
	1.75 m
	3.1
	8.8
	-4.8
	11.0
	11.9
	-1.2
	10.9
	10.9
	-1.1
	10.8
	10.8

	
	
	
	0.25 m
	3.3
	7.8
	-7.5
	10.4
	12.8
	-3.9
	10.2
	10.9
	-3.9
	10.2
	10.9

	
	
	0.25 m
	1.75 m
	3.3
	7.8
	-7.5
	10.4
	12.8
	-3.9
	10.2
	10.9
	-3.9
	10.2
	10.9

	
	
	
	0.25 m
	3.4
	7.3
	-9.6
	9.9
	13.8
	-5.9
	9.8
	11.4
	-5.9
	9.7
	11.4

	Hall 2 
(DFC)

avg. clutter height = 3.5 m
	AP2D
	4.1 m
	1.75 m
	2.8
	4.0
	-5.1
	4.0
	6.4
	5.1
	4.1
	6.5
	-5.1
	4.0
	6.4

	
	
	
	0.25 m
	3.0
	5.6
	-7.9
	5.8
	9.7
	2.4
	5.6
	5.9
	-7.9
	5.8
	9.7

	
	
	2.6 m
	1.75 m
	2.6-2.8
	7.1-7.5
	-2.1
	7.5
	7.6
	8.5
	7.7
	11.3
	-2.1
	7.5
	7.5

	
	
	
	0.25 m
	2.8-3.1
	8.1-8.4
	-4.4
	8.4
	9.2
	6.1
	8.7
	10.4
	-4.4
	8.3
	9.2

	
	D2D
	1.75 m
	1.75 m
	3.0
	6.1
	-0.5
	9.7
	9.7
	2.7
	10.1
	10.4
	2.7
	10.1
	10.4

	
	
	
	0.25 m
	3.4
	7.8
	-3.2
	7.5
	8.1
	-0.01
	7.6
	7.6
	0.03
	7.6
	7.6

	
	
	0.25 m
	1.75 m
	3.4
	7.8
	-3.2
	7.5
	8.1
	-0.01
	7.6
	7.6
	0.03
	7.6
	7.6

	
	
	
	0.25 m
	3.4
	6.0
	-6.2
	9.7
	11.5
	-3.0
	10.2
	10.6
	-3.0
	10.2
	10.6

	
	accuracy AP2D
	-7.6
	7.2
	10.4
	3.4
	6.9
	8.0
	-7.6
	7.1
	10.4

	
	accuracy D2D
	-5.3
	9.5
	11.1
	-1.9
	9.6
	10.0
	-1.8
	9.5
	10.0


Table 2. Summary of CI path loss parameter fits and errors of the different models for each of the AP2D (Access-Point to Device) and D2D (Device to Device) antenna configurations for both the Open Production Space (OPS) and Dense Factory Clutter (DFC) scenarios.
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Figure 5. Path loss results for Hall 1 (OPS) for different gNB antenna heights and fixed UE height of 1.75 m.

[image: ]
Figure 6. Path loss results for Hall 1 (OPS) for different gNB antenna heights and fixed UE height of 0.25 m.

[image: ]
Figure 7. Path loss results for Hall 2 (DFC) for different gNB antenna heights and fixed UE height of 1.75 m.

[image: ]
Figure 8. Path loss results for Hall 2 (DFC) for different gNB antenna heights and fixed UE height of 0.25 m.



height configurations (very similar to the OPS Hall 1). The AP2D links present, in this case, path loss exponents in the range 2.6-3.1, slightly lower than in Hall 1. In this case, it is remarkable that the lower path loss exponent (2.6) is observed for a gNB deployed at a height of 2.6 m - despite this antenna height is below average clutter height (3.5 m). We believe that this is due to the different type of clutter (DFC) as compared to Hall 1 (OPS). In this case, the big machineries with large metallic reflective surfaces generating waveguiding effects that help to couple the signal in-clutter from gNB to UE. Nevertheless, the tallest gNB height also exhibits a low path loss exponent of 2.8. With respect the shadow fading, we observe standard deviation values of 6-8.4 dB for clutter-embedded configurations, and 4-5.6 dB for elevated antenna configurations.
Observation 1: Path loss exponents decrease with increasing gNB height. The deeper the antennas are embedded in the clutter, the higher the path loss exponent. Likewise, the higher the antennas are above clutter, the lower the path loss exponent. 
Observation 2: Open Production Space and Dense Factory Clutter present very similar path loss exponents for the different antenna configurations, with the path loss exponent slightly lower for the DFC scenarios. 
Observation 3: Clutter-embedded configurations experience higher shadow fading than elevated-gNB configurations.
Now that the trends observed in the different scenarios for the various antenna height configurations have been described, we put the measurement results in perspective of the model proposed in our previous R1-1810659 contribution [3] and the baseline InH model in TR 38.901 [4]. Table 2 summarizes the results of the fit of the models to the measurements presented in the above. The measurement data from the AP2D configurations have been compared to the elevated gNB NLOS version from our model, while the D2D have been compared to the clutter-embedded NLOS version. In the case of InH, the ‘optional’ NLOS version has been used for both the AP2D and D2D cases. As it can be observed, in general, the InH model provides a better fit to the measurement data, with an average 9.5 dB of RMSE (as compared to the average 10.5 dB of our proposed model). 
From the table, it becomes clear that our model underestimates path loss for both the AP2D and D2D cases. This was expected for the AP2D case, since the antenna configurations used in the measurements only considered clutter-embedded or slightly higher than average clutter height gNB positions. Unfortunately, measurements with a clearly elevated gNB configuration (i.e. ceiling-mounted gNB) were not possible due to operational factory constrains. Still, by observing the results from Hall 2 (DFC), it becomes clear that, in favourable elevated gNB-UE conditions (such as the ones from the 2.6 m - 1.75 m links where a path loss exponent of 2.6 is observed), path loss exponents will continue to decrease approaching the 2.47 stated in our model in [3]. In the case of D2D, the path loss exponent of the clutter-embedded flavour of our proposed model (2.96) was computed from literature (typically done only for short measurement ranges) and the limited measurement data presented in the previous contribution. In that case, the measurements were done only along different aisles or some particular around-the-corner scenarios. It has now been proven that the limited extension of the previous campaign has a big impact in the computation of the path loss exponent. The more extensive and spatially-distributed measurements presented in this document are more reliable, and present path loss exponents closer to the InH model (3.19) and thus we have decided to modify our model in [3] to include thae path loss exponent from [7] for the clutter-embedded flavour.
Observation 4: The InH model is very good for predicting path loss in clutter-embedded configurations. 
The updated version of our proposed model is presented in Table 3 in Appendix A of this document for further reference. We have decided not to do any further modification to the model apart from the clutter-embedded NLOS path loss exponent. Shadow fading values are well-aligned with the ones observed in the measurements. Based on the observations from the previous measurement presented in Section 2.3.1, we decide to maintain the simple frequency scaling dependence in our model. The predictions errors with the modified model are also presented in Table 2.   


Conclusion
We have contributed to the new indoor industrial channel modelling scenario SI by providing recommendations and observations to all three areas of discussion: description of indoor industrial scenarios, frequency bands of interest and existing literature and measurement results.
In particular, we present and analyse the results from two extensive 3.5 GHz measurement campaigns performed at different operational factory halls for several gNB-UE antenna height configurations.
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Appendix A – Updated Industrial Indoor Path Loss Model
	Industrial Indoor
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Elevated gNBs: 

Clutter-embedded gNBs: 

	

	
	LOS pr.
	


Open production space: 

Dense factory: 

	


Table 3. Revised InH channel model.
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