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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]. The initial email discussions [FS_IIIOT_CM-01], [FS_IIIOT_CM-02] and [FS_IIIOT_CM-03] are now closed and summarized.
We would like to support the request for new inputs to the various aspects and parameters of the model by providing a a new set of 3.5 GHz measurement results – delay spread, in this case. These results complement the path loss and shadow fading ones previously presented in [2].
Section 2 summarizes the measurement scenarios, procedures and the data processing. Section 3 presents the results and observations. Finally, Section 4 provides some concluding remarks.
Measurement Campaign and Data Processing
The measurement campaign used to collect the delay spread results presented in the next Section is the same that was previously described in [2]. 
Measurements were carried out at 3.5 GHz in two operatational factory halls 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. 
Hall 1 with an “open production space” (OPS) composition had an approximate size of 100x50x5m. 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 approximately 2.5 m, so most of the considered deployments experience “clutter-embedded” or “slightly-above-clutter” antenna configurations. 
Hall 2 was slightly smaller than Hall 1 (75x75x10 m) and also different in composition, being closer to a “dense factory clutter” (DFC) scenario. 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 [3], 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.    
Figure 2 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. 
More than 90% percent of the measured links were in non-line-of-sight (NLOS) conditions, and thus no distinction between LOS and NLOS is done in the following. All D2D measurements considered vertical polarization, while AP2D consider vertical-vertical, horizontal-vertical and crosspolarized-vertical polarizations (all blended in the same set of delay spread results).
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Figure 1. Illustration of the antenna configurations used in the different D2D (Device to Device) and AP2D (Access Point to Device) link measurements.

The channel impulse response (CIR) samples obtained for each of the different links are processed as follows:
1. A 20 dB SNR threshold is applied to ensure that the delay samples used in the calculations are well above the noise floor (-120 dBm).
2. RMS delay spread (RMS-DS) is computed. 
3. 5-95% excess delay (5-95%-ED) is computed as the time delay during which multipath energy falls from 5% to 95% from the peak. 
4. Coherence bandwidth (Bc) is estimated from RMS-DS and 5-95%-ED as or , respectively.
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Figure 2. Example of the computation of the 5-95%-ED from one of the CIR measured in the OPS scenario.

Further details about the calibration and the accuracy of the CIR measurement are documented in [3].

Results
RMS-DS and 5-95%-ED cumulative distribution functions are given in Figures 1 and 2, respectively, for both OPS and DFC clutter scenarios for D2D and AP2D link configurations. Table 1 summarizes the values at the 0.5, 0.9 and 0.99 percentiles for all considered configurations.
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Figure 3. Empirical CDFs of RMS delay spread for OPS and DFC scenarios and D2D and AP2D configurations.

Table 1. Summary of RMS delay spread and 5-95% escess delay values for D2D and AP2D link configurations in both OPS and DFC scenarios.
	
	RMS-DS
	5-95%-ED

	
	OPS
	DFC
	OPS
	DFC

	percentile
	D2D
	AP2D
	D2D
	AP2D
	D2D
	AP2D
	D2D
	AP2D

	50%
	51 ns
	53 ns
	51 ns
	52 ns
	145 ns
	153 ns
	145 ns
	149 ns

	90%
	76 ns
	76 ns
	76 ns
	76 ns
	221 ns
	226 ns
	226 ns
	226 ns

	99%
	101 ns
	97 ns
	97 ns
	95 ns
	298 ns
	290 ns
	294 ns
	290 ns

	99.9%
	210 ns
	113 ns
	117 ns
	110 ns
	613 ns
	332 ns
	350 ns
	328 ns

	99.99%
	289 ns
	124 ns
	135 ns
	124 ns
	892 ns
	355 ns
	377 ns
	371 ns

	99.999%
	296 ns
	134 ns
	136 ns
	128 ns
	1001 ns
	371 ns
	383 ns
	405 ns
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Figure 4. Empirical CDFs of 5-95% excess delay for OPS and DFC scenarios and D2D and AP2D configurations.

The ranges of RMS-DS values resulting from our measurement are well in line with those reported in [4] and [5] for very similar scenarios. 
In the OPS scenario, the median RMS-DS and 5-95%-ED values are slightly smaller for the D2D configuration as compared to the AP2D setting, while at the 99%-ile, the values are larger. The distributions from the DFC scenario present a more regular and similar behaviour for both configurations.
Despite these very small differences, we can conclude that, in general, RMS-DS and 5-95%-ED exhibit similar statistical distributions for both D2D and AP2D configurations in both the OPS and DFC scenarios. 
[bookmark: _Hlk963932]Observation1: the delay spread in industrial settings is independent of the link configuration.
Figure 5 presents the RMS-DS and 5-95%-ED and their associated Bc cumulative distribution functions for both the OPS and DFC scenarios. In this case, the data from the D2D and the AP2D configurations has been blended into a single set of data for each of the scenarios (as per Observation 1). Table 2 summarizes the values at the 0.5, 0.9 and 0.99 percentiles for all considered parameters for both scenarios.
By following a similar reasoning to the above, we can conclude that a good match between the delay spread and excess delay statistics from the OPS and DFC is observed. 
Observation2: the delay spread is similar in OPS and DFC scenarios.
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Figure 5. Empirical CDFs of RMS delay spread and 5-95% excess delay (above) and estimated coherence bandwidths (below) for the OPS and DFC scenarios.

Table 2. Summary of RMS delay spread, 5-95% excess delay and estimated coherence badwidth for both OPS and DFC scenarios.
	
	OPS
	DFC

	percentile
	RMS-DS
	5-95%-ED
	Bc
	RMS-DS
	5-95%-ED
	Bc

	50%
	52 ns
	145 ns
	1.4-3.9 MHz
	52 ns
	149 ns
	1.3-3.8 MHz

	90%
	76 ns
	226 ns
	2.7-6.7 Mhz
	76 ns
	226 ns
	2.6-6.4 MHz

	99%
	98 ns
	290 ns
	5.9-11.6 MHz
	97 ns
	294 ns
	5.9-11.5 MHz

	99.9%
	152 ns
	460 ns
	9.4-18.0 MHz
	115 ns
	336 ns
	6.7-14.9 MHz

	99.99%
	268 ns
	840 ns
	9.4-19.8 MHz
	130 ns
	372 ns
	7.8-16.8 MHz

	99.999%
	298 ns
	1001 ns
	9.4-20.0 MHz
	136 ns
	405 ns
	9.4-19.5 MHz



The dependencies of delay spread with other parameters was also explored. Figures 5 and 6 display the scatter plots of RMS-DS vs. excess loss (above free space path loss) and distance, respectively. In both cases, there are no significant differences between the clouds from different link configurations (D2D and AP2D) or from different scenarios (OPS and DFC). From the linear regression analysis performed over the resulting clouds, it can be concluded that there is a clear dependency in the first case (excess loss) while no dependency is observed in the second case (distance). Similar conclusions have been previously derived in the literature [6].
Observation3: the delay spread is dependent on the excess loss.
Observation4: the delay spread independent on the distance.
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[bookmark: _Hlk965513]Figure 6. Scatter plot of RMS delay spread vs excess loss considering both AP2D and D2D configurations and both OPS and DFC scenarios.

[image: ]
Figure 7. Scatter plot of RMS delay spread vs distance considering both AP2D and D2D configurations and both OPS and DFC scenarios.

[bookmark: _GoBack]Note: the figure in Appendix A puts the results from the OPS and DFC scenarios in perspective of the results from a different industrial scenario: an industrial exhibition hall (EXH). Such scenario was comparable in size (120x50x15 m) to OPS and DFC, with a mixed composition as OPS but much more sparse (including that more than half of the hall was empty). This comparison indicates that delay spread does not only depend on size of the facility. Other factors, for example, percentage of the volume occupied by machinery need to be investigated (potential link to in-room electromagnetics and reverberation effects).
Conclusion
In this contribution, we have provided delay spread measurement results for various antenna configurations in two operational factory halls at 3.5 GHz. These results complement the path loss and shadow fading results previously provided in [2].
From the analysis of the results, we conclude that delay spread is insensitive to the link configuration and similar for OPS and DFC scenarios. With respect to standard propagation model parameters, delay spread was found to be dependent on excess loss, rather than on distance between transmitter and receiver.
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Appendix A – Factory vs. Industrial Exhibition Hall
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Figure 8. Empirical CDFs of RMS delay spread and 5-95% excess delay for OPS and DFC factory scenarios compared to the results from an Industrial Exhibition Hall.
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