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This document presents the channel characterization in the 2-6 GHz band for an industrial environment with high clutter density. Measurements were performed in a machinery room, with virtual arrays used at both the transmitting and receiving side. Characterization of the path loss, delay and angular spreads are presented for LOS, OLOS and NLOS propagating conditions. The results are proposed for the study item on channel modelling for indoor industrial scenarios[footnoteRef:1].  [1:  This work has been funded by the French National Agency for Research (ANR) under the project named MOREOVER. ] 

 
Channel measurement campaign
Measurement setup
Several channel measurements have been carried out in a machinery room in CEA-Leti. The propagation channels were sounded over the 2-6 GHz band. 
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Figure 1 easurement setup
Considering the range of the communication and the path losses experienced, RF to optical devices were used to enhance the dynamic of our measurements. Fig. 1 depicts the schematic test-bench for long range communications. Two omnidirectional antennas, placed on automatic positioners, were used to sound the propagation channel. The antennas are connected on the two ports of the Vectorial Network Analyzer (VNA) which measures the transfer function in the frequency domain. From these measurements, we are able to retrieve both amplitude and phase information, which will be needed for deeper analysis of fading statistics and extraction of the multi-path components.
	The parameters of the VNA are reported in TABLE I. A sampling frequency of 1 MHz was chosen to cope with a maximum resolvable path length of 300 m.  
VNA parameters
	Bandwidth
	2 GHz – 6 GHz

	No. of samples
	4001

	Sampling frequency
	1 MHz

	Output power
	0 dBm



The positioner used on the receiving side will scan a 3-D cubical grid (3x3x3) whereas a square grid (3x3) will be covered on the transmitting side. The positioners will be placed in regular locations separated by a step of 1 m.
Measured scenarios
The test plan consists of 3 different propagation conditions inside the machinery room. These are: line of sight (LOS), obstructed line of sight (OLOS) and non-line of sight (NLOS) scenario. In the LOS scenario, shown in Fig. 2 (a), the measurements were performed along the aisle of the machinery room which is 35 m long and 15 m wide. Across the aisle, there are presence of metallic pipes and metal trusses on the roof. 10 equidistant points with Tx-Rx distances varying from 11 m to 20 m were sounded. In the second scenario of this measurement campaign, an OLOS scenario, depicted in Fig. 2 (b) was sounded. In this particular scenario, it can be observed that the receiving antenna is found in rather a metallic corridor. Indeed, on both sides of the antenna large metallic structures can be found. Furthermore, the roof in this part of the environment is entirely metallic.  The line of sight between the Tx and the Rx is concealed by a metallic cabinet higher than the measuring antennas. 9 points with Tx-Rx distances from 2 m to 10 m were sounded. The third scenario, illustrated in Fig. 2 (c) aims at investigating the propagating properties of an industrial-like environment with NLOS conditions between the transmitter and the receiver. There were presence of closed electrical cabinets with metallic doors. The line of sight between the Tx–Rx were masked by large ventilation shafts and sound proofs cushions covered with metallic foils. 16 points with a Tx-Rx distances from 10 m to 26 m were sounded. The presence of heavy machineries in the environment can also be noted in Fig. 2 (d).
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Figure 2 (a) LOS (b) OLOS and (c) NLOS scenario. (d) Presence of heavy machinery

Channel measurement results
In this section, the path loss models, the dispersive characteristics of the channel in the delay and angular domain will be given. Moreover, clustering will be performed and inter-clusters’ large scale parameter such as angular spread will be provided. 
Path loss models
The mean channel gain was extracted by linear fitting on measurement data. We use the conventional power law model to characterize the distance-dependent channel gain as shown in (1):
	
	,
	[bookmark: Eq4_2_pathloss](1)



where G0 is the intercept in dB at the reference distance d0 set to 1 m. n is the path loss exponent which indicates the decrease in channel gain as a function of the distance d between the transmitter and receiver. As mentioned earlier, both G0 and n are obtained from the intercept and slope of the best-fit to (1) according to the minimum mean square error. Xs is the variation due to long-term fading effects and is characterized through a normal distribution with zero mean and a standard deviation σ in dB. 
The path loss models extracted for the three considered scenarios are plotted in Fig. 3. The validity distances for each models can be recognized by a bold plotting while the extrapolated part were traced in dotted lines. The path loss parameters and fading statistics are summarized in TABLE II. The minimum fading dip for each propagating condition is also given. 
Under LOS conditions, an intercept (G0) of -35.1 dB and a path loss exponent of 2.12 were obtained. In this particular scenario, the aisle is well cleared off. This explains why the path loss exponent obtained from our measurement campaign approaches that of a free-space scenario, i.e., 2. In OLOS conditions, an intercept (G0) of -55.3 dB was obtained with  bearing the value of 0.78. This was expected as the LOS was masked on all measured points. The receiver was surrounded by two flat metallic walls. In contrast to the LOS scenario, here the Rx is found in somehow a metallic corridor enhancing the guided propagation of electromagnetic waves. The NLOS scenario present, as expected, the highest path loss exponent (n=2.60). It can be noticed that the G0  obtained in this scenario is higher as compared to the one obtained in the OLOS scenario. This value has to be carefully considered as it represent a channel gain at a distance of 1 m. This is not representative of the reality and thus we suggest to apply the model to calculate link budgets within the validity distances given in the footnotes.  
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	Figure 3 Path loss models
Path loss models’ and fading statistics’ parameters
	Scenario
	PL model parameters
	Shadow fading
	MFD (dB)

	
	G0 (dB)
	n
	σ (dB)
	

	LOS[footnoteRef:2] [2:  The validity of the model stands for 11 m to 20 m.] 

	-35.1
	2.12
	0.14
	0.79

	OLOS[footnoteRef:3] [3:  The validity of the model stands for 2 m to 10 m.] 

	-55.3
	0.78
	0.17
	0.44

	NLOS[footnoteRef:4]  [4:  The validity of the model stands for 10 m to 26 m.] 

	-39.1
	2.60
	0.18
	1.69



Multipath components modeling
	Directional analysis of measured propagation channels are important for the design and simulation of MIMO systems. In this section, SAGE algorithm is used to extract the multipath components in each scenario. Through this, we will be able to investigate both the delay and angular dispersive characteristics of the sounded environment. In our case, we will focus on the estimation of the number of paths, their amplitudes, delays and angles of arrival (AoAs). An example of the polar plot of the AoAs obtained for the first measured point in the LOS and OLOS scenarios are shown in Fig. 4. 
	[image: ]
	[image: ]

	(a)
	(b)


Figure 4 Extracted AoAs for the first measured point in (a) LOS and (b) OLOS conditions
Delay and angular dispersive characteristics
	In this section, we will investigate the time dispersion phenomena of the propagation channel in the sounded scenarios. The RMS delay spread (RMS-DS) is a very important parameter in the evaluation of the temporal dispersive characteristics of wireless channels. It plays a key role in the design of wireless communication systems. For instance, it gives an indication of how much inter-symbol interference is expected.
	The mean RMS-DS is 36.4 ns in the LOS scenario. The delay spread is higher in the OLOS and NLOS scenario having mean RMS-DS of 40.4 ns and 58.1 ns respectively. It is not surprising to find that the NLOS condition not only increases the path loss but also increases time dispersion.
	Similar results of delay spread under LOS conditions in electromagnetically harsh environments were reported in [1], [2], [5] and [7].  Our mean values of RMS-DS in OLOS and NLOS conditions are compliant to time dispersive characteristics that were obtained in [8] and [9]. TABLE III summarizes the minimum, mean and maximum values of the RMS delay spread obtained from our measurement campaigns. 
RMS-DS statistics
	
Scenario
	RMS delay spread 

	
	Min. (ns)
	Mean (ns)
	Max. (ns)

	LOS
	24.1
	36.5
	59.4

	OLOS
	27.4
	40.4
	98.0

	NLOS 
	27.3
	58.1
	147.9



	Similar to the delay spread, the angular spread is critical in order to exploit spatial diversity when using multi-antenna systems and shown in Fig. 5. 
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Figure 5 Angular spread 
Clustering 
The clustering algorithm allows gathering MPCs with similar parameters in different clusters. The most famous clustering method used for channel modeling is the K-means algorithm. It is based on the definition of distances between the MPCs and the centroid of the clusters [10]. 
Hereby, the statistics of intra-cluster’s RMS angular spread (CASA) are addressed. Fig. 6 shows the CDF of the RMS angular spreads of the clusters in the three considered scenarios. The minimum, mean and maximum values of the RMS CASA in each scenario are reported in TABLE V. In the angular domain, the mean RMS angular spread is 5.96°, 5.83° and 5.41° for the LOS, OLOS and NLOS scenario respectively. 
Globally, we can observe that the clusters in the machinery room are more spread in the delay domain and bear narrower angular spread. This is due to the chosen delay scaling factor in the clustering algorithm which weight the importance of the delay domain. 
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Figure 6 Fig. 1.	CDFs of intra-cluster RMS angular spread.




Intra-clusters RMS-AS statistics
	
Scenario
	Intra cluster - RMS angular spread 

	
	Min. (°)
	Mean (°)
	Max. (°)

	LOS
	0.64
	5.96
	39.29

	OLOS
	0.50
	5.83
	10.99

	NLOS 
	0.00
	5.41
	83.70



CONCLUSIONS

Channel measurements have been carried out in a machinery room in CEA-Leti in order to characterize and model the radio channel in an electromagnetically dense and harsh scenario. Three specific scenarios were chosen with LOS, OLOS and NLOS conditions respectively.  From measurement data, the path loss models and shadowing term have been extracted, as well as delay spread. Cluster AoA spread is also presented.  The double-directional modeling of the propagation channel will be dealt in the future. 
Proposal 
These values can be used for 3GPP model parametrization in scenario with high density clutter and clutter-embedded antennas. 
References
Y. Ai and M. Cheffena, ''A Comparative Study of Wireless Channel Propagation Characteristics in Industrial and Office Environments,'' accepted to International Symposium on Antennas and Propagation (ISAP'15), Hobart, Australia, Nov. 9-12, 2015.
J. Karedal, S. Wyne, P. Almers, F. Tufvesson and A. F. Molisch, "Statistical analysis of the UWB channel in an industrial environment," IEEE 60th Vehicular Technology Conference, 2004. VTC2004-Fall. 2004, 2004, pp. 81-85 Vol. 1.
Molisch, A., Cassioli, D., Chong, C-C., Emami, S., Fort, A., Kannan, B., Win, M. Z. (2006). A comprehensive standardized model for ultrawideband propagation channels. IEEE Transactions on Antennas and Propagation, 54(11), 3151-3166.
E. Tanghe et al., "The industrial indoor channel: large-scale and temporal fading at 900, 2400, and 5200 MHz," in IEEE Transactions on Wireless Communications, vol. 7, no. 7, pp. 2740-2751, July 2008.
S. Luo, N. Polu, Z. Chen and J. Slipp, "RF channel modeling of a WSN testbed for industrial environment," 2011 IEEE Radio and Wireless Symposium, Phoenix, AZ, 2011, pp. 375-378.
Shiqi Cheng, “Characterization and Modeling of the Polarimetric Radio Channel for Highly Diffuse Scenarios”, PhD dissertation, 9 December 2016. 
B. Holfeld et al., "Radio channel characterization at 5.85 GHz for wireless M2M communication of industrial robots," 2016 IEEE Wireless Communications and Networking Conference, Doha, 2016, pp. 1-7.
[bookmark: _Ref520814453]T. Rappaport, S. Y. Seidel, and K. Takamizawa, “Statistical channel impulse response models for factory and open plan building radio communication system design,” IEEE Trans. Communications, vol. 39, no. 5, pp.794–807, May 1991.
[bookmark: _Ref520814455]J. F.  Coll, “Channel Characterization and Wireless Communication Performance in Industrial Environments”, PhD dissertation, June 2014.
N. Czink, E. Bonek, X. Yin, and B. Fleury, “Cluster angular spreads in a MIMO indoor propagation environment,” in Proc. IEEE 16th Int. Symp. Pers., Indoor Mobile Radio Commun. (PIMRC), Berlin, Germany, Sep. 2005, pp. 664–668.

image3.jpeg




image4.jpeg




image5.jpeg




image6.emf
Tx-Rx distance (m)

0 5 10 15 20 25 30

C

h

a

n

n

e

l

 

G

a

i

n

(

d

B

)

-80

-70

-60

-50

-40

Path Loss Models

LOS

PL model G

0

 = 35.1 n = -2.12

OLOS

PL model G

0

 = 55.3 n = -0.78

NLOS

PL model G

0

 = 39.1 n = -2.60


image7.emf
  20 [m]

  40 [m]

  60 [m]

  80 [m]

30°

210°

60°

240°

90°

270°

120°

300°

150°

330°

180° 0°

-120

-110

-100

-90

-80

dB


image8.emf
  20 [m]

  40 [m]

  60 [m]

  80 [m]

30°

210°

60°

240°

90°

270°

120°

300°

150°

330°

180° 0°


image9.emf
Angular spread

20 25 30 35 40 45 50 55 60

C

D

F

0

0.2

0.4

0.6

0.8

1

CDF distribution of RMS angular spread

LOS

OLOS

NLOS


image10.emf
x [°]

0 5 10 15 20

P

r

o

b

a

(

c

A

S

A

 

x

)

0

0.2

0.4

0.6

0.8

1

cdf of c

ASA

LOS

OLOS

NLOS


image1.tiff




image2.jpeg




