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In the February 2016 RAN WG1 meeting, it was decided that the requirements, scenarios, methodologies and additional features needed for above 6 GHz channel modeling be investigated [1], [2]. 
As a part of this study, this contribution focusses on developing a clustering methodology based on omni-directional and azimuthal scans at millimeter wave frequencies. This methodology is then applied to indoor shopping mall measurements at 29 and 61 GHz to compute the number of clusters, inter-cluster angular spread, etc. The shopping mall of interest in this contribution is the Bridgewater Commons Mall, a three level mall with multiple retail outlets, an open area food court, long walkways, etc., in Bridgewater, NJ. 
Channel sounder and measurement description 
Channel sounder: The measurements were performed with a battery powered and freely mobile channel sounder that allows automatic omni-directional scans at 2.9, 29 and 61 GHz and elevation and azimuthal scans at 29 and 61 GHz. Parallel datasets for these frequencies are obtained at identical transmit and receive locations with omni-directional antennas at one end of the link. To average over spatio-temporal variations, 10 measurements along a 40 cm diameter circle at the receiver were averaged 3-5 times. In addition, directional horn antennas with 10, 20 and 25 dB gains were used at the other end of the link with carrier frequencies of 29 and 61 GHz. The 3 dB beamwidth of the horn antenna is approximately 18 degrees. Directional scans consisted of azimuthal (360o view) and spherical scans (360o azimuth view and -30o to 90o view in elevation). The resultant scans included 39 slices with a 10 dB gain antenna and 331 slices with a 20 dB gain antenna. The resolution of the channel sounder is approximately 5 ns. 
Measurement location description: Indoor measurements were made in the Bridgewater Commons Mall, Bridgewater, NJ, USA, which is a large three level indoor shopping mall with an open interior design. The building length is ~390m with the longest testing range of ~275m. Measurements were obtained at three transmit and 135 receive locations (on all the three levels in the mall). The transmitter locations were: i) centrally located on the second floor, ii) located on an edge of the second floor and iii) centrally located on the third floor near an open-area food court. Multi-floor propagation was also studied. The specific design of the Bridgewater Commons Mall leads to the observation of a number of both line-of-sight (LOS) and non-line-of-sight (NLOS) links. To facilitate unimpeded measurements of path loss without shadowing induced by humans and due to logistical reasons, shopping mall measurements were conducted in the night time with minimal footfall and in common areas with no inside store access. 
Proposed clustering methodology and results 
A good clustering methodology is critically dependent on a power-angular-delay profile (PADP) measurements with directional scans that measure absolute delays of the multipath that constitute the wireless channel. Methodologies such as K-means, K-power means, K-moments algorithms can be applied to the PADP to classify the main clusters. Unfortunately, our measurements do not allow the disambiguation of absolute delays and only allow a measure of relative delays across angles. This is because multiple angular measurements (over multiple channels) cannot be obtained with our measurement apparatus. Thus, in lieu of clustering with the PADP, we propose the following clustering methodology based on azimuthal scans at 29 and 61 GHz. 
Clustering methodology: We assume that most rays from a cluster lead to similar angle of arrival/departure profiles. This is a reasonable assumption to make in practice since a “cluster” is often a reflection of a geographically distinct scatterer made of multiple reflecting/diffracting/scattering points on a certain surface and can thus be assumed to produce rays within a certain “small” angular spread around a main departure and arrival angle. Leveraging this assumption, we propose to collect the power from all the taps in a certain azimuthal angle (for azimuthal scans) and within a certain pair of azimuth and elevation angles (for spherical scans) as corresponding to that cluster. Angles that are within a certain appropriately-chosen power level Pcutoff of the dominant cluster/angle are determined to be dominant clusters capturing the modes of propagation and hence useful/relevant for multi-layer beamforming in transmission. 
The specific choice of Pcutoff used in the classification methodology depends on the relevance of a cluster. To understand the scope of this claim, the role of multiple clusters from a millimeter wave system level perspective is in beamforming (either single or multiple streams to one or more receivers). Thus, significant multiplexing gains can be reaped only if the clusters are well-separated directionally (and thus easily disambiguated in signaling) and are of high enough power to result in significant performance improvement. Natural choices of Pcutoff are 5, 7 or 10 dB. 
Results: Two transmit locations are used for measurements in the shopping mall. As noted in the Introduction, the first transmit location is located on the second floor in a central foyer-type location (and marked in red in Fig. 1(a) below) with a number of retail outlets with glass windows and long walkways allowing strong reflections and LOS path to propagate to the different receive locations. The second transmit location is placed on the opposite side of the foyer in the third floor with a nearby food court and multiple retail outlets allowing strong reflections off the glass and metal enclosures. 
[image: ][image: ] 
Figure 1: Location of (a) transmitter 1 and (b) transmitter 2 (marked in red) relative to different shops in a shopping mall setting. 
In terms of the number of azimuthal scan measurements at distinct locations, we report on 50 unique locations for 29 GHz and 64 unique locations for 61 GHz. Table 1 below presents the macroscopic cluster statistics such as the mean number of clusters (and the corresponding inter-cluster angular separation) within a Pcutoff of 5, 7 or 10 dB of the dominant cluster/angle at the two transmitter locations based on azimuthal scans at 29 and 61 GHz. From this table, we note that (on an average) 4-5 clusters appear to be within a power differential of 5 dB across both transmit locations suggesting a high level of diversity for transmission. Also, while the cluster statistics appear to be broadly similar at both frequencies, the mean number of clusters appears to be smaller at 61 GHz relative to 29 GHz. 
	
	fc = 29 GHz
	fc = 61 GHz

	Pcutoff
	10 dB
	7 dB
	5 dB
	10 dB
	7 dB
	5 dB

	Mean number of clusters (Tx Location 1)
	12.59
	7.85
	5.44
	10.54
	6.92
	4.90

	Inter-cluster angular separation (Tx Location 1)
	34.10o
	36.20o
	46.71o
	22.14o
	25.84o
	38.79o

	Mean number of clusters (Tx Location 2)
	13.06
	8.00
	5.13
	10.13
	6.06
	4.19

	Inter-cluster angular separation (Tx Location 2)
	20.54o
	29.21o
	55.38o
	24.87o
	27.49o
	53.72o

	Mean number of clusters (Both Tx locations)
	12.74
	7.90
	5.34
	10.44
	6.70
	4.72

	Inter-cluster angular separation (Both Tx locations)
	29.76o
	33.96o
	49.49o
	22.82o
	26.25o
	42.52o


Table 1: Mean number of clusters and inter-cluster angular separation at two transmit locations in the shopping mall as well as data combined from both transmitter locations. 
Fig. 2 below plots the CDF of the number of clusters as classified by the proposed clustering algorithm for different choices of Pcutoff at 29 GHz and 61 GHz across all transmit and receive locations. Clearly, from this figure, we see that the median number of clusters is less than 5 at both frequencies and at the 80th percentile level, the clusters are 10 and 7, respectively suggesting a moderate number of available modes for beamforming at these carrier frequencies. Similarly, Fig. 3 plots the CDF of the inter-angular cluster spread at 29 and 61 GHz. From this figure, we note that the median cluster spread is on the order of 20 degrees at 29 GHz and 30 degrees at 61 GHz. Such a wide separation allows easy beamforming with low-complexity RF beamformers with minimal loss and low power amplifier backoff due to beam combining, suggesting the utility of mmW channels for high data rate transmission. 
[image: ][image: ]
Figure 2: CDF of number of clusters at (a) 29 GHz and (b) 61 GHz in a shopping mall setting. 
[image: ][image: ]
Figure 3: CDF of inter-angular cluster spread at (a) 29 GHz and (b) 61 GHz in a shopping mall setting. 
While all the results presented here focused on the shopping mall setting, results from an indoor office setting (third and fourth floor of Qualcomm building in Bridgewater, NJ) also suggest a similar flavor of results. However, given that an indoor office setting is expected to have more reflective surfaces and waveguide-type effect aiding propagation (dropped ceiling, etc.), the mean number of useful clusters is higher than in a shopping mall setting.
Conclusions and proposal 
The main conclusions from our studies are: 
1) Given certain measurement-related difficulties in obtaining an extensive set of PADP, this contribution proposed a simple methodology for utilizing azimuthal scans in clustering. 
2) The proposed clustering methodology with azimuthal scan data at both 29 and 61 GHz suggests that 4-5 clusters lie within a 5 dB power differential and these clusters are directionally well-separated suggesting their utility in millimeter wave transmission.    
Based on our studies, the following proposals are made: 
1) Discarding azimuthal scan data in lieu of power-angle-delay profile measurements and clustering driven purely by PADP measurements is disadvantageous!  
2) Given the extensive measurements on azimuthal and spherical scans performed at Qualcomm, Qualcomm’s data on indoor office and shopping mall should be included in further studies that lead to development of cluster statistics for over 6 GHz channels. 
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Centrally located transmitter on the second level
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Centrally located transmitter on the third floor close to an open area fo6d court,

Food court




