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Introduction 
In the RAN Plenary #69, it was agreed that 3GPP should study the performance and feasibility of using high frequency spectrum above 6 GHz for further evolution of wireless standardization efforts. 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 [2]. 

Many contributions have been made on power-angular-delay profile (PADP) measurements at millimeter wave frequencies and clustering approaches based on these measurements [3]-[5]. Specifically, in a prior contribution [3], we developed a clustering methodology based on drawing power threshold levels based on azimuthal angular scans. This methodology suggested that 4-5 clusters lie within a 5 dB power differential (at both 29 and 61 GHz) and these clusters are directionally well-separated suggesting their utility in millimeter wave transmission. The focus of this contribution is on combining the azimuthal scans and the omni scans (at 29 and 61 GHz) to disambiguate the random delays that could affect these measurements in reconstructing the PADP. For this, we propose a novel methodology based on differential delay search and least-squares projection. 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. 
Measurement location and channel sounder description
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. 
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 spatial-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 beam width 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. 
Processing methodology: The recorded data (chips) at the outputs of the omni and azimuth scans are separately processed as illustrated in the block diagram of Figure 1. This figure describes the channel sounding blocks where the chips with random delays are de-spread and used for channel estimation and ray identification.  There are two levels of thresholding to produce the channel impulse response (CIR) and the rays.  The spreading PN code is run at 200 Mcps/sec and there is a receiver filter. 
The CIR estimation performance depends on the total transmit and receive filter bandwidth as well as the inter-cluster overlap. Figure 2 shows the tradeoffs involved in the channel estimation process and ray identification performance as a function of the SNR. The sounding system is synchronous, the PN sequence is replicated, there is a filter and a synthetic channel. It is evident that the channels with hidden overlap clusters and transmit/receive pulse shaping (PS) will result in a degradation in the quality of the final ray identification, measured in the mean squared error (MSE).
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Figure 1. Block diagram illustrating the channel sounding structure
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Figure 2. Tradeoff between channel estimation and ray identification as a function of SNR.

Proposed PADP reconstruction approach
The choice of best clustering methodology to be used is critically dependent on PADP measurements with directional scans that measure absolute delays of the multipath that constitute the wireless channel. For this, the transmitter and receiver should be coordinated and produce synchronous measurements. Unfortunately, our measurements do not allow the disambiguation of absolute delays and only allow a measure of relative delays across angles. This results in difficulties aligning the initial tap of the azimuthal scans (which is artificially set to 22 for all the angular scans) as well as relative delays between the initial taps from the scans at different angles. In addition, ambiguities also exist on the relative delays with different runs of the omni scans (all normalized to 22). 
To overcome these difficulties, we now propose a two-stage approach for PADP reconstruction.  
Antenna measurement model
The first part of this approach requires a model to be used for the signals from the two sets of measurements (omni and azimuth). Let and  denote the spatial channel and the channel clusters corresponding to an omni scan. The measurements from the omni scan can then be written as: 
		                                       
where N is the total number of clusters and is the random delay associated with run i. These random delays can theoretically said to be limited only by the order of maximum delay spread. A possibility that the clusters could be overlapping or disjoint in time (delay) domain cannot be dismissed at this stage. The azimuthal scan measurements will be discussed in two steps. Assuming that the channel is time-invariant within the span of field measurements, the azimuthal measurements can be written as
               
where each angular measurement captures a portion of the clusters depending on the effective antenna pattern. The effective antenna pattern is such that it decays as the angle moves away from the direction at which the horn antenna is pointing at. With additional random unknown (placement) delays  we have 

The azimuthal angular measurements can be modeled as a random scaling of clusters. Cluster powers are normalized, causality is maintained in space and time and the differential delays  are sufficient to align the clusters. With this background, the ML estimate of differential delay is given as  

The azimuth measurements can then be expressed as
             
Note that the total power over all angles should be equal to the power of Omni for the same antenna gains. 
ML differential delay estimation and conditional least-squares classification
In this step, PADP reconstruction is broken into a synchronization step and a pattern recognition step. Here, the ML estimation of the differential delay produces candidate signals and these candidate signals are matched against the omni pattern with a least-squares (LS) projection. 

The block diagram in Figure 3 describes the reconstruction procedure where the first block correlates the K highest powers azimuthal scans against the omni scans. The peaks of this correlation process result in a set of differential delay estimates for these azimuthal scans. In the second stage, a conditional projection of the omni is performed on all the permutations of the azimuthal scans with differential delays. Technically speaking, this projection is similar to oblique projection technique. The projection with the smallest LS error leads to the optimum choice of delay for the azimuthal scans and will allow identification of the clusters.
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Figure 3. Block diagram capturing the reconstruction procedure.



The PADP reconstruction steps can be summarized as:
1. Compute mean omni per circular position(t)
2. Compute correlation between omni and azimuthal measurement 
3. Threshold  correlation retaining the peaks and delays
4. Repeat Steps 2 and 3 for azimuthal scans with  highest power measurements 
At the end of this step, we have  threshold-dependent delay combinations to eliminate. 
5. Form the Q aggregated angular  streams  for all delays combinations
6. Project the aggregated angular streams onto Omni  
7. Select the aggregate stream with smallest LS MSE 
8. Reconstruct the PADP with this specific choice of optimal delay. 
Results  
We now present the results of the PADP reconstruction process at different locations in the shopping mall. In the process explained in Sections 2 and 3, the azimuthal angle indices go in steps of 2 from 2 to 36 since the 3 dB beamwidth of the horn antenna is 19o whereas azimuthal scans are made in steps of 10o leading to an undersampling by a factor of 2 in the reconstruction process. 
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Figure 4. PADP reconstruction for a typical location (“Location 1”) at 29 and 61 GHz.


The first location is identified as “Location 1” and Figures 4(a)-(b) show the PADP reconstruction at this location at 29 and 61 GHz. From these plots, we note that the azimuthal scans that are reconstructed align very well with the delays in the omni scan illustrating the efficacy of the proposed approach. Further, our studies show that there are four dominant clusters at both 29 and 61 GHz. While the first two clusters appear around the same angle at both 29 and 61 GHz, the third and fourth clusters are at different angles. 

Similarly, Figures 5(a)-(b) show the PADP reconstruction at another typical location (named “Location 2”) at both 29 and 61 GHz. As before, the reconstructions match the azimuthal scans with the omni scans very well. Comparing between 29 and 61 GHz, we note that the dominant cluster at 29 GHz is the second dominant cluster at 61 GHz (and vice versa). Note that this is not really obvious since the azimuthal indices used at even for 29 GHz and odd for 61 GHz. Also, note that the roles of the third and fifth dominant clusters are swapped between 29 and 61 GHz. Thus, our approach iluustrates the gross similarity in behavior at 29 and 61 GHz as well. 































Figure 5. PADP reconstruction for a typical location (“Location 2”) at 29 and 61 GHz.

As a third illustrative example, Figures 6(a)-(b) show the PADP reconstruction at a third typical location (named “Location 3”) at both 29 and 61 GHz. In addition to the good reconstruction and the coincidence of the clusters across frequencies, we also note that only 4 clusters capture scattering at this location well. 




































Figure 6. PADP reconstruction for a typical location (“Location 3”) at 29 and 61 GHz.

While only three typical location information are provided in this contribution, our studies at at least 20 other locations in the shopping mall as well as a number of locations in an indoor office setting suggest a similar set of conclusions in terms of the number of clusters, cluster correlation across frequencies, etc. 
Conclusions and Proposals 
The main conclusions from our studies are: 
1) The proposed approach can render a good reconstruction of the PADP from azimuthal and omni scans at millimeter wave frequencies. Given the abundance of such measurements at 29 and 61 GHz from Qualcomm, as well as other sources (see [5]), there is now an abundance of data on millimeter wave measurements to study different clustering approaches based on time-lobe spatial clustering, hierarchical agglomerative approaches, etc. 
2) Our studies indicate that only a small number of clusters represent indoor shopping mall measurements at 29 and 61 GHz. Existing cluster models in 36.873 for sub-6 GHz systems indicate a large number of clusters (12-13 for LOS and 19-20 for NLOS data). This is contrary and significantly different from observations with millimeter wave frequencies! 
Based on our studies, the following proposals are made: 
1) The design of good beamforming protocols differ significantly depending on whether a small/large number of clusters capture the multi-antenna channel. Reusing 36.873 parameters for number of clusters should be done with precaution. 
2) Mixing ray tracing data with measurements in determining cluster statistics is not a good idea. 
3) Given the extensive measurements on azimuthal and spherical scans performed at Qualcomm at millimeter wave frequencies, Qualcomm’s data on indoor office and shopping mall should be included in further studies that lead to development of cluster statistics for > 6 GHz channels. 
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