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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 modeling path loss in indoor and outdoor settings. 
In [3], we had presented the statistics of delay spread based on indoor and outdoor measurements at 2.9, 29 and 61 GHz. These measurements were taken in a typical indoor office setting, a typical large shopping mall, outdoor settings corresponding to open square and street canyon settings. These measurements showed that delay spread for NLOS links generally decrease with increase in frequency in the indoor setting. On the other hand, delay spread for 29 GHz LOS links appear to be larger than the delay spread at 2.9 GHz due to waveguide-type effects in indoor office/mall setups. Beamforming or directional antennas do not seem to have a substantial impact on the delay spread. On the other hand, delay spread for NLOS links are in general smaller with increase in frequency in the outdoor setting, but can have substantial tails due to multiple reflections and radar cross-section effects. Delay spread for LOS links can be substantially larger than at sub 6 GHz frequencies. Beamforming can substantially reduce the delay spread over omni-directional antennas.  
Subsequently, a number of arguments have been made on why the delay spread should be frequency dependent or independent [4], [5], [6]. In this contribution, we provide some comments on why the delay spread should be frequency dependent and provide measurements to confirm these comments. 
Frequency dependence of delay spread  
As the carrier frequency increases, it is well-understood that the path loss increases [5]. In addition, material properties have a strong frequency dependence with higher absorption at higher carrier frequencies. In particular, the O2I model considered in [5] is frequency dependent. These observations suggest that paths with a longer path distance suffer a higher loss at higher carrier frequencies. Thus, with a threshold on the received power level, only a smaller subset of the paths could be of utility at higher carrier frequencies. With a smaller subset of paths, it is intuitive that the delay spread is bound to be smaller.  
The channel sounder and measurement description for our campaign are explained in more detail in [3]. It is important to note and emphasize here that all the measurements have been obtained at three carrier frequencies (2.9, 29 and 61 GHz) with the same set of transmitter and receiver locations. Further, the dynamic range of the channel sounder does not change much with frequency and the 3-dB beamwidths of the horn antennas used at 29 and 61 GHz are also similar (around 18-19 degrees in both cases). In addition, the noise floor is maintained at a comparable level across frequencies with an SNR at least better than 15 dB in all cases. Thus, any differences observed in the delay spread at these three frequencies are likely a reflection of the channel itself and not due to unaccounted for sources of error. 
With this background, the CDF of the RMS delay spread in the indoor office setting for NLOS links at 2.9, 29 and 61 GHz are plotted in Figure 1. Note that the means of the exponential fit to the excess delay spread in these settings are given by λ−1 = 123, 98.7 and 68.1 ns. For LOS links, the RMS delay spread shows a heavier tail with a larger delay at 29 GHz. This behavior is due to a better waveguide effect resulting in more reflective paths propagating across the link distance with significant power. The CDFs of the RMS delay spread across all transmitter and receiver locations with omni-directional antenna scans at 2.9, 29 and 61 GHz in the shopping mall are presented in Figure 2 for NLOS and LOS links, respectively. As in the indoor office setting, an increase in frequency reduces the RMS delay spread for NLOS links and the RMS delay spread for LOS links at 29 GHz is in general larger than 2.9 GHz.
Figure 3 plots the CDF of RMS delay spread in NLOS and LOS links at 2.9 and 29 GHz in an outdoor UMi type setting that is mostly open square. From these plots, we note that the delay spread in the NLOS case is lower at 29 GHz but with a tail region that is wider than at 2.9 GHz. Similarly, in the LOS case, the delay spread has a very heavy tail region at 29 GHz due to radar cross-section effects. Figure 4 shows the CDF of RMS delay spread in the NLOS case in typical street canyon type setting at 2.9 and 29 GHz. 
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Figure 1: CDF of RMS delay spread across all transmitter and receiver locations for NLOS and LOS links in the indoor office setting. 
[image: ][image: ]
Figure 2: CDF of RMS delay spread across all transmitter and receiver locations for NLOS and LOS links in the shopping mall setting. 
[image: ][image: ]
Figure 3: CDF of RMS delay spread across all transmitter and receiver locations for NLOS and LOS links in the outdoor open square-type setting. 
[image: ]
Figure 4: CDF of RMS delay spread for NLOS links in the outdoor street canyon-type setting. 

Proposal 
Based on the studies in this contribution, the following proposal is made: 
Frequency dependent models for large scale parameter(s) appear to be intuitive and measurement results support this intuition.  In particular, frequency dependent delay spread models should be considered for >6 GHz channel modeling.  
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