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1. Introduction
The need for consistency across space, also known as spatial consistency, was recognized in the way-forward on channel modeling [1] and also the multi-company white paper of [2].  The problem arises because the current 3D channel model [3] only correlates large scale parameters (LSPs), like delay and angle spreads, in space, but not the small scale fading like cluster generation.  The result is that two nearby users using the current 3D channel model will see quite different channels, especially in NLOS conditions, which is not realistic.  This contribution investigates the spatial consistency models proposed in [4][5]

 REF _Ref444601534 \r \h 
[6] and shows some MU-MIMO results for the proposal in [4].  The conclusion is that the spatial consistency modeling of [4] is easy to implement and does not significantly increase the computation complexity of the current 3D channel model [3].
2 Comparison of Spatial Consistency Methods
1. The method of R1-160437[4]
This method works within the existing 3GPP channel modeling framework (and stochastic model framework in general) by generating spatially consistent random variables which are used in the channel modeling steps (particularly steps 5-7) of TR 36.873 [3].  Basically a grid of random variables separated in the x and y directions by a correlation distance are created for each eNB.  The random numbers for a UE are found as a function of the random variables on four grid points around the square which the UE is location (e.g., see Figure 1).  Note that it appears that for this method to work properly that spatial consistency also needs to be implemented in step 8 (random coupling of rays), step 9 (XPRs), and step 10 (random phases) of TR 36.873 [3].  Otherwise the channel realization will likely still be very different between two close by locations as demonstrated by the simulation results and comparisons with measured channels later in this contribution.

The features of this method are:

· It appears straight-forward to add to any stochastic channel model (including the current 3GPP model) as only the random number generation needs to be changed.

· The model can be used for both drop-based simulations and dynamic simulations (e.g., for beam tracking).

· Some method will be needed to determine the correlations distances and if those correlation distances should be the same or different for all small scale parameters (e.g., delay, azimuth angles, elevation angles, XPRs, K factors).  Obviously for implementation ease, having a minimal set of correlation distances would be preferred as each different distance needs its own grid and hence its own random numbers.
2. The method of R1-160826 [5]
This method uses a hybrid approach of ray tracing and a map-based model.  The use of scattering vertices enables the modeling of more detailed features of the buildings (e.g., windows or ornamental decorations) than is typical in a ray tracer.  This method of generating the channel provides spatial consistency through the generation of scattering vertices based on the map-based model.  This model represents a dramatic change to current simulators which employ the stochastic approach, so it would be preferable to only go with an approach such as this one if there is a fundamental flaw in the approach of [4].
3. The method of R1-160501 [6]
This method proposes to model spatial consistency through an evolution of the angles of arrival and departure (presumably both in azimuth and elevation).  The LOS path is recommended to point to the transmitter (this is already the case in the 3GPP model) and the NLOS paths are to be based on scatter locations (no specifics on how to model the scatter locations was given).  A method such as this one would be difficult to add to existing system simulations as some evolution of the scatter locations is needed across space in order to accurately capture the spatial consistency between UEs.  Also if other parameters such as delay spread, XPRs, K factor, coupling of rays, and random phase generation are not considered, then two close by locations could see radically different channels especially in NLOS conditions.
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Figure 1.
Example grid from R1-160437 [4] for the generation of a spatially consistent random variable. 
3 Complexity Analysis
In this section a quick assessment of the complexity needed to implement the method of R1-160437 [4] in Matlab-based simulators (used for both system and link simulations).  From an implementation standpoint, the main change was in how the random numbers are generated and otherwise the code for generating the channels was unchanged.  An approach of using random number seeds for the grid points for each base station was taken where the seeds could be used to consistently generate the same random variables on each of the grid points for each eNB.  Using the approach with random number seeds meant that the memory requirements of adding spatial consistency was minimal and had no impact on the simulations.  However, there was a small impact in terms of speed when using the “rng” command in Matlab to keep setting the random number seed.  When looking at the Matlab profiler, the addition of spatial consistency increased the generation time of the small scale parameters by roughly a factor of 2.  Note, however, that the channel calculation part was identical with and without spatial consistency.  Since in our system simulator the small scale generation is done once at the beginning of the simulation, minimal impact on simulation time is expected with the addition of this method of spatial consistency.
4 Simulation Example
In this section we present simulation results which show the impact of spatial consistency on the MU-MIMO downlink link performance.  A 20 MHz bandwidth LTE system is simulated at a 2.0 GHz carrier frequency and the UMi LOS/NLOS 3D O2O channel is employed.  The eNB has four Tx antennas (2 XP (+/- 45 degree polarized) antennas separated by 0.5 lambda) and the UEs have two Rx antennas (co-located XP antennas).  The SNR to both UEs is 10 dB and wideband (one weight over the entire 20 MHz bandwidth) regularized zero-forcing Tx weights are employed.  The first UE is located at (x=45, y=-45) in m relative to the eNB and the second UE is located at (x=45, y=d-45) where d will vary from 0 to 100 m.  For each distance point, 100 independent channel realizations are created (note the variation in the graphs is due to the relative small number of realizations per distance point).  Two metrics will be employed, the first is the correlation of the channel and the second is SINR difference between not using spatial consistency and using spatial consistency.  
Three cases are compared: 1) the implementation of the UMi 3D channel without spatial consistency (as specified in [3]) 2) with spatial consistency as specified in [4] (just steps 5-7 of the 3GPP 3D channel model [3]) and 3) with steps 5-10 incorporated into the procedure of [4].  For both cases of spatial consistency, a correlation distance of 50 m was used for the generation of all parameters.  The results are shown in Figure 2 for the LOS UMi channel and in Figure 3 for the UMi NLOS channel.  The first thing to note is that when only using steps 5-7 in the spatial consistency modelling that the correlation results are not all that different from having no spatial consistency.

When looking at spatial consistency with steps 5-10, in the LOS case, the channel between the UEs is highly correlated for distances less than around 40 m and for NLOS the two channels decorrelate rapidly within around 5 m of each other.  The high correlation in LOS even for the non-spatial consistency case is due to the addition of the strong Ricean ray in the direction of the UEs.  In NLOS the correlation is low due to the high angular spread despite the mean angle being in the direction of the UEs.  In terms of SINR, the non-spatial consistency case tends to provide substantially more optimistic results when the UE distance is roughly less than around 10 m in both LOS and NLOS.
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Figure 2.
Channel correlation between the UEs when employing spatial consistency (SC) and without SC (left plot) and the difference between the SINR without SC minus the SINR with SC (right plot) for a LOS UMi channel. 
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Figure 3.
Channel correlation between the UEs when employing spatial consistency (SC) and without SC (left plot) and the difference between the SINR without SC minus the SINR with SC (right plot) for a NLOS UMi channel. 
5 Comparing with field measurement data

In order to validate the effectiveness of the modelling, the simulation results were compared with the field measurement data. The measurement is conducted in Chicago suburban area with the following detail configuration: 
· 3.5 GHz, 20 GHz BW

· eNB is 49 m high, UE is 1.5 m high (the array on top of a SUV)

· 4-element XP antenna at eNB, V&H antennas at UE

· UMa-type of environment

· Schaumburg IL, industrial area chosen (Sector 2, see Figure 4)

· Channel correlation calculated as (the channels have normalized power and E[Hn,m(k)=0]):
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· K=# of subcarriers, N=# of eNB antennas, M=# of UE antennas

· Results for distance=0 m between UEs were for snapshots in the same location separated by 7 or more seconds
The same MU-MIMO setup of Section 4 was employed here.  The results are shown in figure 5 for a NLOS environment.  The better match to the measured results are when steps 5-10 are made spatially consistent, particular for very close UEs.  Note also that the spatial consistency method of [4] produces results which are close to what was seen in these measured channels (again as long as steps 5-10 are all made spatially consistent).
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Figure 4.
Illustration on the Field measurement conducted in Schaumburg IL where sector 2 represents an industrial/mini urban environment.
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Figure 5.
Channel correlation between the UEs (left) and SINR (right) comparing measured channels with spatial consistency for steps 5-10 of the 3GPP channel model and just 5-7 of the 3GPP channel model.  These results are for a NLOS environment (NLOS UMi for the simulated channels and NLOS UMa for the measured channels).
6 Conclusion
This contribution investigated proposals for spatial consistency modeling and concluded:

1.
The spatial consistency modeling proposed in R1-160437 [4] is simple and straight-forward to implement in existing link and system simulations.

2.
The spatial consistency modeling proposed in R1-160437 has negligible impact on memory usage but did increase the time to generate the large-scale and small-scale parameters of the channel roughly by a factor of 2.  However, the calculation time of the channel itself was not impacted and this calculation dominates our system simulator and hence the implementation of this spatial consistency method would have minimal impact on system simulation time in our simulator.

3.
With a correlation distance of 50 m, the largest impact of spatial consistency was seen when UEs were within about 10 m of each other.  The impact on MU-MIMO simulations of not using spatial consistency would be to have optimistic simulation results and could also lead to incorrect conclusions about the need of a smart scheduler over just using random pairing.
4. 
The modelling of R1-16437 should be extended to step 8 (random coupling of rays), step 9 (XPRs), and step 10 (random phases) of the 3GPP 3D channel model which will make the channel correlation and expected MU-MIMO results better matched to what is seen in measurement channels. 
Proposal: Adopt the spatial consistency model proposed in R1-160437 for drop-based simulations including the addition of implementing the spatial consistency for step 8 (random coupling of rays), step 9 (XPRs), and step 10 (random phases) of TR 36.873.
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