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1. Introduction
Spatial consistency has been identified as one important missing part, e.g. from the existing 3GPP 3D channel model and three alternatives have been studied [1]. The alternative 1 (spatially consistent random variable based approach) has been agreed in RAN1 #84b meeting to solve the spatial consistency issue [2]. This model can generate the spatially correlated cluster power/delay/angle with simple implementation and backward compatible to the existing 3D channel model [3]. This contribution proposes remaining details for the spatial consistency model.
2. Calibration of spatial consistency
In RAN1 #84b, we have agreed to calibrate the additional features [4]. For basic features, we have agreed to use two phases to calibrate the channel model implementation. For large scale calibration, coupling loss and geometry CDF curves are used to calibrate the channel to ensure that the large scale features such as LoS probability, path loss and network scenarios are implemented correctly. For full calibration, small scale channel properties such as Eigen value and Eigen value ratios are used to calibrate the channel to ensure correct implementation of small scale parameters, large scale parameters, cell association, antenna array and channel generation. Those statistics are all defined per user thus spatial consistency cannot be observed from these statistics. For calibrating spatial consistency, we need to generate statistics based on the channel realization of two close-by positions. And we are able to observe correlation among the channel realizations of two close-by positions if spatial consistency is correctly implemented. The two close-by positions can be created in two steps. In the first step, normal UE dropping is performed to get the first position. As UE is also assigned with a random moving direction, the second position is created by moving the UE hypothetically from its original position with a fixed distance along its moving direction. The serving eNB of the normally dropped UE is chosen to generate two channel realizations for the paired positions.


[bookmark: _Ref450411745]Figure 1: Calibration of spatial consistency based on pairs of positions
With channel realization from pairs of positions, we can create statistics metrics for the two channel realizations of each pair of positions. Since each channel realization has its own LOS/NLOS state, the difference of the LOS/NLOS state of a pair of UEs can reflect whether spatial consistency have been modelled correctly for LOS/NLOS state. The left plot of Figure 1 gives a system wide CDF of the LOS/NLOS state delta assuming one meter difference between a pair of users. A delta value 0 means the LOS/NLOS states are the same for two close-by positions. A delta value 1 means the LOS/NLOS states are different for the two close-by positions. It can be observed that the LOS/NLOS state of two close-by positions tend to be the same if spatial consistency has been modelled for the LOS/NLOS state. And the LOS/NLOS state become randomly distributed for two close-by positions if spatial consistency is not modelled.

For channel cluster level spatial consistency, we can introduce additional metrics based on cluster power/angle in equation (7.7) and (7.10) of [3] respectively. We can define the mean channel angle at position  as:

                        (1-1)
And the mean channel angle difference can be defined as:

                                                             (1-2)
We can have similar definition of such metrics for AoD/ZoD/AoA/ZoA. The system wide CDF of equation (1-2) can be found in the right plot of Figure 1. It can be observed that the mean channel departure angle tends to be distributed much wider if cluster level spatial consistency is not modelled.
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[bookmark: _Ref450395873]Figure 2: LOS state delta CDF (left); Average AoD delta CDF (right)

Proposal 1: Spatial consistency can be calibrated as:
· For each dropped UE, create one pair of positions according to Figure 1. The first position is the dropped UE’s position. The second position has fixed distance, e.g. 1 meter, from the first position.
· Collect statistics from channel realization on each pair of positions.
· For LOS/NLOS state spatial consistency, collect CDF of the LOS/NLOS state delta.
· For cluster level spatial consistency, collect CDF of the mean channel angle difference using equation (1-2) for AOD/ZOD/AOA/ZOA.
3. Discussion on possible further improvement
For the existing spatial consistency modelling, it can enable MU-MIMO simulation in drop based system level simulations. However, when this model is used for mobility simulation, the delay/angle of the weak clusters may vary faster than what is physically allowed. And this may impact the beam tracking simulations in which UE needs to move along a trajectory.  Since non drop based simulations could be considered in the future [5], we still focus on the drop based simulations for the UE mobility case. The following paragraph proposes a simple improvement to alternative 1 when it is used for mobility simulation.
4. Spatial consistency behaviour of the baseline model
Figure 3 illustrates one NLOS channel generated along a UE trajectory with the baseline spatial consistency model. The color map depicts the power-delay, power-AoD and power-AoA along the UE trajectory, which is depicted in the left most plot.  While we can observe stable (spatially consistent) change of delay/angle along the UE trajectory for the strong/dominant channel cluster, the delay/angle of the weak channel cluster may change faster than physically allowed in some locations. 
[image: ][image: ][image: ][image: ]
[bookmark: _Ref447120711]Figure 3: Example of spatial consistency behaviour of NLOS channel based on baseline spatial consistency model 
Although such non-physical behaviour of weak channel clusters may not have meaningful impact on the final system level simulation results, especially for drop based MU-MIMO simulations. Concerns have been raised on its potential impact on mobility simulations. Therefore, it would be preferable to further improve the baseline model for mobility simulations.
Observation 1: Baseline model of spatial consistency is sufficiently good for MU-MIMO simulations and it may be desirable to solve the potential issue of the non-physical behaviour of weak channel clusters for mobility simulations.
5. Spatial consistency for mobility with time evolution of channel clusters
For mobility simulation, we can still use the baseline model at the beginning of simulations. This ensures the system wide statistics of power/delay/angles are maintained with spatial consistency. For simplicity, assume that UE moves in the two dimensional X-Y plane, and denote the moving vector of UE at time   in global coordinate system (GCS) as , where  and  represent the moving speed and the moving direction, respectively. 
At time , the channel cluster delay is updated according to equation (5-1). When UE moves towards the eNodeB, the cluster delay is reduced, otherwise, the cluster delay will be increased.
                                                    (5-1)
where ,  denote the delay of the cluster n at time , , respectively;  is speed of light;  is the arrival direction of the cluster n in GCS, i.e.

The cluster power can be obtained using step 6 in the existing 3D channel model [3].
For cluster arrival and departure angles we first obtain cluster angles according to step 7 of 3D channel model.  Then additional physical limitation is added according to equation (5-2), which limits the cluster angle change within physical range. Specifically, the azimuth angular change cannot exceed , and the zenith angular change cannot exceed .
                                  (5-2)
where  and  are 2D and 3D distance between eNB and UE, respectively. 
     For the modified model, channel follows existing power/delay/angle distribution when UE is dropped, but does not strictly follow existing power/delay/angle distribution when UE moves. The extra limit posted by equation (5-2) mainly impact those weak channel clusters. The modified delay/angular change along the UE trajectory is illustrated in Figure 4. Here, the non-physical behaviour of the fast change of delay/angular of weaker channel clusters is solved, this should address the concerns raised on the baseline model when used for mobility simulation, e.g. beam tracking. 
[image: ][image: ][image: ][image: ]
[bookmark: _Ref447120874]Figure 4: Example of modified spatial consistency behaviour of NLOS channel 
Proposal 2: For drop based MU-MIMO simulation, use the baseline model for spatial consistency.
Proposal 3: If improvement of mobility based simulation is needed, use baseline model for initial UE dropping, followed by updating cluster delay using equation (5-1) and updating cluster angle with the limit of equation (5-2).
6. Spatial consistency for mobility with changed cluster generation step orders
Another model for having spatially consistent mobility simulations is to change the order of the channel cluster generation steps [6]. The major motivation for changing the order of cluster generation steps is to achieve spatial as well as temporal consistency. Ideally it will be nice to have both consistencies simultaneously in order to simulate cases such as MU-MIMO and mobility. However, it is worth further investigating the potential impact of the proposed model for MU-MIMO simulations as there are several changes which may potentially have large impact on MU-MIMO or even SU-MIMO results.
Firstly, the proposed model changes the delay sampling from  to , where  and generated with spatial consistency. In order to ensure cluster delay changes within physical limit, the correlation distance should be , where  is the speed of light. If , the correlation distance for cluster delay can be 600 meters. With such a large correlation distance, single drop is far from enough to have sufficient number of random realizations for different cluster delay.
Secondly, the proposed model samples the cluster angles uniformly. However, channel angle change should not be linear along a trajectory. For the same moving distance, the channel angle can be very different for receivers with largely different distance to the transmitter.
Thirdly, the proposed model has cluster power generated at the last step as a multi-dimensional function of cluster delay/AoD/AoA/ZoD/ZoA. Although we can obtain the same mean power/delay and power/angle spectra shape by integrating the multi-dimensional function over remaining dimensions, the power/delay and power/angle spectra shape for one particular realization can have much larger probability to deviate from the single dimension decay function. For example, it is much easier to have a realization with equal cluster power than the existing model generating steps. This randomness of delay spread for one channel realization compared to the mean delay spread may lead to highly incompatible MIMO results.
Lastly, the changing of the cluster generating orders removes the relationship between cluster delay and cluster power offset as in the current methodology. It is a bit risky to suddenly change to this new channel behaviour without seeing measurements from different companies.
Observation 2: Changing cluster generation steps can solve the faster variation of delay/angle of weaker channel clusters. But it seems risky to use it for MIMO simulations without thorough investigations.
7.   Soft LOS/NLOS and indoor/outdoor state transition 
For mobility simulation, it is possible for one UE to move between LOS/NLOS or indoor/outdoor channel states along a trajectory during the simulation. Although the baseline spatial consistency model solves the spatial consistency issue of LOS/NLOS and indoor/outdoor states, there can still be large scale and small scale channel parameter jumps along the trajectory in mobility simulation. In order to smooth the channel when UE moves between different channel states, soft LOS/NLOS or indoor/outdoor states are viable solution.
Soft LOS/NLOS state can be generated by filtering the binary LOS/NLOS state over space. Figure 3 gives one example of generating the soft LOS/NLOS state and its effect. The soft LOS/NLOS state at a given position is calculated using the average of nine binary LOS/NLOS states at nine positions on the square centred by the position of interests. The middle plot depicts the spatially consistent binary LOS/NLOS state with 50 meters de-correlation distance. The right plot depicts the spatially consistent soft LOS/NLOS state with 50 meters de-correlation distance and 1 meter transition distance (1 meter is one example, actual distance can be much shorter).
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[bookmark: _Ref445044437]Figure 3, Example of generating one soft LOS/NLOS state.
Both large scale path loss and small scale channel clusters will be LOS/NLOS and indoor/outdoor state dependent. With soft LOS/NLOS and indoor/outdoor states, it is feasible to define the path loss and fast fading based on the soft state to have smooth transition between those binary states.
For path loss, the soft state dependent path loss can be defined as:
  (7-1)
For fast fading channel, the soft state dependent fast fading can be defined as:

   (7-2)

Proposal 4: If moving between different channel states is modelled, define soft LOS/NLOS and indoor/outdoor states, and then path loss and fast fading channel are defined as a function of soft LOS/NLOS and indoor/outdoor states as in equation (7-1) and (7-2).

8.   Summary
In this contribution, we provided simple calibration methodology for spatial consistency and further improved the baseline spatial consistency model for mobility simulation. Our observations and proposals are recapped as:
Observation 1: Baseline model of spatial consistency is sufficiently good for MU-MIMO simulations and it may be desirable to solve the potential issue of the non-physical behaviour of weak channel clusters for mobility simulations.
Observation 2: Changing cluster generation steps can solve the faster variation of delay/angle of weaker channel clusters. But it seems risky to use it for MIMO simulations without thorough investigations.
Proposal 1: Spatial consistency can be calibrated as:
· For each dropped UE, create one pair of positions according to Figure 1. The first position is the dropped UE’s position. The second position has fixed distance, e.g. 1 meter, from the first position.
· Collect statistics from channel realization on each pair of positions.
· For LOS/NLOS state spatial consistency, collect CDF of the LOS/NLOS state delta.
· For cluster level spatial consistency, collect CDF of the mean channel angle difference using equation (1-2) for AOD/ZOD/AOA/ZOA.
[bookmark: _GoBack]Proposal 2: For drop based MU-MIMO simulation, use the baseline model for spatial consistency.
Proposal 3: If improvement of mobility based simulation is needed, use baseline model for initial UE dropping, followed by updating cluster delay using equation (5-1) and updating cluster angle with the limit of equation (5-2).
Proposal 4: If moving between different channel states is modelled, define soft LOS/NLOS and indoor/outdoor states, and then path loss and fast fading channel are defined as a function of soft LOS/NLOS and indoor/outdoor states as in equation (7-1) and (7-2).
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