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1 
Introduction
At the RAN1#66 meeting, the topics of time misalignment and antenna calibration were chosen to be high priority areas for the study item on DL MIMO enhancements.  In our contribution to the RAN1#66bis meeting [1], we stated our position that time misalignment and calibration errors in the intra-site / single point transmission cases are vendor-specific implementation issues that require no standardization changes.  For downlink transmission over distributed antenna systems as considered in the CoMP work item, time alignment and calibration errors should be accounted for and further study of calibration and timing errors are warranted for those scenarios.  In cases where calibration errors impact performance significantly and calibration of the RF front-end is not technically feasible, then calibration errors should be included by default when reporting performance numbers.

In this follow-up contribution to [1], we present link simulation results that show the performance characteristics of time misalignment and array calibration errors with SU-MIMO and MU-MIMO in the intra-site / single point transmission case.  We show how the magnitude of the degradations in both SU-MIMO and MU-MIMO are highly dependent on the antenna configuration and the channel scenario.  We also show that narrowband feedback with narrowband data allocations is not capable of mitigating the degradations due to time misalignment errors in all situations.
2 
Link Simulation Details
To show the effect of time alignment errors and wideband phase calibration errors, link simulations were performed for both SU-MIMO and MU-MIMO transmission in a 20MHz downlink.  Two eNB array configurations were considered: a four-element cross polarized (+/- 45º) array with a 0.5 spacing between the two columns and a four-element uniform linear array (ULA) of vertically polarized elements with 0.5 spacing between the elements.  The UE antenna configuration was a two-element cross-polarized array with an orientation that was randomized for every channel realization.  Two channels were considered: the ITU-UMi-LOS channel and the ITU-UMi-NLOS channel, both with a UE speed of 3km/hr.  
The time alignment and calibration errors at the eNB were modeled as follows.  The inter-branch delays are modeled with one branch randomly chosen to be at zero delay, another branch randomly chosen to have a delay given by a “Max Delay” parameter (which is varied in the simulations), and the remaining two branches having delays uniformly distributed between 0 and the Max Delay parameter.  To simulate the effects of wideband phase mis-calibration, a uniform random wideband phase term is applied to each branch at the eNB.  The inter-branch delays and wideband phase terms are re-drawn at every new channel realization.  The UE is delay and phase calibrated in these simulations.  In the simulations, the eNB is either delay calibrated (Max Delay parameter = 0) or not (Max Delay parameter ≠ 0).  Also, the eNB is either wideband phase calibrated (wideband phase term = 0º on each branch) or not (wideband phase term uniformly distributed over [0,2].  
In these simulations, the feedback and link adaptation were highly idealized.  Two data allocation sizes were considered for the downlink data transmission: 6 RBs (“narrowband data allocation”) and 100 RBs (“wideband data allocation”).  For link adaptation with wideband data allocations, the channel was assumed to be known over the entire bandwidth (“wideband feedback”).  For link adaptation with narrowband data allocations, the channel was assumed either to be known over the entire bandwidth (“wideband feedback”) or over only the RBs assigned to the data allocation (“narrowband feedback”).  The feedback was assumed to be perfect with zero delay, and no frequency selective scheduling was performed.  For SU-MIMO transmission, the UE selects the PMI, Rank, and MCS based on the perfect knowledge of the DL channel over the feedback bandwidth (either wideband or narrowband).  For MU-MIMO transmission, the UEs compute and feed back rank-1 SU-MIMO PMI based on perfect knowledge of the overall downlink channel over the feedback bandwidth (also either wideband or narrowband).  The MCS is then selected for each UE based on the transmit weights, each UE’s receive weights, and the exact downlink channel to each UE over the data allocation.  For MU-MIMO, two UEs with the same SNR are paired provided they have selected different rank 1 PMI values.  
The simulations compute and plot the average throughput in bits/resource element as predicted by the EESM methodology based on the SINR experienced by the transmitted packet on each resource element in the downlink data allocation.  It is important to note that both the eNB and the UE(s) have perfect knowledge of the overall 4x2 downlink channel over the feedback bandwidth, where the overall DL channel includes the transmit weights, the RF multipath channel, the time misalignment errors, the calibration errors, and the linear receive weights.  As a result, the link adaptation, transmit weight calculation, receive channel estimation, and receiver processing steps are all perfectly accounting for all of the components of the overall downlink channel.  The results here apply equally well to FDD and TDD since the transmit weight calculation is based on PMI that is selected based on perfect knowledge of the entire DL channel response.  (The problem of TDD reciprocity calibration errors is not being addressed in this contribution.)  
In the SU-MIMO simulations, the receiver at the UE was a linear MMSE combiner with ideal DL channel knowledge.  In the MU-MIMO simulations, each UE used a linear MMSE combiner with perfect knowledge of both the channel to the desired stream plus the channel to the stream intended for the other UE (cross-talk suppression). 
3 
SU-MIMO Link Simulation Results
Figure 1 contains an example set of simulation results showing the degradations that can result from wideband phase miscalibration in DL-SU-MIMO with the simulation assumptions of Section 2.  The transmit array in this case is delay calibrated, meaning all transmit branches are perfectly time aligned.  In Figure 1, the left graphs are for a ULA at the eNB, and the right graphs are for the cross polarized array at the eNB.  The top graphs are for the UMI-LOS channel, and the bottom graphs are for the UMI-NLOS channel.  In each graph, three cases are simulated: wideband feedback with wideband data allocations, wideband feedback with narrowband data allocations, and narrowband feedback with narrowband data allocations.  The blue curves are for perfect wideband phase calibration on each transmit branch, and the red curves are for the case where the response of each transmit branch is modeled as a random wideband (frequency non-selective) phase value that is uniformly distributed over 0 to 0-2.  The effects of the wideband phase miscalibration can be seen by comparing a blue curve with its corresponding red curve.  As can be seen, the degradations in these cases are relatively minor, and we can conclude that SU-MIMO is relatively insensitive to wideband phase mis-calibration errors. 
Figure 2 contains another example set of simulation results that show the degradations due to both timing misalignment and wideband phase errors on DL SU-MIMO in the UMI NLOS channel.  The left graphs are for narrowband feedback and narrowband data allocations.  The right graphs are for wideband feedback and wideband data allocations.  In each graph, for the blue set of curves, the transmit hardware responses are unit gain (no additional wideband phase term) and have timing misalignment errors with six values of the Max Delay parameter: 0, 5, 10, 20, 40, and 65nsec.  For the red set of curves, the transmit hardware responses have an additional random wideband phase term to model the combination of timing misalignment and wideband phase miscalibration.  Note that for narrowband allocations, SU-MIMO suffers no degradations due to time misalignment or wideband phase miscalibration.  For wideband allocations, the degradations are relatively minor.  Similar behavior is seen in the UMI LOS channels, and those results are therefore not shown, although the degradations in the wideband allocation case are slightly higher for the LOS channel than in the NLOS channel.  
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Figure 1:  Effect of wideband phase miscalibration on DL-SU-MIMO: Throughput for DL-SU-MIMO with a 4-antenna linear vertical ULA (left graphs) and a 4-antenna cross-pol array (right graphs) with perfect delay calibration at the transmit array.  The top graphs are for the UMI-LOS channel, and the bottom graphs are for the UMI-NLOS channel.  The blue curves are for perfect wideband phase calibration, and the red curves are for random wideband phase errors on each transmit branch.  The UE has a two-antenna cross-polarized array with random orientation and a linear MMSE receiver.  Degradations from wideband phase miscalibration can be seen by comparing a blue curve to its corresponding red curve.  
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Figure 2:  Effect of timing misalignment on DL-SU-MIMO in the UMI-NLOS channel.  Throughput for DL-SU-MIMO in narrowband allocations (left graphs) and wideband allocations (right graphs).  The array at the eNB is a 4-antenna vertical ULA in the top graphs and a 4-antenna cross pol array in the bottom graphs.  The UE has a two-antenna cross-polarized array with random orientation and a linear MMSE receiver.  In the red curves, each transmit branch has an additional random wideband phase term (randomized per channel realization), whereas the blue curves contain no additional random wideband phase term.  Perfect delay and phase calibration is the solid blue curve with the circle markers.

4 
MU-MIMO Simulation Results
Figure 3 contains an example set of simulation results that shows the degradations that can result from wideband phase miscalibration in DL-MU-MIMO with the simulation assumptions of Section 2.  The left graphs are for a ULA at the eNB, and the right graphs are for cross-polarized array at the eNB.  The top graphs are for the UMI LOS channel, and the bottom graphs are for the UMI-NLOS channel.  As with Figure 1 , three cases are simulated in each graph of Figure 3: wideband feedback with wideband data allocations, wideband feedback with narrowband data allocations, and narrowband feedback with narrowband data allocations.  Also as with Figure 1, the blue curves are for perfect wideband phase calibration on each transmit branch, and the red curves are for the case where the response of each transmit branch is modeled as a random wideband (frequency non-selective) phase value that is uniformly distributed over 0 to 0-2.  The effects of the wideband phase miscalibration can be seen by comparing a blue curve with its corresponding red curve.  With a ULA in the LOS channel, significant degradations can be seen.  However, with the NLOS channel or with cross-pol arrays, the degradations are relatively small. 
Figures 4 and 5 contains another example set of link simulation results that show the degradations that can result from time misalignment and wideband phase errors in two-user DL MU-MIMO transmission.  Figure 4 is for the UMI LOS channel while Figure 5 is for the UMI-NLOS channel.  In Figures 4 and 5, the left graphs are for narrowband allocations, and the right graphs are for wideband allocations.  The top graphs are for the ULA and the bottom graphs are for the cross-pol array.  Similar to Figure 2, six values of the Max Delay parameter for the inter-branch delay are shown in Figures 4 and 5: 0, 5, 10, 20, 40, and 65nsec.  The red curves have an additional random wideband phase term on each branch (re-drawn at every channel realization), whereas the blue curves do not.  The degradations from timing misalignment can be seen by comparing the curves for perfect delay and phase calibration (solid blue with circle markers) with all the other curves.  Note that for narrowband allocations, the degradations from time misalignment and wideband phase miscalibration are generally very small with the exception of the ULA in the LOS channel where the degradations are significant.  For wideband allocations, the degradations are significant, but the magnitude of the degradation is highly dependent on the array type and channel type.  For the ULA in LOS channels, the degradations are the highest, whereas the cross-pol array in NLOS channel suffers the least degradation.  
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Figure 3:  Effect of wideband phase miscalibration on DL-MU-MIMO: Sum throughput for two-user DL-MU-MIMO with a 4-antenna linear vertical ULA (left graphs) and a 4-antenna cross-pol array (right graphs) with perfect delay calibration at the transmit array.  The top curves are for the UMI-LOS channel, and the bottom curves are for the UMI-NLOS channel.  The blue curves are for perfect wideband phase calibration, and the red curves are for random wideband phase errors on each transmit branch.  Each UE has a two-antenna cross-polarized array with random orientation.  Degradations from wideband phase miscalibration can be seen by comparing a blue curve to its corresponding red curve.  
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Figure 4:  Effects of time misalignment on DL-MU-MIMO in the UMI-LOS channel: Sum throughput for two-user DL-MU-MIMO in both narrowband allocations (left) and wideband allocations (right).  The array at the eNB is a 4-antenna vertical ULA in the top curves and a 4-antenna cross pol array in the bottom curves.  The UE has a two-antenna cross-polarized array with random orientation.  In the red curves, each transmit branch has an additional random wideband phase term (randomized per channel realization), whereas the blue curves contain no additional random wideband phase term.  The curve for perfect delay and phase calibration is the solid blue curve with circle markers.
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Figure 5:  Effect of time misalignment on DL-MU-MIMO in the UMI-NLOS channel: Sum throughput for two-user DL-MU-MIMO in narrowband allocations (left) and wideband allocations (right).  The array at the eNB is a 4-antenna vertical ULA in the top curves and a 4-antenna cross pol array in the bottom curves.  Each UE has a two-antenna cross-polarized array with random orientation.  In the red curves, each transmit branch has an additional random wideband phase term (randomized per channel realization), whereas the blue curves contain no additional random wideband phase term.  The curve for perfect delay and phase calibration is the solid blue curve with circle markers.

5 
Observations
Based on the simulation results in this contribution, we make the following observations:

· SU-MIMO performance is relatively insensitive to time alignment errors and wideband phase miscalibration.  
· In MU-MIMO transmission, the degradations from wideband phase errors are generally fairly minor with the exception of a ULA operating in a LOS channel where the degradations are significant.  

· In MU-MIMO transmission with narrowband allocations, the degradations from time misalignment are generally minor with the exception of a ULA operating in a LOS channel where the degradations can be significant.  

· In MU-MIMO transmission with wideband allocations, the degradations from time misalignment are generally significant with higher degradations seen with a ULA in LOS channels and lower degradations seen with cross-pols in NLOS channels. 

6 
Proposals
Based on the simulation results presented in this contribution and the discussion contained in our previous contribution [1], our views on the issue of calibration errors and time misalignment are stated in [1] and are repeated here:
Proposal: For transmission types where calibration is technically feasible (e.g., single point transmission schemes), both antenna array calibration and inter-branch time misalignment should be handled as infrastructure specific implementation issues with no standardization changes.  
Proposal: Enhanced feedback modes should be evaluated and considered primarily for their ability to provide gains over existing feedback modes, not solely for their ability to solve the problem of calibration errors and timing misalignment.
Proposal: For transmission types where calibration is not technically feasible, such as when non-co-located antennas are used to serve a single UE, the performance impact of timing misalignment and calibration errors require further study and should be included when reporting performance numbers.
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