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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.  A variety of contributions from the RAN1#66 and earlier meetings have shown that time misalignment and array calibration errors create the potential for significant degradations in downlink MIMO performance [1]-[7].  
In this contribution we discuss the properties of non-calibrated RF front ends and the impact to the performance of downlink MIMO transmissions. We conclude that calibration errors have the potential to cause degradations in both SU and MU MIMO performance on the downlink but that the importance of such degradations depends on the exact scenario under consideration. However as long as calibration is technically feasible we view time misalignment and calibration errors to be 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 case that 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.
2 
General Discussion of Antenna Array Calibration Errors
In DL SU-MIMO and DL MU-MIMO, the precoding weights are generally applied in the frequency domain at baseband prior to upmixing to RF.  As a result, the precoding weights are applied to a channel that includes the baseband-to-RF conversion process in addition to the RF multipath channel.  A “calibrated” transmit array is one in which the transmit hardware responses do not change the spatial nature of the overall channel response between the baseband at the transmit array and the receive antennas.  In a calibrated array, the transmit branches all effectively have identical frequency responses (to within a scalar complex constant) from baseband to the physical antenna ports at RF.  In a realistic implementation of a transmit array at an eNB, there are a variety of factors that will cause a transmit array be uncalibrated.  In this section we discuss the two aspects of array miscalibration that have been identified as high priority issues for the DL-MIMO study item.
2.1 Time Alignment Errors

Time alignment errors (TAE), or timing differences between the transmit branches, cause the signal transmitted on each branch to be transmitted with a different delay.  The different time delays cause the frequency-domain channels on the transmit branches to each have a different frequency-selective phase ramp across the transmitted signal bandwidth, where the rate of change of the phase across the bandwidth is proportional to the relative time delay of the branch.  As a result, these different phase ramps cause the overall spatial channel response between the baseband of the transmit array and the UE to vary more rapidly across the frequency bandwidth than it otherwise would.  Since SU- and MU-MIMO typically apply a single set of precoding transmit weights across a data allocation, the transmit weights are unable to track any channel response variations that occur within the allocation.  As a result, the increased channel response variations across the signal bandwidth degrade the performance of SU and MU MIMO in wideband allocations due to the inability of a fixed precoder to track those variations.  Narrowband allocations suffer less degradation than wideband allocations due to the smaller level of channel response variation across a smaller allocation.  MU-MIMO transmission generally suffers more degradation than SU-MIMO due to the need to accurately point nulls to minimize the cross-talk received at the multiple UEs.
Since the degradations with time alignment errors are more severe in wideband allocations than in narrowband allocations, it has been suggested that narrowband PMI/CQI be used to mitigate the effects of time alignment errors.  Unfortunately we have found that in some scenarios (mainly LOS channels), the performance of single-sector MU-MIMO in narrowband allocations still suffers degradations from the presence of time alignment errors.  Therefore, narrowband precoding in narrowband data allocations does not appear to fully mitigate the time alignment problem.  
2.2 Calibration Errors

Even if the branches of the transmit array are perfectly time aligned, there still may exist a different gain and phase response on the different branches due to a variety of implementation-specific factors.  A simplistic model for wideband phase errors assumes the frequency response on each transmit branch is constant in amplitude across frequency with a random phase that is fixed in time and frequency non-selective.  Unfortunately, a realistic implementation may have variations in the overall frequency response of the different transmit branches that are more complicated to model than a simple random wideband phase error term across the branches.  In short, any differences in the frequency response on one branch relative to the others that cannot be captured by a constant complex scalar factor will cause the transmit array to be uncalibrated.  
Given that the codebooks in Rel-8 were optimized for perfectly calibrated Linear Arrays, we can expect some level of degradation from calibration errors and timing misalignment since the presence of these errors cause the overall channel responses to differ from those seen with calibrated ULA.  In addition, the 8-TX codebooks in Rel-10 were optimized for linear arrays of cross-polarized elements, so calibration and timing errors are similarly expected to cause degradations with the 8-TX Rel-10 codebooks.  The presence of calibration errors and timing errors create overall channel responses that the codebooks may not span well (this effect is the codebook quantization error problem), which is a bigger problem for MU-MIMO than SU-MIMO given the accuracy required in MU-MIMO to point nulls for effective cross-talk mitigation.  
3 
Proposed Way Forward for Antenna Array Calibration Errors and Time Alignment Errors
Methods for calibrating antenna arrays are commonly used in TDD deployments and generally require no standardization support.  The calibration schemes deployed for TDD systems can effectively eliminate the effects of time alignment errors and general calibration errors.  Therefore it is our view that for case where calibration is technically feasible such as single-sector transmission schemes, both time alignment and calibration errors should be mitigated with vendor-specific solutions that do not require standardization support.  
Proposal: For transmission types where calibration is technically feasible, both antenna array calibration and inter-branch time misalignment should be handled as infrastructure specific implementation issues with no standardization changes.
We see solutions for solving the problem of antenna array mis-calibration and time alignment errors as an implementation specific opportunity for vendor differentiation.  Furthermore, enhanced feedback modes such as narrowband PMI/CQI/RI should be considered for their ability to enhance overall system performance, not solely for their ability to mitigate implementation specific issues such as antenna array calibration.
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.
3GPP is currently discussing a number of new transmission types where calibration may not be technically feasible, such as serving a single UE from geographically separated antennas. In this case degradations from calibration errors and time misalignment are expected and need further study. Assuming degradation is substantial, and calibration not seen feasible, then calibration errors should be taken into account when reporting performance numbers. Based on this we make the following proposal:
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.
4 
Conclusion
Our view on the issue of calibration errors and time misalignment can be summarized as follows: 
Proposal: For transmission types where calibration is technically feasible, 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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