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1 Introduction

According to the SI on uplink enhancements for the UL of Rel-11 [1] improvements to DMRS should be considered as specified in the following bullet:

·    Study and evaluate enhancement of the uplink reference signals, e.g.
· Frequency hopping with or without multi-shot SRS

· Aperiodic sounding based on non-precoded DMRS

· RS enhancement for cell-edge UEs, e.g., Orthogonal DMRS among cells  
This contribution analyzes the orthogonality and capacity limits of DMRS specified in Rel-10 [2-4] in the context of the new scenarios introduced in Rel-11 [5]. Different approaches for the extension of such limits are analyzed and a preferred solution is described.
2 Application of Rel-10 DMRS procedures to Rel-11
In the following the limits of Rel-10 sounding procedures are analyzed in the context of the new Rel-11 simulation scenarios and potential issues are identified. 
Rel-11 is expected to support flexible hetnet/CoMP deployments as well as heavier traffic demands compared to Rel-10. Flexible and efficient MU-MIMO operations are necessary for exploiting the evolution of network equipment (e.g., the increasing number of deployed eNB antennas) and the full support of UL-CoMP.  DMRS for Rel-10 have been designed with the aim of efficient support of SU-MIMO operations and flexible MU-MIMO integration within a cell, mainly by use of CS and OCC (in case of unequal BW pairing). Nevertheless, Rel-10 leaves space for improvement especially in multi-cell aspects where semi-orthogonal base sequences are the primary Rel-10 tool for reducing inter-cell interference. 
2.1 Specific Potential Problems with CoMP Scenario 3

According to Rel-10 DMRS configuration options it is not possible to enforce orthogonality between coscheduled UEs if such UEs belong to different cells (i.e., cells characterized by different cell IDs) and they overlap in bandwidth. Orthogonality between UEs belonging to different cells would be highly desirable, e.g., for CoMP Scenario 3 where ideal area splitting is not realistic for tight pico-deployments. Such a potential issue is likely to worsen with increasing cell load and interference.
Even though a straightforward solution would be, e.g., to assign non-overlapping BWs to UEs belonging to interfering cells, it appears wasteful to sacrifice area-splitting gains for the sake of improved DMRS orthogonality, especially in case of intense network load.

Observation:

· Inter-cell orthogonality is needed in order to fully exploit area-splitting gain for Scenario 3.

2.2 Specific Potential Problems with CoMP Scenario 4

Another potential issue appears for CoMP Scenario 4 deployments based on shared cell-ID. In this case perfect orthogonality is in principle achieved within the hetnet by combined CS/OCC allocation. However, in case of large (or bursty) network load CS/OCC may not be sufficient to enforce the required DMRS multiplexing capacity over the hetnet. 
An obvious solution would be to rely on semi-orthogonality of DMRS when partly overlapping instances of the same base sequence are coscheduled. However, such a solution is highly suboptimal, as studied in the following.
Assume,e.g., two coscheduled UEs each having a PUSCH BW of 12RBs and coscheduled with a given frequency domain offset in the range [0,11] RBs. Figure 1 shows the peak and average time domain correlation values assuming that both UEs employ the same base sequence (blue lines) or that they employ different base sequences (red lines). Figure 1 shows that partly-overlapping UEs experience a much large x-correlation dynamic range when they both employ the same base sequence.
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Figure 1: Average and Peak x-correlation values for DMRS that are partly overlapping in frequency domain. The x-axis shows the frequency domain offset in RBs. The base sequences span 12 RBs.
The results of Figure 1 are confirmed by a snapshot of x-correlations as shown in Figure 2 for two 12 RBs UEs overlapping on 1 RB only. When both UEs employ the same base sequence the x-correlation peak becomes very localized, leading to strong interference on a specific layer. 
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Figure 2: 
The issue described in Figure 1 and Figure 2 should be considered even for OCC based MU-MIMO operations within a cell, where the relatively weak OCC-based orthogonality might not be able to compensate for strong x-correlation peaks.

Observation:

· CS/OCC enable full orthogonality with Scenario 4 deployments at low-medium load

· CS/OCC capacity may be insufficient to support DMRS orthogonality in case of load bursts

· Cross correlation peaks appear in case of MU-MIMO with partly overlapping BW and same base sequence.

3 Potential DMRS Improvements for Rel-11

3.1 UE Specific CS Hopping Patterns

As described in Section 2, one desirable feature for Rel-11 would be the possibility to assign orthogonal DMRS resources to UEs belonging to different cells. 

The combined use of OCC and UE-specific disabling of sequence/group hopping allows orthogonalization of DMRS with unpaired BW within a cell, but OCC is ineffective when the paired UEs are associated to different cells as the CS hopping patterns are cell-specific. Since the CS hopping pattern is a function of the cell-ID and base-sequence index [2], inter-cell DMRS orthogonalization is currently not possible, e.g., for CoMP Scenario 3 deployments.

A simple solution is to allow UE-specific configuration of the CS-hopping patterns and to make them independent of the base sequence index. With such a feature the eNB would be able to configure orthogonal DMRS resources between cells.
Observation:

· UE-specific configuration of CS-hopping patterns is beneficial, especially for Scenario 3

3.2 Dynamic UE Specific Base Sequences
The analysis in Section 2 shows that it is desirable to assign different base sequence indexes to coscheduled UEs with partly-overlapping BW in order to limit x-correlation peaks. On the other hand, it is desirable to assign the same base sequence to UEs that are paired on the same BW in order to exploit CS/OCC based orthogonality. 
Another aspect is DMRS multiplexing capacity, which is a potential limiting factor for new deployments and CoMP scenarios. 
An additional aspect is that tying base sequence indexes to the cell-ID leads to a hard and undesirable boundary between Scenario 3 and Scenario 4, while a more flexible base sequence configuration possibility would allow convenient transition between Scenario 3 and Scenario 4 depending on, e.g., instantaneous traffic and interference conditions.

Clearly, the above phenomena are dynamic and governed by the scheduler and a new improvement feature targeting the above aspects should be able to capture such a dynamic behavior.

A simple enhancement for Rel-11 targeting all the above issues is the configuration of one or more additional optional base sequences for each UE. While the configuration of the base sequences may be based on slow RRC signaling, the specific base sequence selected from the subset of configured sequences should be selected in a dynamic fashion, e.g., by UL scheduling grants. This approach has the advantage of simplicity and the potential disadvantage of a small additional signaling overhead.
One application of the above solution is enabling CS/OCC based orthogonality for inter-cell interference and UEs paired on the same BW. At the same time, cross-correlation peaks are avoided for UEs with unpaired BW by assigning them different base sequences.

Another application is enhancement of OCC based orthogonality for MU-MIMO by assigning paired UEs different BWs and avoiding x-correlation peaks as shown in Figure 1 and Figure 2.

In case of high network load the dynamically assigned base sequences may be exploited for increasing DMRS capacity compared to Rel-10 by combining OCC and base-sequence separation. A DMRS capacity of 8 aggregated layers is expected to be achieved, as compared to 4 layers as typically considered in Rel-10. An example DMRS assignment for high DMRS capacity is shown in Figure 3. Base sequence based orthogonality within a cell might be beneficial also for high mobility UEs (e.g., possibly in conjunction with OL-MIMO).
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Figure 3: Example of DMRS assignment for increased practical DMRS capacity. Separation between UEs is achieved by combination of OCC and base sequence semi-orthogonality (to complement OCC’s “weak” orthogonality). UE1 and UE2 may be assigned to partly-overlapping BWs.
A further application is the smooth and dynamic transition between Scenario 3 and Scenario 4 depending on network load and interference.
Figure 4 summarizes the above applications with example DMRS allocations.
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Figure 4: Example configuration of DMRS base sequences. UEs that are mutually interfering should be preferably assigned the same base sequence (in case they are coscheduled on the same BW) or different base sequences (in case they are coscheduled partly overlapping bandwidths).
Observation:

· UE-specific dynamic base sequence assignment is beneficial for all CoMP scenarios.
3.3 IFDMA

IFDMA for DMRS has already been discussed but not agreed in the Rel-10 framework before the introduction of OCC. The main advantage of IFDMA is the possibility of coscheduling up to L (where L is the comb-factor) UEs on arbitrary BWs.

The increased need for DMRS assignment flexibility in Rel-11, especially with regards to unpaired BW allocations, may speak in favor of reconsideration of such a decision. However, the disadvantages associated to IFDMA should also be carefully considered.
Figure 5 includes link-level simulation results for rank-4 SU-MIMO transmission and ETU 3km/h channel. Clearly, IFDMA is associated with a performance disadvantage in case of frequency selective channels and for high-rank. Based on the included results, only L=2 seems to be a viable solution, even though the multiplexing order is the same as with OCC. On the other hand, IFDMA limits the number of practically supported CSs and it is thus unable to increase the overall DMRS capacity. 
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Figure 5: Performance of IFDMA for rank-4 transmission and various MCS values. Continuous line: Rel-10, dashed: IFDMA-2, dotted: IFDMA-4.
IFDMA is also a non backwards-compatible technique, i.e., it may not be exploited to allow coscheduling of Rel-8/9/10 UEs with Rel-11 UEs. The impact on inter-cell interference generated by Rel-11 UEs with IFDMA towards legacy UEs needs also to be evaluated.

Another aspect to be analyzed is robustness of IFDMA in case of practical synchronization errors.
Based on the above considerations and according to the attached results the advantages brought by IFDMA seem unclear and not significant enough to compensate for its drawbacks. Other techniques including, e.g., those listed in Section 3.1 and Section 3.2 may be exploited for achieving the same level of flexible orthogonal DMRS assignment of IFDMA with smaller specification impact.

Observation:

· The potential advantages of IFDMA are unclear and do not seem to balance a number of disadvantages
· Other improvements with smaller specification impact address the same issues

4 Summary

This paper addresses sounding enhancements for Rel-11. Based on the discussion the following observations are made:
· Inter-cell orthogonality is needed in order to fully exploit area-splitting gain for Scenario 3

· CS/OCC enable full orthogonality with Scenario 4 deployments at low-medium load

· CS/OCC capacity may be insufficient to support DMRS orthogonality in case of load bursts

· Cross correlation peaks appear in case of MU-MIMO with partly overlapping BW and same base sequence

· UE-specific configuration of CS-hopping patterns is beneficial, especially for Scenario 3

· UE-specific dynamic base sequence assignment is beneficial for all CoMP scenarios.

· The potential advantages of IFDMA are unclear and do not seem to balance a number of disadvantages

· Other improvements with smaller specification impact address the same issues
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