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1.
Introduction
Uplink coordinated multi-point reception is expected to have very limited impact on RAN1 specifications [1]. In [2], limitations of LTE Rel’ 8 uplink demodulation reference signal (DM RS) from the CoMP viewpoint were discussed, and potential need for re-designing UL DM RS was pointed out.  

In this contribution, we continue the discussion on the Rel’8 DM RS limitations from the UL CoMP viewpoint by providing performance comparison between different reference signal designs.  Additionally, we outline one potential way to modify UL DM RS for enhanced UL CoMP support, mainly for  the purpose of presenting to which extent it may be necessary to modify existing DM RS design for enhanced UL CoMP support. 
2.  Rel’8 DM RS limitations for CoMP
In this section, we consider the use of existing Rel’8 DM RS from the viewpoint of CoMP. Basically, Rel’8 allows for two PUSCH DM RS sequence group configurations: 

· different sequence groups are used in adjacent cells. This is considered further in Section 2.1.
· same sequence group is used in adjacent cells that are capable and configured to UL CoMP reception. A set of such cells is referred here as a UL CoMP set. This is considered further in Section 2.2. 

2.1 Cell-specific sequence group allocation
In Figure 1, cdfs are presented for cross-correlations between DM RS sequences in different sequence groups. Different combinations with respect to sequence groups, cyclic shifts, sequence lengths, and overlapping in frequency are sampled in the cross-correlation calculations. Cross-correlations are averaged over two slots, thus, taking sequence and cyclic shift hopping into account. Cross-correlations are also averaged over 2 PRB in frequency, thus, reflecting the effect of channel estimation filter. 
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Figure 1 DM RS cross-correlation cdf between 2, 3, 4 and 5 PRB sequences in different sequence groups.
It can be noted from the figure that DM RS cross-correlations between sequence groups are essentially similar to the ones between random sequences. While this is acceptable in normal UL transmission, it can have degrading impact on the UL CoMP performance and limit the UL CoMP gain.
2.1 Single sequence group in UL CoMP set 

It is clear that UL CoMP would benefit from orthogonal or nearly orthogonal DM RS, allowing for accurate channel estimation even in the presence of strong interference from other CoMP UEs. When the same sequence group is used in all cells within the UL CoMP set, the use cyclic shifts provides a set of nearly orthogonal DM RSs. This is illustrated in Figure 2, where cross-correlation between cyclic shifts is shown. It should be noted that the shown cross-correlations between sequences are typically blurred at the receiver due to channel delay spread. 
However, the use of cyclic shifts imposes two significant restrictions: both the bandwidth and frequency location of the allocated resources must be aligned over the cells part of the CoMP set. As pointed out in [2], this applies for both CoMP and non-CoMP UEs in the cells. In other words, additional restrictions as well as tight coordination over the cells are imposed on the scheduling. Such scheduling restrictions can be seen undesirable. 
In Figure 3, cdfs are presented for cross-correlations between DM RS sequences that are in same sequence group but have different sequence length. In other words, figure illustrates DM RS cross-correlations without previously mentioned coordination. Different sequence groups and combinations with respect to cyclic shifts and overlapping in frequency are sampled in the cross-correlation calculations. When compared to Figure 1, it can be noted that cross-correlations with computer searched 2 PRB sequences are degraded mainly due to lack of sequence and cyclic shift hopping between slots.  However, cross-correlations between the extended Zadoff-Chu sequences of different lengths reach occasionally very high values. These high cross-correlations were noted during Rel’8 work item, and such sequences were grouped into the same sequence groups. 
As noted in [2], one alternative to the scheduling restrictions and tight coordination over the cells is cyclic shift coordination. Although the cyclic shift pairs that cause the high cross-correlations depend on sequence groups, sequence lengths as well as on the particular overlapping in frequency, identification of them is relatively straightforward for given resource allocations. However, problem becomes more complicated when the number of involved cells increases. Finding a  reasonable cyclic shift allocation for UL CoMP set is expected to be a complex task, and it is not clear if such cyclic shift set exists for all resource allocations. Clearly cyclic shift coordination is not an attractive solution. 
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Figure 2. DM RS cross-correlations between cyclic shifts.
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Figure 3. DM RS cross-correlation cdf between 2, 3, 4 and 5 PRB sequences in the same sequence group.
3.  Performance comparison 
In this section, cell edge and average throughput performance is compared between UL CoMP DM RS designs of  

· single sequence group used in UL CoMP set 

· cell-specific sequence groups.
The used simulation modelling is described in more detail in accompanying contribution [3]. It should be noted that simulations contain transmission as well as detection of modulated symbols in presence of modulated signals from other cells, containing reference signals. Thus, channel estimation based on the DM RS is accurately modelled in simulations.
In the simulations, UL CoMP set contained 3 cells in a 21 cell wraparound layout with 500 m inter-site distance. Three UL CoMP cells were selected either from the same or different eNB sites and, thus, are referred to as 1-site and 3-site CoMP in the following. Cell edge and average throughput values are presented in Figure 4 and Figure 5, respectively. It can be easily noted that the UL CoMP gain on cell edge nearly vanishes with the use cell-specific sequence groups,  resulting in non-orthogonal DM RS. Orthogonal DM RS, obtained with the use of single sequence group in a CoMP set, provides considerable performance gains over  the use of cell-specific sequence groups also in the average throughput shown in Figure 5.

Thus, to achieve considerable UL CoMP gains, orthogonal or nearly orthogonal DM RS are needed within the UL CoMP set. Orthogonal DM RS can be obtained either with the use of single sequence group  in a UL CoMP set, at the price of scheduling restrictions, or by modifying Rel’8 DM RS design to provide enhanced UL CoMP support.
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Figure 4 Cell edge throughput at 5% cdf
[image: image5.emf]Average throughput, 500 ISD, 3-cell UL CoMP
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Figure 5 Average throughput
4.  Enhanced CoMP support with modified Rel’8 DM RS

Based on the discussion and performance results in previous section,  Rel’8 DM RS design as such cannot be seen to be optimal for UL CoMP in terms of cross-correlations and throughput performance without imposing challenging scheduling restrictions. In this section, a potential way to modify Rel’8 DM RS is outlined. The purpose is to explore how much Rel’8 DM RS design can be kept the same, and how much it needs to be modified to enhance UL CoMP support. Only an outline is presented, thus, lacking some of the details and requiring some further considerations.
We see that UL CoMP optimised DM RS design should desirably 

· have minimal impact on the non-CoMP DM RS design

· provide orthogonal or nearly orthogonal sequences for CoMP UEs in UL CoMP set
· introduce relatively simple scheduling restrictions; we do not see that scheduling restrictions can be completely avoided
· not require DM RS related dynamic coordination between cells.

These targets can be achieved by
· Introducing a CoMP specific DM RS mode. Normal/CoMP DM RS  mode is configurable per UE to separate CoMP and non-CoMP UEs. CoMP DM RS mode uses one sequence group from the sequence groups allocated to the UL CoMP set cells. A cover code can be applied over the two DM RS symbols in CoMP mode, thus, orthogonalising DM RS between CoMP and non-CoMP UEs using the same sequence group. Reasonable cross-correlations are achieved between  DM RS modes as well as different UL CoMP sets. Additionally, there would be essentially no impact on the non-CoMP DM RS design.   

There are several alternative ways in designing the CoMP specific DM RS mode based on the Rel’8 DM RS basic elements.  One potential way is to introduce IFDMA on the DM RS, and use different comb to provide orthogonal DM RS between UEs with different DM RS BW or frequency position. Another alternative can be outline as follows:

· Reducing the number of DM RS bandwidth and frequency position options in the CoMP DM RS mode. The DM RS BW and frequency position options are aligned over the cells. This significantly simplifies the coordination task over the cells. 
One potential way for reducing the number of DM RS bandwidth options is a reduced set of allowed DM RS BWs. In that case, UE extends the bandwidth of DM RS beyond the UE’s resource allocation BW to the closest DM RS BW option. 
DM RS BW and frequency position options can be efficiently aligned over the cells by using a tree-structure resembling the SRS tree-structure in Rel’8. This is referred to as DM RS tree in the following. 
In other words, a particular DM RS tree is used in all UL CoMP set cells. DM RS tree defines a set of DM RS BW and frequency position options that are allowed in CoMP DM RS mode. UE selects the  DM RS BW and frequency position option that is closest to the received UL resource allocation. 
One drawback is the extension of DM RS BW beyond the BW occupied by the data. By defining multiple DM RS tree options, similarly to Rel’8 SRS, the DM RS tree most suitable to the UL CoMP scenario in question can be used. Careful design of DM RS trees can keep the amount of DM RS BW extension within reasonable limits.  

It should be noted that alignment of  DM RS BW and frequency positions 

· does not introduce any additional signaling on the scheduling grants,  

· avoids  DM RS related dynamic coordination between cells, since the coordination is pre-defined,

· introduces only minimal scheduling restrictions that are related to the configured DM RS tree and, thus, does not involve any additional coordination between cells.  
· UEs with the same DM RS BW are separated with cyclic shifts, and UEs with different DM RS BW are separated with IFDMA and, potentially, with cover code applied over the DM RS symbols in subframe. The used IFDMA comb and cover code can be linked to the DM RS tree, so no additional signaling is needed. 
As illustrated in Figure 4, IFDMA has impact also on the orthogonality of cyclic shifts but, nevertheless, combination of cyclic shifts and IFDMA provides a reasonable set of orthogonal DM RS sequences.

[image: image6]
Figure 6.   DM RS cross-correlations between cyclic shifts with RPF =2.
5.  Summary
In this contribution,  we discussed the uplink Rel’8 DM RS limitations from the viewpoint of UL CoMP. We considered Rel’8 DM RS design in terms of cross-correlations as well as in terms of cell edge and average performance. It can be concluded that Rel’8 DM RS does not provide good performance for UL CoMP without imposing strict scheduling restrictions over the UL CoMP cells. Thus, we see that DM RS enhancements need to be considered further. Additionally, such DM RS enhancements can be beneficial also for conventional MU-MIMO, which is impacted by partially similar scheduling restrictions.
We also outlined one potential way to modify UL DM RS in the case that enhanced UL CoMP support is seen necessary. Based on the presented discussion, we see that enhanced UL CoMP support can be achieved with introduction of CoMP DM RS mode that utilizes existing DM RS elements. We do not see that enhanced UL CoMP support requires re-design of the basic DM RS elements, such as sequences, sequence grouping, and interference randomization. We propose to limit further considerations of DM RS modifications to such CoMP DM RS mode.
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