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1 Introduction
The requirement on increasing SRS capacity in LTE-A has attracted much attention and was identified important for Rel.10 in the past meetings. This contribution tries to summarize the SRS related discussions during study item and analyze the pros and cons on the proposed candidate solutions for SRS capacity and coverage enhancement, including extending the multiplexing capacity based on Rel.8 SRS region, and scheduling sounding in data region. The latter one is recommended due to better backward compatibility and larger capacity enhancement potential. It is proposed to focus on these two solutions:

· Sounding using DM RS [1][5][6][7]
· Sounding in reserved PRBs of PUSCH region

The second solution may be regarded as a generalization of the first one where all the symbols in the subframe are used for sounding.
2 Motivation for SRS enhancements
Here follows a discussion why SRS enhancements need to be considered for Rel-10.
2.1 More challenging sounding requirements in Rel.10
It is commonly understood that SRS can be utilized to facilitate both uplink and downlink transmissions [1,2], including:

· Uplink: measurement on uplink received power; uplink power control; uplink channel dependent scheduling; the new uplink MIMO/precoding feature with up to 4 transmitted antennas in Rel.10; 
· Downlink: channel state information (CSI) or direction of arrival (DoA) estimation for downlink precoding/beamforming; multi-cell coordination; positioning assistant; etc.

SRS is used to obtain the channel reciprocity utilization for downlink multi-antenna transmission, which is believed to be effective in TDD. It is further identified by some companies that the channel reciprocity can be utilized to assistant the downlink precoding/beamforming in FDD for some specific spatial correlation scenarios. Thus sounding capacity and time and frequency granularity are identified to be critical in Rel.10 to achieve good performance of the advanced multi-antenna solutions with limited feedback overhead, and to support the new uplink MIMO feature in Rel.10.
2.2 Limitations of SRS in Rel.8
The SRS support in Rel.8 was not designed well enough due to the following reasons: [2]
· Rel.8 SRS capability is limited:
· Rel.8 SRS does not support UEs with multiple transmit antennas.
· If the maximum transmit power for each antenna is reduced from 23dBm to 20dBm, the channel estimation or pathloss measurement accuracy based on SRS for the cell-edge UEs cannot be kept the same as that for the cell-edge UEs in Rel.8.
· Rel.8 SRS design cannot support good inter-cell channel estimation enough for multi-cell coordination due to non-orthogonality between SRS sequences for different cells.
· Rel.8 SRS capacity is limited: 

· For TDD, the maximum number of cell-specific SRS transmission can vary from 2~10 per radio frame, depending on the UpPTS length (1 symbol or 2 symbols) and the UL-DL configuration. For the instance of TDD UL-DL configuration 1, totally only 8 symbols per radio frame can be used for SRS.
· For FDD, there is only one symbol which can be scheduled for SRS in a normal subframe and semi-static configuration of SRS resources is used. An analysis indicates that SRS capacity is insufficient for Rel.10 when multi-antenna UEs are introduced [3]. Further, SRS capacity is also determined by SRS bandwidth by considering the cell-edge and cell-centre UEs, low-speed and high-speed UEs, small and large delay spread channel condition, etc.

· Due to the requirement of single-carrier characteristic, SRS is always dropped when it coincides with PUCCH format 2/2a/2b, and is dropped when it coincides with PUCCH format 1/1a/1b when Simultaneous-AN-and-SRS is FALSE for both TDD and FDD. For TDD, SRS is also dropped when it coincides with PRACH. These designs further worsen SRS capacity. SRS may be dropped for RX/TX switching of relay backhaul as well.
· Rel.8 configuration of SRS in normal subframe has some drawbacks:
· In normal subframe, SRS configuration requires puncturing the whole symbol in that subframe. The PUSCH has to use a shortened transport block (TB) size for all the UEs scheduled in this subframe, which will especially hurt the cell-edge power limited UEs with only one or two PRB scheduled resources. In addition, even if the resource is not fully utilized due to limited number of users, or the SRS is dropped due to coincidence with PUCCH or PRACH, the spare resources in that symbol cannot be assigned to PUSCH for other users, which is a waste of uplink resource. 
· In the SRS scheduled subframe, PUCCH has to be shortened by 1 symbol when Simultaneous-AN-and-SRS is TRUE. This brings worse coverage of control channel.

Effort on sounding enhancement is needed in Rel.10 to solve the issues above. Meanwhile it should be carefully designed to minimize the impact of legacy UEs.
3 Solutions for SRS enhancements

Several candidate solutions have been proposed for SRS enhancement for Rel.10 during study item [1,3,4,5,6]. 
3.1 Extending SRS multiplexing capacity

3.1.1 Extended sequences with more candidate CSs
This scheme is to extend the number of permitted cyclic shifts (CS) multiplexed in one resource scheduled for SRS [4]. Extended CS extends SRS with more orthogonal codes. This approach could enable 6 CSs for TU channel (delay spread is 5 (s) and provides up to 50% gain to the SRS capacity. However, such approach is not backward compatible since SRS adopts different candidate CS indices set but occupies the same symbol as Rel.8.
3.1.2 Extended repetition factor (comb)
This scheme is to extend comb number for SRS [5]. Extended comb is an enhanced IFDMA solution to bring more chances for multiplexing. However, to reach the same SRS-based channel estimation accuracy, larger comb number needs larger SRS bandwidth, i.e. same SRS sequence length, which results in a similar capacity as in Rel.8. In addition, its application is limited to the case of small delay spread channels. Furthermore, the backward compatibility issue needs to be solved, since the Rel. 8 UEs and Rel. 10 UEs cannot be multiplexed in the same bandwidth with this scheme.
3.2 Scheduled sounding in data region

3.2.1 Sounding using DM RS
This scheme is to utilize DM RS for sounding [3], i.e. unused CSs for DM RS can be utilized to transmit sounding reference signals, which increase the potential SRS capacity significantly. The signalling to support this should be further studied as may impact on the PDCCH overhead. For example, if dynamic scheduling of sounding using DM RS is adopted, then another UE is transmitting PUSCH in the same resource block which is similar to MU-MIMO scheduling. Hence, the sounding transmission via DM RS would not affect the legacy UE significantly as shown by simulations in [3,7]. The impact to DM RS performance is very small since CS separation can well guarantee good orthogonality.
Due to Rel.8 limit on UE-specific and bandwidth-dependent DM RS sequence, the orthogonality between DM RS and sounding can only be obtained when the bandwidth allocations are equal, i.e. dynamic scheduling of the sounding is more feasible. The situation is similar to the MU-MIMO discussion of non-equal bandwidth allocation. Whether to enable non-equal bandwidth allocation is therefore also important for the sounding using DM RS discussion.

3.2.2 Sounding in reserved PRBs of PUSCH region
Although the dynamic sounding schedule via DM RS in Section 3.2.1 is effective and backward compatible with Rel.8, the flexibility and sounding capacity is still limited by the number of unused CSs and the requirement on same sounding bandwidth as a PUSCH UEs in case non-equal bandwidth allocation is not supported. Therefore, it is worthy also to consider a more flexible solution where some PRBs are reserved in the PUSCH region specifically for the semi-static SRS scheduling.

With this scheme, sounding can be transmitted in all symbols in the reserved PRBs in a subframe and multiplexed with PUSCH via FDM, as illustrated in Fig. 1. An LTE-A specific sounding region is reserved, which occupies different PRBs from PUSCH. Such region can “hop” in frequency in different TTIs, so that the whole bandwidth can be scanned after multiple transmissions, which is similar to the current SRS design. The detailed hopping pattern can follow Rel. 8 design or FFS.
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Fig. 1 Sounding in reserved PRBs of PUSCH region
This scheme benefits the system in that semi-static scheduling could be used, hence downlink signaling overhead is marginal. As a new SRS region is defined, there is no interference to PUSCH or DM RS. Such design can be transparent to Rel. 8 UEs, so it well guarantees backward compatibility. 
It also gives a very large sounding capacity increase, since sounding symbols from different antenna ports/UEs can be multiplexed with TDM, FDM and CDM (or IFDMA) in the allocated SRS region, as illustrated in Fig. 2. The bandwidth and the frequency granularity of the reserved sounding PRBs can be very flexible according to the system requirements, since one sounding sequence can spread over multiple SC-FDMA symbols if needed. In addition, such a hybrid multiplexing scheme can keep the orthogonality among the sounding sequences with different lengths. Furthermore, the sounding coverage can be ensured even for the power limited UEs, so it makes the sounding scheduling more flexible and powerful.
The SRS region in Fig. 1 only gives an example. Actually, SRS region can be sparse in wideband. In that way, the scheme can also enable symbol-level frequency hopping within one subframe, e.g. a UE can transmit sounding sequences on different PRBs (subbands) in different symbols within one subframe, so that it is possible to obtain multiple sub-band channel conditions within one subframe, i.e. shorter period for one UE of sounding the whole bandwidth.

As an example, the sounding capacity in the reserved sounding PRBs can be calculated through 
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where 
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 is the number of orthogonal codes for each sounding resource group. For example, assuming reserving 4PRBs for sounding scheduling, with up to 6 orthogonal codes, i.e. 
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. In that case, 168 sounding sequences (i.e. 168 antenna ports/UEs’ sounding) can be scheduled in the subframe, if sounding sequence length is L=24 (corresponding to 4 PRB SRS bandwidth in Rel.8). In this case, if the sounding periodicity is 10 ms (the channel coherence time with 10 km/h UE speed is about 10 ms), the overhead for SRS is only 1.6% for 5 MHz system bandwidth.
The detailed multiplexing methods are FFS. Examples on the multiplexing schemes are given in Fig. 2 and advantages and drawbacks are summarized in the next section.
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Fig. 2 Multiplexing schemes for sounding in reserved PRBs of PUSCH region
4 Pros and cons analysis of candidate solutions
From the analysis above, the comparison between candidate solutions can be concluded in Table 1. Considering strict requirement of LTE-A in backward compatibility, the schemes transmitting sounding reference signals in data region are preferred.
Table 1 Comparison among different candidate solutions
	Candidate 
solution

Comparison factors
	Extend SRS multiplexing capacity
	Scheduled SRS in data region

	
	Extended sequences with more candidate CSs
	Extended repetition factor
	Sounding using
 DM RS
	Sounding in reserved PRBs of PUSCH region

	SRS capacity improvement
	Up to 50%
	Up to 100% with RPF=4 in flat channel [5]
	Good potential
	Large potential 

	Signalling
	Semi-static
	Semi-static
	FFS
	Semi-static

	Backward compatibility
	No
	No
	Yes
	Yes

	Flexibility
	Same as Rel.8
	Same as Rel.8
	High in case non-equal bandwidth allocation is supported 
	Very High

	Impact to DM RS channel estimation performance
	No
	No
	Very small
	No

	Improve sounding coverage
	No
	No
	Yes (slot repetition)
	Yes (symbol repetition)

	
	
	
	
	


5 Summary
Uplink sounding enhancements are required to support uplink MIMO, and more advanced downlink multi-antenna schemes of MIMO and CoMP etc. This contribution lists the uplink sounding related issues and provides an analysis on several candidate sounding capacity enhancement solutions as below:
· Type 1: Extend Rel-8 SRS multiplexing capacity 
· Type 2: Allow for sounding in the data region 
Based on the analysis, Type 2 is recommended due to better backward compatibility, larger capacity enhancement potential, larger sounding coverage for power limited UEs and potentially a shorter time period for a UE to sound the whole bandwidth. It is therefore proposed to focus on the detailed designs of Type 2 enhancements, and further focus on:

· Sounding using DM RS. Control signalling (dynamic/ semi-static) is FFS.
· Sounding in reserved PRBs of PUSCH region
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