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1 Introduction
In LTE-A, in order to support uplink SU-MIMO with up to four antennas, UE needs to transmit uplink sounding reference signal (SRS) from each configured antenna. In RAN1 #57 meeting, the agreements on uplink SRS are expressed in [1] as follow.
The baseline for sounding reference signal in LTE-Advanced operation is non-precoded and antenna-specific. For multiplexing of the sounding reference signals, Rel-8 principles are reused. 

According to this, when UE transmits non-precoded SRS from multiple antennas, more resources are required. Therefore, the multiplexing capability of uplink SRS and the number of supportable UE will decease. 
In this contribution, we discussed the multiplexing capability of UE, the possibility of using configurable RPF and introducing more code resources. 
2 Multiplexing Capability of UEs
In LTE, at most 16 SRSs with maximum SRS bandwidth can be multiplexed in each uplink sub-frame thanks to two transmission combs and eight usable cyclic shifts. Since SU-MIMO is not supported in uplink, 16 UEs can be multiplexed in each sub-frame. On the other hand, in LTE-A, due to SU-MIMO, each UE may be configured with multiple antennas. For example, only four UEs would be supported in one uplink sub-frame when each of them is configured with four antennas, because four SRSs are required for each UE. Thereby, the number of supportable UE is decreased by four times. 
The required number of UE having SRS transmission is stated in [2] as follow.
The system should be able to support at least 300 active users without DRX in a 5 MHz bandwidth. The same number of RRC connections with DRX as in Release 8 E-UTRA and E-UTRAN (16k) is expected.
Obviously, the requirement for the multiplexing capability of UE in LTE-A is at least no worse than LTE R8. However, this conflicts with the fact that the supportable UE may decrease due to SU-MIMO. There are basically two approaches to address this conflict: one is to reduce the required SRS resources for each UE (For example, [3] proposed to introduce an “SRS activation” field in uplink scheduling assignment to reduce the SRS transmission from a reference UE.), and the other one is to increase the total usable resources in cells. Because of the using of non-precoded SRS, the ability of reducing the SRS resources would be limited. Hence, we consider the way to increase the total SRS resources in the cell. 
3 Possibility of applying configurable RPF
In LTE R8, for the purpose of increasing the number of multiplexed UE and flexibility of resource allocation, the transmission of SRS adopts a RPF value of two, which means the number of transmission comb is two as well. Compared with pure CDM, this design doubled the multiplexing capability. In LTE-A, we can consider to make the RPF value configurable, and whether it should be two or four depending on practical requirements. 
When RPF is four:

· Four UEs can be multiplexed in one sub-frame through FDM. Together with all eight cyclic shifts, at most 32 UEs can be multiplexed in one sub-frame. Compared with 16 in R8, the multiplexing capability is doubled and the maximum number of supportable UE is increased.
· The equation in [4] which used to compute the cyclic shift for uplink SRS should be modified as follow to make sure the shift is an integer number of samples. 
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Therefore, the minimum bandwidth of SRS transmission can be maintained as 4RB. The DMRS sequence group can still be used for SRS sequences, and regarding to 4RB SRS, the CG sequence for 1RB DMRS can be used. Further more, current cell-specific SRS bandwidth configuration, UE-specific SRS configuration, and tree-based hopping method in LTE R8 can be reused. Hence, from the standardization aspect, using RPF of four will not introduce much problem. Additionally, according to (1), twelve cyclic shifts can be used in total. Considering the three bits signalling, eight out of twelve cyclic shifts should be chosen and the mapping of cyclic shifts in R8 DMRS could be reused. 
· In a certain SRS bandwidth, the number of sub-carriers would reduce to half of the number in R8, so the power spectral density is doubled. This will lead to higher SNR, and thus improve the performance of channel estimation.
· From the signalling aspects, there also need not much modification. One bit signalling is needed to indicate whether RPF=4 should be used. Considering the backward compatibility to LTE R8 network, the value of RPF should be configurable. When LTE-A UE operates in an LTE network, since no indicator of applying RPF=4 would be received, it will transmit SRS using RPF=2 as a default. One more bit signalling is required to indicate the transmission comb assigned to the UE together with the already existed one bit signalling. 
· Maximum four different sounding bandwidths can be supported within a cell. This provides more flexibility to system scheduling. In LTE R8, if two UEs are configured with different SRS bandwidth, large interference would be introduced when they located at the same frequency band due to the length difference between two SRS sequences. In order to avoid the interference, eNB could either schedule the two SRS transmission at different frequency band, or configure different transmission comb to two UEs. However, only two different sounding bandwidths could be supported because the RPF is two in R8. When there are four transmission combs, four different SRS bandwidths can be supported, and thus enhanced the system flexibility. Considering the fact that more resources would be introduced in LTE-A, and UEs at the centre and edge of the cell are more likely to have different SRS bandwidth, more flexibility is needed to avoid interferences between different SRS bandwidths.
· In [5], Freescale provided a simulation to show that the ability to use channel sounding as a power control reference is independent of the RPF used, but is completely dependent on the sounding bandwidth. Therefore, applying RPF of four in LTE-A will not affect the ability of power control. 

· From the implementation aspect, applying configurable RPF will not introduce much complexity since the RPF of two is already existed in R8.
There are also some concerns about changing RPF to four. We will discuss them below.
3.1 Reduction of Cyclic Shift Separation
In LTE, because RPF is two, the SRS sequence is repeated two times in time domain with each being 1/2 OFDM duration. In the same manner, when RPF is four, the SRS sequence will be repeated four time with each being 1/4 OFDM duration. In this case, the space between two neighboring cyclic shifts becomes half of what R8 is. 
When RPF is four, the time domain duration of SRS sequence is 66.67/4=16.6675us. When there are totally 12 usable cyclic shifts, the time duration of the space between two neighbouring cyclic shifts is n1 = 16.6675/12 =1.389us. However, the time domain duration of SRS sequence in R8 is 66.67/2=33.335us, while the time duration of the space between two neighbouring cyclic shifts is m1 = 33.335/8 = 4.1669us. 
It can be observed that m1 = 3 * n1. This means the cyclic shift spaces between UEs in R8 are three times of the spaces when applying RPF of four. Thereby, when the cyclic shift space is three for RPF=4, the number of total usable resources would be the same as R8, and the time duration of cyclic shift spaces would also be the same. In this case, eNB could configure large cyclic shift to UEs with large multipath delay to avoid interference between cyclic shifts, while configure small cyclic shift to UEs with small multipath delay to save resources, and hence increase the number of supportable UEs. Applying RPF of four could be considered as decreasing the granularity of resource allocation. In R8, the unit of resource allocation is m1, while for RPF of four, the unit is n1. Hence, the resource allocation could be more effective, and result in the increment of usable SRS resources. 
3.2 Backward Compatibility
The problem of backward compatibility mainly comes from the length difference of SRS sequences between SRSs with different RPF in the same bandwidth. Due to the sequence length difference, large interference would be introduced to both SRS transmissions when the same transmission comb is configured. When considering the backward compatibility of applying RPF of four, basically there should be three scenarios, and we will discuss them respectively. 
Scenario 1：LTE-A UE connects to LTE network
Because LTE network does not support RPF=4, it will not contain the higher layer signaling indicating the using of RPF of four. Therefore, when LTE-A UE connects to LTE network, it will apply RPF of two as default, and operate as a legacy LTE UE. Hence, it would be backward compatible to legacy LTE network. 
Scenario 2：LTE-A network contains only LTE-A UEs
In this case, all UEs would be configured to use RPF=4. The sequence lengths of SRSs within the same SRS bandwidth would be the same, and the interference between SRS transmissions would be small. Hence, no backward compatible problem would exist. 
Scenario 3：LTE UE connects to LTE-A network
When legacy LTE UE and LTE-A UE with RPF=4 are transmitting SRSs using the same transmission comb, the orthogonality between two sequences will be destroyed due to the sequence length difference, and result in large interference. In practice, this problem could be avoided by scheduling. The transmission of SRSs from LTE UE and LTE-A UE with RPF of four could be configured on different transmission comb and/or different sub-frame, and thus be separated through FDM and/or TDM. Figure 1 and Figure 2 give the examples of multiplexing legacy LTE UE and LTE-A UE through FDM and TDM, respectively. 
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Figure 1. Multiplexing of legacy LTE UE and LTE-A UE through FDM.
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Figure 2. Multiplexing of legacy LTE UE and LTE-A UE through TDM.
Regarding to the scheduling of LTE-A UEs, the restriction of flexibility might be introduced due to the multiplexing of legacy LTE UE with large SRS bandwidth through FDM. As shown in Figure 3, LTE UE1 is configured using the whole SRS bandwidth with comb0 and comb2, while UE2 is configured using half of the SRS bandwidth on right side with comb1 and comb3. In this case, the LTE-A UE could only be scheduled with restriction on transmission comb (comb1 and comb3), bandwidth (half of SRS bandwidth) and frequency position (left side). In order to decrease the impact of the restriction, eNB could configure the SRSs transmission of legacy LTE UE with large bandwidth and LTE-A UE on different sub-frames. Hence, the sub-frames with SRS transmission could be classified into three types. 
· Sub-frames with SRSs transmission from LTE UE only. Because the above mentioned restriction mainly source from the SRSs transmission of LTE UE, especially with large bandwidth, these SRSs transmission are more likely to be configured on the same sub-frame. In this case, the impact of the restriction would be decreased or even avoided.
· Sub-frames with SRSs transmission from LTE-A UE only. In these sub-frames, the SRSs transmissions are only from LTE-A UEs. Hence, no restriction of scheduling will exist. 
· Sub-frames with SRSs transmission from both LTE and LTE-A UE. In this configuration, the SRS transmissions from LTE UE are more likely to have small bandwidth. Therefore, the impact of the restriction would be decreased.
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Figure 3. Restriction of Scheduling for LTE-A UE.
From the above discussion, one can observe that the backward compatibility would be maintained by eNB scheduling and configurable RPF.
3.3 Impact on CQI estimation

Applying RPF of four will halve the SRS density in frequency domain, and affect the accuracy of CQI estimation. As mentioned above, because the power spectral density of SRS will increase, the SNR of received SRS will increase in a certain extent. In [6], the simulation compared the performance of multiplexing SRS transmission through CDM and FDM with RPF=6. The simulation results showed that two structures yield similar system performance. The performance of FDM with PRF=6 is a little bit worse than CDM. Hence, the final impact of applying RPF of four on CQI estimation in LTE-A will need further evaluation. Moreover, by considering the pressing requirement of increasing the SRS resources in LTE-A, we should allow some decrease on the accuracy of CQI estimation. In deed, how much decrease will be introduced and whether it would be tolerated should be carefully analyzed and simulated. 
4 Possibility of Introducing More Code Resources

In LTE R8, three bits higher layer signalling is used to represent eight cyclic shifts. In LTE-A, in order to increase the multiplexing capability of SRS, more code resources could be introduced by using one more bit signalling to indicate twelve cyclic shifts. The advantage of this method includes:

· The usable cyclic shift would increase to twelve, and at most twelve UEs could be multiplexed on the same SRS bandwidth and the same transmission comb. Compared with R8, this will increase 50% of the SRS resources at most.

· This will not lead to any modification of specification, and all legacy R8 design could be reused. This would facilitate the standardization of LTE-A.

· Only one bit signalling is required. 
· Like applying RPF of four, this method actually decreases the granularity of resource allocation. By carefully scheduling according to the practical requirement, the resource allocation could be more effective and the number of supportable UEs would increase.
· This method could also be used together with the configurable RPF to further enhance the multiplexing capability. In section 3, we have shown in (1) that totally twelve cyclic shifts would be usable when RPF = 4. In this case, for the purpose of further increase the number of supportable UEs, we can introduce one more bit signaling to indicate all the usable cyclic shifts. 
5 Conclusion
In this contribution, we discussed the problem of multiplexing capability decrease introduced by SU-MIMO and non-precoded SRS in LTE-A. In order to solve this problem, we propose to increase more resources for SRS in LTE-A. In view of this, we analyzed two potential methods to increase the usable SRS resources.
· Apply configurable RPF which could be either two or four according to different requirements.

· Introduce more code resources by using twelve cyclic shifts. 

We propose to further analyze the possibility of adopting the above two methods, and evaluate their impacts on system performance.
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