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Introduction
The objective of the eLAA WI is to specify UL support for LAA SCell operation in unlicensed spectrum, which includes the support for PUSCH and SRS [1]. One recommendation during the Rel-13 LAA study item phase was to support SRS transmission with PUSCH, as agreed in RAN1#80bis [2].
· Support of SRS transmissions on LAA SCell is recommended for LAA UL
· For a UE, SRS transmission with PUSCH is supported 
· FFS if SRS transmission without PUSCH is supported
· If supported, FFS whether with or without LBT
This contribution discusses several aspects of SRS transmission for an LAA SCell, e.g., whether/how to support periodic[footnoteRef:1] and/or aperiodic SRS and usage of DMRS for sounding. [1:  We refer to trigger type 0 (RRC) as periodic SRS and trigger type 1 (DCI) as aperiodic SRS.] 

[bookmark: _Ref129681832]SRS transmission for LAA
Features of the SRS 
The SRS could be used by the eNodeB to derive essential uplink related information for several procedures, e.g., scheduling, channel state information estimation, precoding, power control and synchronization. For LAA, the SRS transmission should be subject to performing Listen Before Talk procedure. Some features of the SRS for licensed spectrum are summarized below and the applicability to LAA is discussed:
· SRS with/without PUSCH transmission
The Rel-13 LTE design allows for two cases from a UE point a view, i.e., non-standalone SRS (SRS transmitted with a PUSCH transmission) and standalone SRS (SRS transmitted without a PUSCH transmission). Due to having to perform LBT, it is questionable if standalone SRS transmission should be supported for LAA, which is discussed in Sec. 2.2. 
· SC-FDMA symbol position 
The SRS is transmitted in the last SC-FDMA symbol of the subframe. It may be discussed further whether this symbol position should be retained for LAA. To reserve some empty period right before the next subframe which may help a new transmission burst start not later than the subframe boundary, the last OFDM symbol(s) of the previous transmission burst could be blanked. In this case SRS symbol position may need to be shifted, which is discussed in Sec. 5.  
· Multiplexing with the PUSCH
The PUSCH is not transmitted in the last SC-FDMA symbol for subframes configured for periodic SRS or in SC-FDMA symbols reserved for possible aperiodic SRS. Thus the last SC-FDMA symbol can become empty when PUSCH is transmitted when there is no SRS. This may not be desirable for LAA when the PUSCH is to be transmitted in several contiguous subframes (for which a single CCA procedure should suffice), since it may give rise to collisions with other nodes which are capable of (falsely) detecting the channel as free during the empty SC-FDMA symbol.   
· SRS bandwidths
The SRS supports a tree-like bandwidth structure with narrowband SRS transmissions, in order to support sounding from power-limited UEs. Furthermore, the maximum SRS bandwidths are defined considering there could be PUCCH transmissions, i.e., not all PRBs could be sounded. For LAA, narrowband SRS transmission are less relevant due to requirements on channel bandwidth occupancy. Moreover, it is unclear if LAA will support PUCCH and in that case, if the LAA PUCCH would have the same PRB allocation as current PUCCH. Hence, sounding over the whole carrier bandwidth should be supported for LAA. 
· Frequency hopping
The SRS supports frequency hopping for narrow SRS bandwidths. This type of frequency hopping may thus not be needed for LAA. However, if the maximum SRS bandwidth will be less than the maximum PUSCH transmission bandwidth, some form of time-dependent shifting of the SRS frequency position may be needed to cover the whole bandwidth.
· Comb structure 
The SRS is mapped to one RE in every two REs, like a comb, which allows FDM of the SRS among UEs and antenna ports. This is beneficial and should be retained for LAA.
· SRS sequence 
The SRS is generated with the same base CAZAC sequence as the DMRS using different cyclic time shifts to achieve code domain multiplexing. For the SRS, there are eight evenly spaced cyclic time shifts per SRS comb. The same sequence design should be applicable for LAA.
· SRS triggering 
Aperiodic SRS is triggered by L1 signaling, i.e., UL grants (FDD and TDD) and DL assignments (TDD), Hence, triggering by both UL grants and DL assignments could be supported for LAA. All UEs in the cell have the same SRS period but could be allocated different timing offsets. The transmission timing of the SRS does not necessarily equal that of the PUSCH, i.e., the SRS could be triggered for a different (later) subframe than what is used for the associated PUSCH transmission, i.e., it becomes a standalone SRS transmission. 
· Power control
The SRS is separately power controlled from the PUSCH and the PUCCH. This could also apply for LAA.
Supported types of SRS transmission on LAA SCell
SRS transmission on LAA SCell is different with that on the licensed PCell as:
· Opportunistic transmission
The transmission of SRS relies on the LBT outcome of the UE. Even triggered by the eNB, i.e. via L1 signaling or higher layer signaling, the SRS transmission is opportunistic.  
For periodic SRS, the triggering is made on long term basis, while for aperiodic SRS, the triggering is made dynamically. The transmission opportunity depends on the CCA success rate at the UE, which is tightly related to the number of devices contending for the channel. The number of contention devices, especially for LAA UEs, may be dynamically changing and well controlled by the eNB. The dynamic triggering of aperiodic SRS would be advantageous as the eNB is able to better control the contention in a dynamic way and improve the contention successful rate for a scheduled SRS.  
Therefore the transmission opportunity of aperiodic SRS would be higher than periodic SRS. 
For SRS without PUSCH, a fast LBT, e.g. a Cat.2 LBT with short sensing period, could be applied considering the significantly shortened transmission duration. While for SRS with PUSCH, the SRS transmission would be subject to a longer LBT procedure used for PUSCH. 
Therefore the transmission opportunity of SRS without PUSCH would be higher than SRS with PUSCH.
· Collision
Once a UE access the channel, the transmission of the UE may cause other UE sensing the channel as busy. If the UE has PUSCH and SRS, there is no additional collision caused by SRS as the UE anyway needs to perform contention for PUSCH. If the UE only has SRS transmission, it would be less efficient in terms of collision avoidance especially in a loaded carrier as the UE does not deliver PUSCH data packets and may block other UE PUSCH transmission. It should be noted that there is not always additional collision caused by an SRS without PUSCH, e.g. if an SRS without PUSCH form one UE is transmitted together with an SRS with PUSCH from a different UE, in a CDM or FDM multiplexed way. 
Therefore SRS with PUSCH causes no additional collision while SRS without PUSCH may cause additional collision.
Furthermore, aperiodic SRS is more efficient in SRS resource allocation than periodic SRS because there is no semi-static binding between the SRS resource and the UE. The resource sharing between aperiodic SRS is dynamic, e.g. if the eNB does not trigger a specific aperiodic SRS resource for UE1, the eNB could schedule that SRS resource for UE2 using dynamic signaling.   

Table 1. Summary of different SRS types for LAA SCell.
	SRS Type
	Transmission Opportunity
	Additional collisions
	SRS resource sharing
	Comments

	Aperiodic SRS with PUSCH 

	Good
	No
	Good
	Transmitted after CCA when DCI triggers SRS and PUSCH is transmitted.

	Periodic SRS with PUSCH  
	Bad
	No
	Bad
	Transmitted after CCA when PUSCH is transmitted in periodic SRS subframe.

	Aperiodic SRS without PUSCH 

	Good
	Potential
	Good
	Transmitted after CCA when
DL DCI triggers SRS and there is no PUSCH.

	Periodic SRS without PUSCH  
	Moderate
	Potential
	Bad
	Transmitted after CCA when there is no PUSCH in periodic SRS subframe.



A summary of different SRS types for LAA SCell is given in Table 1. It is observed that aperiodic SRS is good in terms of transmission opportunity, collision avoidance, SRS resource sharing; aperiodic SRS without PUSCH is good in terms of transmission opportunity and SRS resource sharing; while periodic SRS with PUSCH is good in terms of collision avoidance.
Proposal 1: For SRS transmission in LAA:
· Aperiodic SRS with PUSCH is supported.
· Aperiodic SRS without PUSCH is supported.
· Periodic SRS with PUSCH is FFS. 
· Periodic SRS without PUSCH is FFS.
Wideband SRS Transmission



For LAA there is a regulatory requirement that the occupied channel bandwidth shall be between 80% and 100% of the declared nominal channel bandwidth. The bandwidth occupancy requirement for LAA only allows an SRS bandwidth according to  of {0, 1} in Table 2 for   for a system bandwidth of 20 MHz (we assume that the occupied bandwidth in any subframe shall be no less than 20 MHz*80% = 16 MHz). Similarly, when , the SRS bandwidth has to be 48 PRBs.

Table 2. SRS configuration given in [3] for the uplink bandwidth of .
	SRS bandwidth configuration


	
SRS-Bandwidth

	
SRS-Bandwidth

	
SRS-Bandwidth

	
SRS-Bandwidth


	
	

	

	

	

	

	

	

	


	0
	96
	1
	48
	2
	24
	2
	4
	6

	1
	96
	1
	32
	3
	16
	2
	4
	4

	2
	80
	1
	40
	2
	20
	2
	4
	5

	3
	72
	1
	24
	3
	12
	2
	4
	3

	4
	64
	1
	32
	2
	16
	2
	4
	4

	5
	60
	1
	20
	3
	4
	5
	4
	1

	6
	48
	1
	24
	2
	12
	2
	4
	3

	7
	48
	1
	16
	3
	8
	2
	4
	2


 
It is an open issue whether or not to support PUCCH for LAA and how the resources would be defined for such an LAA PUCCH would. Given that the regulation also requires the transmission power in a narrow band to be limited to a maximum mean EIRP density (e.g., e.g., in the frequency band 5250-5350 MHz a limit of 10 mW/MHz in any 1 MHz band [4]), an LAA PUCCH, if supported, might be frequency extended to support wideband PUCCH for coverage and time domain multiplexing with other UE’s PUSCH.
DFT-based channel estimation for OFDM is known to exhibit edge effects, i.e., giving worse channel estimates close to the bandwidth edges of the reference signal. For the SRS, the cyclic shift de-multiplexing is typically done in the time-domain and it will thus face the same issue of edge effects as DFT-based channel estimation. It has been shown that the mean-square-error (MSE) for the channel estimates is large at the vicinity of the SRS edges [4]. Hence, it will be inherently difficult to obtain accurate channel estimates by extrapolation for REs located outside the SRS bandwidth. This is verified in Figure 1, which depicts channel estimation performance based on the principle of [4] for an ETU channel at 3 km/h for 20 MHz bandwidth. The results reflect an ideal situation in that only 1 UE transmits SRS and the system is noiseless, i.e., the SNR is infinite. Linear interpolation was performed for REs located within the SRS region while linear extrapolation was performed for REs located outside the SRS region. It is verified that the MSE increases at the SRS edges and that extrapolation results in very inaccurate estimates.
[image: ETU100_v2]
[bookmark: _Ref338846075]Figure 1. Mean-square-error of channel estimates for a 20 MHz carrier and ETU 3km/h channel with 1 UE transmitting SRS at an infinite SNR. 

The SRS bandwidths are multiples of 4 PRBs in order to achieve maximum cyclic shift separation among the 8 cyclic shifts assuming a transmission comb using every other RE. Thus, it would possible to define a new SRS bandwidth of 100 PRBs. However, it will not be possible to define a new SRS bandwidth being equal to 50 PRBs. Hence, it may be required to utilize some form of mechanism shifting the frequency position of SRS, e.g., if a 48 PRB SRS is used to sound a 50 PRB transmission bandwidth, it could be allocated a starting PRB alternatively from the 1st to the 3rd PRB according to some rule. 
Proposal 2: If PUCCH is not supported or if PUCCH is not located in an SC-FDMA symbol containing SRS on an LAA SCell, it should be possible to transmit SRS in any PRB.
· Support a 100 PRB SRS bandwidth.
· If the maximum SRS bandwidth is smaller than the maximum PUSCH transmission bandwidth, support a mechanism which can dynamically allocate the starting PRB of the SRS.  
Aperiodic SRS triggering
Aperiodic SRS transmission is achieved by a 1-bit (DCI format 0/1A/2B/2C/2D) or 2-bit (DCI format 4) trigger. Since LAA will be operated by TDD principles, triggering by DL assignments offers more opportunities for sounding and is useful also for aperiodic SRS in LAA.
Proposal 3: Aperiodic SRS can be triggered by 1 bit in DCI format 0/1A/2B/2C/2D or by 2 bits in DCI format 4.
If aperiodic SRS without PUSCH is triggered, it would be more efficient that multiple UEs transmit SRS at the same SC-FDMA symbol. Firstly aperiodic SRS without PUSCH transmission may apply a Cat.2 LBT which well supports multiple device transmission by synchronized CCA period and transmission period. Secondly an SC-FDMA symbol assigned for one UE SRS is anyway not able to be multiplexed with other UE PUSCH, while could be multiplexed with other UE SRS. 
However, the existing method for triggering of multiple UE SRS at the same SRS symbol may be not efficient or even not possible as there is coupling between PDSCH or PUSCH scheduling and SRS triggering. Aperiodic SRS without PUSCH is standalone without PUSCH scheduled in the same subframe. Therefore, it may be more flexible to decouple the data scheduling and the aperiodic SRS triggering. A new DCI format to trigger aperiodic SRS transmission for a group of UEs could be considered.
Proposal 4: A new DCI format to trigger aperiodic SRS transmission for a group of UEs is considered.
The SRS trigger bit(s) is (are) associated with 1 (or 4) cell-specific RRC configured set(s) with SRS parameters. Several of the parameters in the set may be obsolete for LAA, e.g., SRS bandwidth and frequency hopping bandwidth. It could suffice for the UE to know the transmission comb index and the cyclic shift. It could be considered to signal these entities dynamically in the UL grant, e.g., one bit in the DCI indicates the comb and the 3-bit information field in the uplink grant for DMRS cyclic shift is reused to indicate the cyclic shift information. 
Upon receiving a DCI indicating SRS triggering, the UE transmits SRS [] in the first subframe on serving cell c satisfying [image: ] and 
[image: ] for TDD serving cell c with [image: ] and for FDD serving cell c, 
[image: ] for TDD serving cell c with [image: ],
where the timing offset values and SRS periods are configured by higher layers. A drawback of this is that a UE cannot use any UL subframe for SRS transmission since that would require reconfiguring the timing offset and period. Another option is to define a more flexible transmission timing which serves to transmit the SRS as early as possible, e.g., the SRS is transmitted in the same subframe as the PUSCH (if triggered by DCI format 0/4). If triggered in subframe n by DCI format 1A/2B/2C/2D, the first UL subframe occuring not earlier than subframe n+4 could be used. 
Proposal 5: Select one of the following transmission subframe timing rules for aperiodic SRS:
1. The SRS transmission timing follows the same rules as in Rel-13.
2. For an aperiodic SRS being triggered in an UL grant, the SRS is transmitted in the same subframe as the PUSCH. For an aperiodic SRS being triggered in a DL assignment in subframe n, the SRS is transmitted in the first UL subframe not earlier than n+4.
SRS and PUSCH transmission with LBT in the LAA SCell
As mentioned in Sec.2.1, SRS for LTE is transmitted in the last SC-FDMA symbol of the subframe. In the LAA SCell, however, the last SC-FDMA symbol may not be always available for uplink transmission. The blanking of the last symbol(s) of a transmission burst may result in changes on SRS and PUSCH symbol position. The following three cases are provided for the discussion on the time position and resource mapping of SRS and/or PUSCH due to LBT. 



Figure 2.  SRS transmission in one subframe on LAA SCell

Case (a): Resource mapping due to LBT without impact by SRS
As proposed in [9], the last symbol of a transmission burst (defined as a continuous transmission) may be blanked for channel contention in order that a new transmission burst may probably start from the next subframe. As shown in Figure 2(a), UE1 with 13-OS PUSCH is needed to let the UE2 access the channel for the PUSCH in the next subframe. 
Case (b): Resource mapping due to LBT in case of SRS with PUSCH 
As shown in Figure 2(b), UE1 and UE2 are contiguously transmitting, and in subframe n, UE1 is triggered to transmit aperiodic SRS. Firstly, in this case, UE2 cannot transmit PUSCH to interfere the SRS from UE1. Secondly, if UE2 has scheduled PUSCH transmission in the next subframe, the SRS from UE1 cannot block the CCA of UE2. One solution is to move the SRS of UE1 from last symbol of subframe n to the last second symbol. Another solution is to delay the SRS of UE1 to the first symbol of the next subframe. However, for the latter solution, the PUSCH transmission from UE2 in subframe n+1 would interfere to the SRS transmission from UE1. 
Case (c): Resource mapping due to LBT in case of standalone SRS 
As we proposed in [9], standalone only SRS transmission should be supported when the UE has no UL transmission but the DL transmission would rely on the SRS based channel condition assessment. As shown in Figure 2(c) in case of standalone SRS transmission, the PUSCH from UE2 in subframe n cannot interfere to the standalone SRS from UE1, and also the SRS from UE1 cannot block the PUSCH transmission in the next subframe from UE2, which requires further discussion. 
Based on the discussion above, there are many cases for the PUSCH time position mapping with or without SRS, and these cases may occur in a dynamic way. Therefore, dynamically indicating the time positions of PUSCH and/or SRS mapping is needed. 
Proposal 6: SRS is transmitted in the last or the second last SC-FDMA symbol of a subframe:
· The location of SC-FDMA symbol for SRS is dynamically indicated.
· The location of SC-FDMA symbols for PUSCH is dynamically indicated.
SRS capacity enhancement
Given that the LAA SRS should always be wideband, the theoretical maximum SRS capacity is reduced to 1/4 of that for licensed carrier, as on licensed cell frequency hopping with narrowband SRS assuming 1/4 of the system bandwidth could be used to multiplex SRS from different users. Moreover, since LAA is targeting small cells, UL MIMO may become more common, which increases the demand for sounding resources. Deficit of sounding resources will become even more severe for LAA if a downlink-heavy frame structure is used together with an LBT procedure for the SRS. Hence, some further SRS capacity enhancement techniques may be considered given the significant loss of the SRS capacity on the LAA SCell.
There are several techniques to boost SRS capacity [5]. One way is to reuse unused DM-RS for sounding. In this case, a UE can piggyback on a PUSCH transmitted from another UE by utilizing the cyclic shifts that are not used as DMRS for the PUSCH transmitting UE. This could be accomplished by scheduling a “sounding UE” with the same uplink resource as the “PUSCH transmitting UE”. If there is no PUSCH transmission in the sub-frame, sounding users could use all the cyclic shifts for DMRS to perform sounding. This alternative sounding procedure does not only increase sounding capacity but also achieves lower MSE than the SRS [7] and increases sounding reliability. Wide-band SRS sounding needed for LAA purpose becomes possible by allocating different OCC to sounding and PUSCH transmitting user [8]. 
Proposal 7: Sounding on LAA SCells can be performed by transmitting DMRS without PUSCH.

Conclusions
SRS transmission on LAA SCell is discussed. It is proposed:
Proposal 1: For SRS transmission in LAA:
· Aperiodic SRS with PUSCH is supported.
· Aperiodic SRS without PUSCH is supported.
· Periodic SRS with PUSCH is FFS. 
· Periodic SRS without PUSCH is FFS.
Proposal 2: If PUCCH is not supported or if PUCCH is not located in an SC-FDMA symbol containing SRS on an LAA SCell, it should be possible to transmit SRS in any PRB.
· Support a 100 PRB SRS bandwidth.
· If the maximum SRS bandwidth is smaller than the maximum PUSCH transmission bandwidth, support a mechanism which can dynamically allocate the starting PRB of the SRS.  
Proposal 3: Aperiodic SRS can be triggered by 1 bit in DCI format 0/1A/2B/2C/2D or by 2 bits in DCI format 4.
Proposal 4: A new DCI format to trigger aperiodic SRS transmission for a group of UEs is considered.
Proposal 5: Select one of the following transmission subframe timing rules for aperiodic SRS:
1. The SRS transmission timing follows the same rules as in Rel-13.
2. For an aperiodic SRS being triggered in an UL grant, the SRS is transmitted in the same subframe as the PUSCH. For an aperiodic SRS being triggered in a DL assignment in subframe n, the SRS is transmitted in the first UL subframe not earlier than n+4.

Proposal 6: SRS is transmitted in the last or the second last SC-FDMA symbol of a subframe:
· The location of SC-FDMA symbol for aperiodic SRS is dynamically indicated.
· The location of SC-FDMA symbols for PUSCH is dynamically indicated.
Proposal 7: Sounding on LAA SCells can be performed by transmitting DMRS without PUSCH.
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