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1. Introduction
During RAN1#49bis meeting in Orlando, a lot of progresses and agreements have been made for various aspects of uplink sounding reference signal related issues [1]. Especially, several agreements were reached on what kinds of signalling parameters are required for SRS operation. The current agreements can be summarized as follows;

Agreement

(1) Sounding RS should be transmitted on the separate SC-FDMA symbol from DM RS 

(2)  Hybrid application of CDM and FDM should be used for sounding RS multiplexing

(3) RPF=2. Additional values for RPF are FFS.
(4) SRS sequences: Reuse the DM RS sequences

(5) Cyclic shift hopping supported, and it can be turned off

Required Signalling:
(1) Transmission bandwidth (and starting bandwidth position)

(2) Transmission period

(3) Cyclic shift

(4) Transmission sub-frame

Even with the above agreements on sounding RS multiplexing and signalling parameters, there are several unclear aspects that need further consideration concerning exact signalling mechanism and its corresponding sounding RS operation especially in case of frequency hopping for sounding RS. In this contribution, some more deliberations on several unclear aspects on uplink sounding RS are given together with our suggestions.
2. Several aspects that still need to be decided for uplink sounding RS
(1) RPF value and Sounding RS BWs (bandwidth)
During last meeting, it was agreed that RPF value of 2 would be used for sounding RS transmission. The physical meaning of RPF is frequency spacing between two adjacent subcarriers in a frequency comb. Therefore, RPF of 2 means that there exist two different frequency combs to be used for sounding RS transmission. 
Quite intuitively, each frequency comb will be utilized to convey sounding RS of certain transmission bandwidth. Generally, two frequency combs can be mapped to two different transmission bandwidths for sounding RS transmission. In this case, a predetermined mapping between combs and sounding RS BWs can be applied and correspondingly signalling is not needed if the sounding RS BWs are always fixed for a given system BW. 

However, it would be more reasonable to choose the sounding RS BWs by taking the cell deployment scenario into account. For example, narrow sounding RS bandwidth would be more natural choice for outdoor cells with large cell size while large sounding RS bandwidth can be comfortably used for indoor isolated cells with small cell size. Also, it seems to be common understanding of many companies that sounding RS transmission should not encroach on both ends of system bandwidth used for PUCCH. The amounts of RBs to be assigned for PUCCH will depend upon uplink and downlink system load and hence can be thought as time-varying. Therefore, transmission bandwidth for sounding reference signal would be also varying anyhow, making it practically infeasible to inscribe sounding RS BWs in the specification. Considering all the above, it would be natural and beneficial for operators to give them a freedom of choosing the exact sounding RS bandwidths to be used by some form of signalling depending on their own cell deployment scenarios. 

Also, it might be more reasonable to express sounding RS BW as the number of subcarriers or in unit of RB, considering that RAN1 specifications are being written assuming bandwidth agnostic operation. It should be also noted that arbitrary sub-band size cannot be utilized owing to the restriction in generation of sounding RS sequence, which is imposed by current agreement that sounding RS sequence will reuse the DM RS sequence and RPF value is 2. More specifically, sub-band size should be chosen based on two RB granularities and odd number of RBs cannot be considered as sub-band size. Further restriction may be imposed on sounding RS BW due to the fact that DFT size should be multiples of 2, 3 and 5 for PUSCH. From this requirement, it can be inferred that sounding RS BWs divided by two (RPF value) should be multiples of 2, 3 and 5 since DM RS sequence cannot be defined for the other RB sizes that are not multiples of 2, 3 and 5. For example, 14 RB cannot be chosen as sounding RS BW. 
The remaining issue yet to be decided is the number of different sounding RS BWs to be supported. Even though RPF value was agreed as 2 during last meeting, there was no firm agreement on the exact number of Sounding RS BWs to be supported. The value of RPF doesn’t necessarily mean the number of Sounding RS BWs. There are several possible ways to utilize more than two sounding RS BWs with RPF value of two. If the necessity of more than two sounding RS BWs is agreed by the group, then it should be decided how to support more than two  sounding RS BWs with RPF value of 2. 

There has been already one suggestion on e-mail reflector, which is based on the usage of TDM among different BWs on single frequency comb so that different SRS BWs can be utilized in different subframes. However, it may lead to the increased latency for SRS transmission. 
The other possibility is to utilize localized FDM among different BWs on single frequency comb. One exemplary operation is given in Figure 1 where 3 different BWs (5, 10 and 20MHz) are supported with two frequency combs.
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Figure 1. Supporting 3 sounding RS BWs by means of localized FDM (RPF= 2)
 (2) Transmission period
Even though transmission period for sounding RS was agreed as signalling parameter, it is yet to be decided whether this value is cell specific or UE specific.

This parameter is somewhat related to TDM operation of sounding RS in subframe level in order to support larger number of UEs. In subframe level TDM, period of sounding RS transmission can be configured per cell depending on cell loading or can be configured per UE depending on UE status. However even in the case of per cell based sounding RS period configuration, it might be better to configure the sounding RS period differently for certain UEs that have just entered into the system, rather than to reconfigure the period of sounding RS transmission for every single UE in the cell when the necessity of sounding RS period reconfiguration arises from the surge of uplink cell loading. 
Therefore, our preference is to utilize different sounding RS period configuration for each UE. Anyhow, if per UE based sounding RS configuration is to be supported, vehicle speed of each UE might be considered to determine the sounding RS period for each UE. Fast moving UEs might be given frequent update rate for sounding RS while slowly moving UEs could be allowed to transmit sounding RS less frequently without harming UE throughput too much. 
Also, each UE can be configured to have their own offset values on transmission time instant and frequency region in such a manner that the number of UEs that can be accommodated for channel dependent scheduling is made as large as possible. For example, if UEs transmit sounding RS every other subframe with different time offset, the number of supportable UEs for channel dependent scheduling is twice as large as the number of sounding RS when they are transmitted every subframe. There may be some loss in per user throughput due to the rarer update of uplink channel quality information in case of TDM. However, in terms of sector throughput, the loss can be compensated by accommodating larger number of UEs which transmit uplink sounding RS. This is especially true if there are a large number of low to medium speed UEs in the cell as presented in [2]. 
(3) Sounding RS operation – sub-band approach and exact signalling mechanism
Currently, there has been ongoing discussion whether or not to apply frequency hopping for narrower bandwidth sounding RS to cover whole system bandwidth [3]. Frequency hopping of the sounding RS is mainly assumed when the transmission bandwidth of the SRS is narrower than the system bandwidth. The main benefit of sounding RS hopping can be achieved when assuming relatively lightly loaded cell, so that the entire system bandwidth can be exploited with limited amount of sounding RS overhead at the cost of sounding measurement delay. However, it might be worthy of noting that localized sounding RS transmission over narrow bandwidth would be a better choice in case of a heavily loaded scenario in light of interference coordination and small latency before frequency domain scheduling. Therefore, it would be better to give some wiggle room to the operators so that they can choose the most appropriate SRS multiplexing scheme between two depending on cell deployment scenario.

Firstly, let’s define sounding RS operation when localized SRS transmission over narrow bandwidth is to be used. For ease of explanation, let’s define a terminology of ‘sub-band’. If SRS transmission bandwidth is equivalent to system bandwidth, then there exists only one sub-band in the system where sub-band bandwidth is equal to the system bandwidth. On the contrary, if SRS transmission bandwidth is narrower than the system bandwidth, there might be multiple sub-bands. A certain UE will be assigned to transmit its sounding RS on one of multiple sub-bands. 

The parameters required to be informed to UE are summarized as follows;
(1) Frequency comb number (comb_1 or comb_2): By this parameter, UE is informed of which frequency comb to use among two.
(2) Sub-band position and BWs: By this parameter, UE is informed of where to transmit its sounding RS in the whole system bandwidth. 

(3) Staggering time offset in unit of subframe: By this parameter, each UE can be configured to have their own offset values on transmission time.
(4) Transmission period on the sub-band in unit of subframe: By this parameter, each UE can be configured to have its own sounding RS transmission period. 
(5) cyclic shift index to be used for UE on the sub-band
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Figure 2. Exemplary SRS operation for one frequency comb (4 sub-bands cover the whole bandwidth available for sounding RS transmission)

If frequency hopping operation is to be supported for sounding RS, then it should be decided how to inform the frequency hopping pattern to UEs. Frequency hopping operation can be interpreted as simple extension of single sub-band operation, utilizing multiple sub-bands. More specifically, staggering time offset for each sub-band can be differently assigned to a certain UE in order to make appropriate frequency hopping pattern. In other words, frequency hopping operation can be defined by means of multiple instances of separate single sub-band operation. Therefore, rather than signalling frequency hopping pattern explicitly, it is suggested signalling the parameters necessary for sub-band operation separately for each sub-band that constitutes bandwidth to be covered by frequency hopping operation.

In order to help explanation, exemplary frequency hopping operation is given in figure 2. Just for ease of explanation, it is assumed that only two SRS BWs are supported with each frequency comb occupied by one SRS bandwidth. Figure 2 delineates SRS operation in one of two frequency combs where four sub-bands constitute the whole system bandwidth, excluding edge band for PUCCH. For convenience’ sake, SRS hopping for every UE is assumed to cover the whole bandwidth available for sounding RS transmission. The sounding RS operations of 8 UEs are shown in the figure where UE3, UE4 and UE6 are supposed to transmit SRS at every other subframe and other UEs are assumed to have periodicity of every subframe. As shown in the figure, frequency hopping of sounding RS is done by alternating the sub-band over which sounding RS is transmitted at every sounding RS transmission instant.

Table 1 summarizes the exemplary parameter settings that are necessary to be signalled to each UE for each sub-band as for the exemplary operation in figure 1. Even though not explicitly shown in the table, cyclic shift index for each sub-band should also be signalled for orthogonal CDM operation among multiple UEs on the sub-band. Similar operation as in figure 1 can be done also for the other frequency comb where the size and the number of sub-band can be set differently from figure 1.
Table 1. Exemplary parameter values to be signaled to each UE in previous example

	
	Sub-band 1
	Sub-band 2
	Sub-band 3
	Sub-band 4

	
	offset
	period
	offset
	period
	offset
	period
	offset
	period

	UE1
	0
	4
	1
	4
	2
	4
	3
	4

	UE2
	3
	4
	0
	4
	1
	4
	2
	4

	UE3
	4
	8
	6
	8
	0
	8
	2
	8

	UE4
	2
	8
	4
	8
	6
	8
	0
	8

	UE5
	0
	4
	1
	4
	2
	4
	3
	4

	UE6
	6
	8
	0
	8
	2
	8
	4
	8

	UE7
	2
	4
	3
	4
	0
	4
	1
	4

	UE8
	1
	4
	2
	4
	3
	4
	0
	4


Also, it might be worthy of noting that frequency hopping doesn’t necessarily have to cover whole system bandwidth especially if sub-band size is quite small. In this case, only part of system bandwidth can be exploited by using just small portions of whole sub-bands. Also, the operators can turn off frequency hopping for SRS completely depending on cell deployment scenario. Accordingly, if localized SRS transmission over narrow bandwidth is to be used, each UE will be informed of the parameters only for single sub-band on which it is assigned. 
4. Conclusions

In this paper, some further considerations are given for uplink sounding RS regarding several unclear aspects. Followings are the summary of discussion.

(1) The bandwidth of sounding RS can be adaptively configured for each UE, depending on its status.
(2) More than two sounding RS BWs may be supported with RPF value of 2. It can be done by TDM or disjointed FDM on one frequency comb.
(3) The exact sounding RS BWs to be used would rather be chosen by the operators depending on their own cell deployment scenarios by some form of signalling than to be mandated in the specification. 
(4) SRS operation for each UE should be defined in terms of sub-band where following UE specific parameters are signalled for each sub-band;
A. Sub-band position and BWs expressed in unit of subcarrier or RB  
B. Staggering offset in unit of subframe number

C. Transmission period on the sub-band in unit of subframe

D. Cyclic shift index to be used for UE on the sub-band

(5)  Frequency hopping operation of sounding RS can be defined by simply extending single sub-band operation to multiple sub-bands where operation on each sub-band is separately defined by signalling mechanism given in bullet item (4).
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