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1. Introduction
During several previous RAN1 meetings, a lot of progresses and agreements have been made for various aspects of uplink sounding reference signal related issues [1]-[5]. Especially, several agreements were reached on what kinds of signalling parameters are required for SRS operation. Also, during previous RAN1 meeting in Athens, it was agreed that frequency hopping operation may be supported for UL sounding RS [4]. The current agreements can be summarized as follows;

Agreement

(1) Sounding RS should be transmitted on the separate long block from DM RS long block

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

(3) RPF=2 (The transmission comb is signaled to the UE)
(4) SRS sequences: Reuse the DM RS sequences

(5) Cyclic shift hopping supported, and it can be turned off
A. Cyclic shift: 3 bits. FFS how to support less than 8 cyclic shifts with maximum separation
(6) Explicit semi-static higher layer signalling of periodicity and duration of the SRS transmission
A. Duration 

i. One shot and indefinite (valid until disabled or until the session ends) transmissions

B. Period: 2, 5, 10, 20, 40, 80, 160, 320 ms

(7) SRS hopping or non-hopping can be configured by D-BCH or higher layer signalling together with other SRS transmission parameters

A. FFS whether the hopping pattern is predetermined and/or signalled (higher layer)

B. FFS whether multiple hopping patterns are needed
(8) Bandwidth used by a UE (semi-statically configurable per UE)
A. At least two BWs i.e. (narrow band and a wideband SRS BW) should be supported for a given operating system BW. The necessity of additional SRS BWs is FFS
Required Signalling:
(1) Transmission bandwidth (and starting bandwidth position)

(2) Transmission period

(3) Cyclic shift

(4) Transmission sub-frame

As described in the above, sounding RS operation has been in the most parts settled down except for some aspects, such as the number of SRS BWs for a given operating BW and how to define frequency hopping pattern if frequency hopping operation is to be supported for sounding RS.

In this contribution, some more deliberations on uplink sounding RS operation are given together with our suggestions, especially focusing on frequency hopping operation of sounding RS.
2. On the Sounding RS BWs

It was previously agreed that at least two sounding BWs should be supported for a given operating BW, saying wideband and narrow band sounding RS. Also, there are on-going discussions whether it is necessary to support more than two BWs for sounding RS for larger operating BWs. From our perspective, it would be beneficial to support more than two BWs in terms of flexibility at least for the case of 20MHz operating BW. Here, different sounding RS BWs should be expressed as multiples of each other in order to facilitate efficient sounding RS operation and alleviate signalling burden. Also, we are in line with the view presented in [6] that OVSF-like allocation of sounding RS BWs should be applied in order to reduce the number of signalling bits used to indicate the frequency position and frequency hopping pattern of the SRS. In addition, we support the notion in [7] that SRS BWs should be in multiples of 4 RB so that 8 cyclic shift with maximum separation can be supported.

Also, there is on-going altercation concerning whether sounding RS is allowed to be transmitted over frequency region allocated for PUCCH transmission or not. Although we generally think expanding SRS over PUCCH region may not give us so much benefit, we don’t think it is necessary to explicitly prohibit SRS from encroaching over PUCCH region in the viewpoint of specification assuming that SRS BW to be used by UE is explicitly signalled anyway. It is not necessary to impose such a restriction on the specification and final choice on SRS BW should be merely up to operators depending on their preference. They can exclude PUCCH region from sounding if they don’t want PUCCH(CQI) performance to be harmfully affected by SRS, or on the contrary, they can sound the PUCCH region to reap some sounding gain especially in case of TDD while enduring some loss in PUCCH (CQI) due to interference from SRS to PUCCH.  
3. Signalling support for frequency hopping operation of uplink sounding RS
According to way forward contribution for UL RS [8], it has been agreed frequency hopping operation can be supported for sounding RS where it can be turned off by D-BCH or higher layer signalling. 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 [9]. 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, some wiggle room should be given to the operators so that they can choose the most appropriate SRS multiplexing scheme between two depending on cell deployment scenario, which is the bottom line of the current agreement in the way forward contribution.
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

Given that frequency hopping operation for sounding RS is to be supported, the subsequent question to be resolved is how to determine and/or define frequency hopping pattern for sounding RS. Two different approaches can be taken into account for defining frequency hopping pattern to be used by UEs. 

Firstly, some form of higher layer (RRC) signalling can be employed to convey the exact frequency hopping pattern for sounding RS. The major merit of signalling the frequency hopping pattern is that eNB may be given flexibility in controlling the sounding RS load over each frequency region over which hopping operation is to be supported. Therefore, it would not be desirable to devise complicated signalling mechanism, consuming much signalling overhead since different hopping patterns aren’t quite likely to provide different performance on the course of sounding operation. The most generic way of defining frequency hopping operation for sounding RS by higher layer signalling would be to interpret frequency hopping operation 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 itself 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 1. 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 1 delineates SRS operation in one of two frequency combs where four sub-bands constitute the whole system bandwidth excluding or including edge band for PUCCH, depending on the final decision on UL sounding RS bandwidth. 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. Since all the sub-bands will have the same UL sounding RS period, single period parameter needs to be signalled, which is applicable for all the sub-bands. Eventually, it is staggering offset parameter for each sub-band that determines frequency hopping pattern for UL sounding RS. 
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Figure 1. Exemplary SRS operation for one frequency comb (sub-band size : 5MHz)

In addition to these parameters, it would also be worthy of noting that some special consideration should be given to the cyclic shift index management for each UE on each sub-band. Otherwise, UEs with the same cyclic shift index might collide on the same sub-band if they have different sounding RS transmission with each other. In order to circumvent this kind of problem, cyclic shift index for each sub-band should also be signalled for orthogonal CDM operation among multiple UEs on the sub-band as illustrated in table 1, rather than imposing some rigorous restrictions to eNB scheduler.

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 signaling parameters to be signaled to each UE in previous example

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

	
	
	offset
	cyclic shift
	offset
	cyclic shift
	offset
	cyclic shift
	offset
	cyclic shift

	UE1
	1
	0
	-
	1
	-
	2
	-
	3
	-

	UE2
	1
	3
	-
	0
	-
	1
	-
	2
	-

	UE3
	2
	4
	-
	6
	-
	0
	-
	2
	-

	UE4
	2
	2
	-
	4
	-
	6
	-
	0
	-

	UE5
	1
	0
	-
	1
	-
	2
	-
	3
	-

	UE6
	2
	6
	-
	0
	-
	2
	-
	4
	-

	UE7
	1
	2
	-
	3
	-
	0
	-
	1
	-

	UE8
	1
	1
	-
	2
	-
	3
	-
	0
	-


It should be noted that proposed signalling scheme together with OVSF-type SRS BW allocation can provide quite flexible SRS operation, supporting frequency hopping operation for more than two sounding RS BWs. It can be enabled by assigning appropriate staggering offset and frequency comb for each sounding RS BW. 

To summarize, the followings are signalling parameters required for frequency hopping operation from our proposal that are common for all the sub-band.
· Frequency comb

· Transmission period: 

· Common to all the sub-band

· Transmission period for each sub-band can be calculated by multiplying period with the number of sub-band for frequency hopping operation

In addition to the above parameters, the following parameters should be defined per each sub-band.

· Sub-band position and BWs expressed in unit of subcarrier or RB  

· Staggering offset in unit of subframe number

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

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. 
Until now, we have been keeping focus on the approach where higher layer signalling is utilized to define frequency hopping operation for sounding RS. However, there are several companies asserting that pre-determined hopping pattern can be defined in the specification so that every UE should obey this pattern when transmitting its UL sounding RS if the system is configured to support frequency hopping operation for sounding RS. In determining pre-determined frequency hopping pattern for sounding RS, it might not be necessary at all to define complicated pattern by sifting through all the possible cases rigorously. It would serve little to the purpose. The most intuitive way of defining frequency hopping operation would be to make UEs transmit sounding RS each time over different frequency region in a cyclic shift manner. If pre-determined frequency hopping pattern is to be supported by means of simple cyclic shit operation in frequency sub-band, above interpretations can still be applied with some modifications to the signalling parameters required per each sub-band. While staggering offset parameter is required in the former case, this offset parameter needs not be signalled per each sub-band in case of simple cyclic shit type frequency hopping operation. Instead, single offset parameter needs to be defined, which informs UE of starting sub-band location from which UE is going to alternate its sounding RS transmission.

The above two approaches have their own pros and cons. If staggering offset parameter is defined per each sub-band, then eNB can be given full flexibility of allocating different frequency hopping patterns to different UEs. By doing so, eNB can be empowered to control the load of UL sounding on each sub-band more easily and efficiently. However, this flexibility comes at the expense of RRC signalling overhead increase induced from usage of different staggering offset for each sub-band. On the contrary, one can save some signalling overhead by resorting to simple cyclic shift type frequency hopping operation for UL sounding RS while sacrificing somewhat in terms of flexibility. 
Our slight preference is on the signalling of staggering offset parameter per each sub-band since the overhead increase in RRC signalling due to this may be a drop in the bucket. But we are still OK with pre-determined frequency hopping pattern as long as it is the simplest possible pattern such as simple cyclic shift type hopping pattern. 
4. Conclusions

In this paper, some further considerations are given for uplink sounding RS regarding frequency hopping operation of UL sounding RS. Followings are the summary of discussion.

(1) 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

(2)  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 (1). It should be noted that transmission period need not be signalled per each sub-band in case of multiple sub-band operation. Instead, one period parameter needs to be signalled, which is common to all the sub-bands.
(3) Depending on the decision, staggering offset parameter may or may not be defined per each sub-band. If it is decided to allow fully flexible frequency hopping pattern allocation, staggering offset parameter need to be signalled per each sub-band. On the contrary, simple pre-determined frequency hopping pattern such as cyclic shift type pattern may be used in order to save RRC signalling.
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