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1. Introduction
During previous several meetings, a lot of progresses have been made for various aspects of uplink reference signal related issues. Especially, through avid e-mail discussions, basic decisions on DM reference signal structure and sequence have been made [1]. As for sounding RS, several agreements were also made during RAN1 meeting in Riga [2]. They are listed as follows;

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

(2) Multiplexing of sounding RS from multiple UEs with different sounding bandwidth: FDM should be used to orthogonally multiplex them.
(3) Multiplexing of sounding RS from multiple UEs with the same sounding bandwidth: CDM should be used to orthogonally multiplex sounding RS from multiple UEs.
Even though the above way forward have been agreed, there are several unclear aspects that need further consideration regarding sounding RS transmission and multiplexing options. In this contribution, some more deliberations on several unclear aspects on uplink sounding RS are given together with our suggestions on the way forward.
2. Several aspects that still need to be decided for uplink sounding RS
(1) On sounding RS bandwidth

One ambiguous aspect in the agreement is how sounding RS bandwidth should be determined for certain UEs. Setting aside the ongoing discussion on UE transmission capability issue, one interpretation of current agreement is that sounding RS bandwidth for certain UE is determined as minimum of UEs transmission capability bandwidth and Node B’s uplink reception capability without considering UEs’ status such as remaining transmission power level or location in the cell. In this case, sounding RS bandwidth for UEs can be determined without exchanging signalling between UE and Node B.

However, several companies have been suggesting that the bandwidth of sounding RS needs to be set narrower than that of previous interpretation [3][4][5]. For example, even if UE’s transmission capability and Node B’s reception capability are both 20MHz, UEs should be allowed to transmit, e.g., 5MHz or 1.25MHz sounding RS adaptively depending on UE status such as remaining transmission  power level or UEs’ location in the cell. 
The rationale of narrower sounding RS transmission can be explained as follows. The sounding RS for uplink CQI measurement must be transmitted over wideband, covering the entire bandwidth of the frequency blocks to be scheduled for frequency domain channel-dependent scheduling in the uplink. However, the achievable throughput gain of frequency domain channel-dependent scheduling may be degraded if UEs always transmit wideband sounding RS without considering their status, especially if UEs are located near the cell boundary. The first reason is inaccurate CQI measurement due to the decreased received power spectral density for sounding RS. When the sounding RS bandwidth is excessively wide, it may be hard for some UEs to transmit sounding RS with sufficient transmission power level over that wide bandwidth due to limited UE transmission power. The second reason is increased inter-cell interference especially from the UE at the cell edge. Therefore, the application of narrower bandwidth sounding RS would be beneficial in terms of sector and UE throughput, especially in light of UEs at the cell edge as given by [4].
Considering the above, our preference is that Node B can adaptively allocate narrower bandwidth sounding RS for certain UEs depending on their status even though UEs have capability of transmitting wider bandwidth sounding RS. In order to support this kind of adaptive bandwidth allocation for sounding RS, some sorts of signalling exchanges are required between UEs and Node B. In this case, UEs may be required either to report its transmission power level or to indicate their intention of transmitting narrower sounding RS. Upon receiving signalling from UEs, Node B makes final verdict on which sounding RS bandwidth the UEs should use over which exact frequency region and then signals the decision with appropriated information regarding ZC sequence for corresponding bandwidth.
(2) On the multiplexing of different sounding RS bandwidth

During RAN1 meeting in Riga, it was agreed that multiplexing of sounding RS from multiple UEs with different sounding bandwidths should be done by FDM. Here again, two interpretations can be possible for the terminology ‘FDM’
(a) Option A: D-FDM between different bandwidth sounding RS 
The different bandwidth sounding RS should occupy the different frequency comb with each other. Figure 1 shows exemplary illustration, where it is assumed three different bandwidths are used for sounding RS; 5MHz, 10MHz and 20MHz. It should be noted the example given in this figure is just for the purpose of simple illustration. Even though it is not delineated in the figure for simplicity, there are four different frequency regions for the frequency comb of 5MHz sounding RS and two different regions for the comb of 10MHz sounding RS. Over each frequency region, multiple UEs can be multiplexed by means of CDM. More specifically, the number of orthogonal cyclic shifts that can be allocated for each region is four in this example, assuming maximum delay spread in TU channel model. Therefore, the number of UEs that can be accommodated simultaneously during one subframe is 16 (4(4) for 5MHz sounding, 8 (4(2) for 10MHz sounding and 4 for 20MHz sounding.
In order to cover whole frequency bandwidth for frequency domain channel-dependent scheduling, frequency hopping of sounding RS is required as shown in the figure. It means UEs with 5MHz sounding RS need to transmit sounding RS four times where each transmission should embrace each different 5MHz frequency region. The simplest way of doing this is to transmit sounding RS each time over different frequency region in a cyclic shift manner as shown in the figure. Similarly, UEs with 10MHz sounding are required to transmit sounding RS two times, each time over different 10MHz frequency region.
Also, it should be noted that on top of CDM over each frequency region within one subframe, TDM can be supported at subframe level in order to support larger number of UEs. In subframe level TDM, period of sounding RS transmission can be configured for each UE depending on UE status such as vehicle speed. 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 [6]. 

 In summary, sounding RS with different bandwidths are assigned to different frequency comb so that they can be multiplexed together while maintaining orthogonal property. Also, depending on UE speed, the transmission period of sounding RS is determined.
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Figure 1. Illustrative example of sounding RS multiplexing by D-FDM

 (b) Option B: Disjointed bandwidth allocation for different sounding RS bandwidth
The other alternative is FDM of different bandwidths sounding RS by assigning different disjointed bandwidths in frequency domain, rather than by assigning different frequency comb. It will lead to the advantage of providing larger number of different ZC sequences and larger number of orthogonal cyclic shifts that can be assigned over that disjoint bandwidth since RPF is 1 in this case. Figure 2 shows one exemplary operation. In Figure 2, the whole system bandwidth is divided by four different disjointed bandwidths; one 10MHz bandwidth, one 5MHz bandwidth and two 2.5MHz bandwidths. The disjointed frequency region for 10MHz sounding RS is represented with blue colour while the region for 5MHz sounding RS is differentiated with red colour. 2.5MHz regions are coloured with yellow and orange. 

Setting aside frequency hopping UEs, UEs to be scheduled in channel-dependent scheduling should be configured to transmit sounding RS over one of 2.5MHz, 5MHz or 10MHz depending on UE status in this example. In order for UEs to cover the whole system bandwidth, frequency hopping concept should be utilized as shown in Figure 2. Basically, it will take 8 transmissions of sounding RS for UEs with 2.5MHz sounding RS to cover whole system bandwidth. Similarly, 4 and 2 transmissions for 5MHz sounding RS and 10MHz sounding RS UEs respectively.
One potential implication of this option is that it would not be possible to multiplex certain UEs whose sounding RS bandwidth is equivalent to the whole system bandwidth with the other UEs having narrower sounding RS bandwidth at the same time. In order to circumvent this restriction, TDM can be utilized so that certain subframes are dedicated solely for those UEs with whole system bandwidth sounding RS.  Also, somewhat sophisticated frequency hopping rule may be required in order for UEs with narrow bandwidth sounding RS to embrace whole system bandwidth while simple shifting based hopping is enough for the first option (D-FDM).
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Figure 2. Illustrative example of sounding RS multiplexing by FDM among disjointed bandwidths

In terms of the number of UEs that can be simultaneously accommodated, both options can accommodate the same number of UEs. Also, it is not crystal clear which scheme is better in terms of throughput or flexibility. Therefore, our preference is to allow both options in the specification. Two options can be differentiated by signalling RPF value. Previous option can be indicated by RPF value larger than 1. On the contrary, RPF of 1 means the latter option.
(3) On the choice of the number of different sounding RS bandwidths 
As discussed earlier, it would be beneficial for Node B to allocate narrower bandwidth sounding RS for certain UEs depending on their status. The remaining question is how many different sounding RS bandwidths should be supported and which combination of different sounding bandwidths is the best. It is quite certain that per UE throughput or sector throughput may be affected by the choice of these numbers and combinations. If only two different bandwidths are used for sounding RS regardless of system bandwidth, gain from adaptive bandwidth operation of sounding RS transmission may be diminished, especially in case of 20MHz system bandwidth. However, in case of D-FDM based multiplexing, usage of too many different bandwidths for sounding RS will make RPF too large, resulting in small number of ZC sequences and possibly small number of orthogonal cyclic shifts. Therefore, these kinds of effects should be under microscope and should be scrutinized on the course of optimization.
However, it would be extremely difficult and practically impossible to set RPF to a certain fixed number and utilize just one combination of bandwidths regardless of system bandwidth and cell deployment scenarios. For example, RPF of 2 may be better choice for system bandwidth of 5MHz while RPF of 3 or 4 may be better choice for system bandwidth of 20MHz. Also, the choice on the combination of bandwidths should take cell deployment scenarios into account, e.g., outdoor cells with large cell size or indoor isolated cells with small cell size. Based on all the deliberations, it is asserted that rather than hardwiring just one RPF value and just one combination of different bandwidths sounding RS per each system bandwidth in the specification, it would be better to give the operators full flexibility of choosing any value they want when they deploy the system. 
In order to support this flexible operation, ZC sequence generation method for each bandwidth and each RPF should be described in the specification and every UE is required to have capability of generating all the possible ZC sequences. Also, some signalling mechanism should be envisioned so that UEs could be informed of relevant information to generate sounding RS sequence from Node B. The followings are exemplary information need to be signalled to UEs.

· Cell specific information 

· RPF value,  
· Number of different sounding RS bandwidth 

· UE specific information

· Sounding RS bandwidth

· Value of time and frequency offset for sounding RS transmission

· Period of sounding RS transmission

· ZC sequence index and cyclic shift index to be used

· Possibly frequency hopping pattern

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) Multiplexing of sounding RS from multiple UEs with different sounding bandwidth should be done by FDM. Two different ways of FDM could be envisioned. One is D-FDM among different bandwidth sounding RS and the other is FDM among disjointed bandwidth. 

(3)  Exact number of different sounding bandwidths and exact combination of different sounding bandwidths should not be hardwired in the specification.
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