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1. Overall description

In last two meetings, control channel transmission structures in uplink, i.e. PUCCH carrying ACK/NACK and/or CQI were agreed. According to the decision, both structures are supposed to be based on the CAZAC based multiplexing structure. But, there is still one aspect to be resolved, which is how to multiplex PUCCH and S-RS (Sounding RS). This aspect has been identified by several companies including ourselves, but has not been treated properly due to lack of time or interest. In this contribution, the problems are going to be identified again and several remedies for the identified problem will be provided. 

2. Simultaneous transmission of PUCCH and Sounding RS

ACK/NACK is transmitted in shared edge resource in case of no UL data transmission, with CAZAC spreading over frequency and orthogonal spreading (e.g. Hadamard) over time. According to the ACK/NACK decision, in order for eNB to distinguish a certain UE’s ACK/NACK feedback channel from the other control channels such as ACK/ANCK from the other UEs and/or CQI from own and the other UEs, ACK/NACK channels that belong to each RB should be spread with identical SF (e.g. SF3 or SF4). Assuming ACK/NACK structure with 3 DM RS (reference signal) and 1 RB allocation in case of no uplink data transmission, ACK/NACK information will be spread into 12 subcarriers in frequency domain and spanned in time domain over 8 SC-FDMA symbols in one subframe if there is no S-RS transmission during that subframe. The REs on SC-FDMA symbols to be used for ACK/NACK transmission are represented with blue colors in Figure 1. 
However, let’s just assume that UE4 is going to transmit S-RS in uplink during one SC-FDMA symbol, saying the last SC-OFDM symbol duration in the first half slot. Then, ACK/NACK bit from UE4 could not be transmitted over the edge REs of that SC-FDMA symbol (‘Red RE’) in order to preserve the Single-Carrier FDMA property.  Resultantly, UE4 can’t transmit ACK/NACK in that subframe or UE4 should transmit ACK/NACK over only 3 SC-FMDA symbols in the 1st slot. Once UE4’s ACK/NACK starts to be transmitted over 3 SC-FMDA symbols, ACK/NACKs from the other UEs should also be transmitted over those 3 symbols in order for eNB to distinguish one ACK/NACK from all UEs’ ACK/NACKs, i.e. to keep orthogonality among ACK/NACK channels. In addition to the aforementioned problem, if certain UEs who don’t transmit ACK/NACK signal are to transmit S_RS in predefined symbol duration, their S-RS transmission would interfere with ACK/NACK channels over that symbol duration since S-RS sequences are not designed to be orthogonal to the ACK/NACK sequences. 

In order to tackle the above-mentioned problems, several remedies could be taken into account, which will be discussed in next section.
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Figure 1: Problems in case of ACK/NACK and S-RS simultaneous transmission
3. Possible options to be considered
We here introduce several options to resolve the issue described in the section 2. Possible options are listed below.

Option 1: eNB scheduler might utilize the complicated scheduling in order to avoid the case where certain UE simultaneously transmit PUCCH and S-RS during the same subframe, but it will lead to very low frequency of scheduling opportunity, i.e. severe restriction of eNB scheduling. Note that for this option to be viable, S-RS should occupy the bandwidth that excludes the PUCCH RBs

Option 2: One can define two types of PUCCH subframe structures depending on whether S-RS transmission exists or not at the same subframe (Type1: SF4+SF4, Type2: SF3+SF4). Depending on the assumption of UEs’ knowledge on S-RS transmission timing, additional signaling may or may not be necessary which indicate PUCCH format to be used. If UEs are not necessarily assumed to have information about the S-RS transmission timing of other UEs in the cell except for their own S-RS transmission timing, additional downlink signaling is required to indicate UEs which PUCCH type to use. This is the case when eNB doesn’t distribute/broadcast any system information about S-RS transmission timing to all the UEs in the cell. However, it might not be easy to find out appropriate place over which this indication signal can be conveyed
Different from the former case, one may assume that all the UEs in the cell have the knowledge on S-RS transmission timing in uplink, not only for themselves but also for the other UEs in the cell via downlink information such as broadcasting information. In this case, no downlink signaling is required to indicate the PUCCH format to be used since UE can autonomously select PUCCH format to utilize during certain subframe based on the knowledge of S-RS transmission timing in uplink.

Depending on whether CQI is considered or ACK/NACK is considered in this option, the implication will be different and hence one may come up with different application of two types of PUCCH formats. In case of ACK/NACK transmission, if certain UE is supposed to transmit its S-RS together with ACK/NACK signal during a subframe, the UE will naturally resort to type 2 in order to transmit its ACK/NACK signal. However, in order to preserve the time domain orthogonality among UEs, all the other UEs in the cell have no choice but to use the same PUCCH format with the UE who transmit S_RS and ACK/NACK together during the subframe, which is type 2. On the other hand, in case of CQI transmission, UEs who are transmitting their CQI only without S_RS can use type 1 format that is defined solely for this case, irrespective of the other UE’s CQI transmission structure during the same subframe.
It should be noted that scheduling of S_RS transmission timing in the light of ACK/NACK and/or CQI transmission is not necessary at all in this option and S_RS may occupy full bandwidth including PUCCH RBs if it turns out to be beneficial in the course of measurement for timing adjustment or power control.
Option 3: One can define only one type of PUCCH subframe structure that could cover both cases of PUCCH only transmission and simultaneous transmission of PUCCH and S_RS. This option may not be viable at all if all the UEs in the cell have the knowledge on S-RS transmission timing in uplink, not only for themselves but also for the other UEs in the cell. However, if it is not the case, this option can be considered as one viable candidate since no additional downlink signaling is required for format indication. This method is very simple but the amount of wasted resource should be investigated.
Later on, the aforementioned options are going to be explained in detail with pros and cons of each option.
3.1 Scheduling by eNB scheduler (Option 1)
As described shortly before, eNB scheduler can resolve this issue to some extent while the complexity of scheduling algorithm will be increased and eNB scheduler restriction will be caused. 
When S-RS is to be transmitted from UE4 during certain subframe, eNB scheduler prevents UE4 from transmitting its ACK/NACK in the subframe, which means eNB scheduler should rule out UE4 in the course of PDSCH scheduling according to its S-RS transmission timing. Instead, eNB allows the other UEs except for UE4 to transmit their ACK/NACKs in that subframe (SF4 in 1st slot + SF4 in 2nd slot) if they have ACK/NACK to be transmitted. On the contrary, S-RS transmission should be prevented in the same subframe if eNB doesn’t want to restrict the downlink scheduling opportunity for that UE. Anyway, UE can never transmit PUCCH and S-RS at the same time in one subframe. This will cause severe scheduling restriction in eNB scheduler. Especially, when PUCCH with more than 1 RB allocation (e.g. large number of UEs) is to be employed in uplink, system performance might degrade more severely because eNB scheduler may have to apply more stringent restriction in order to handle larger number of UEs. 
In addition, as RB size allocated for ACK/NACK multiplexing varies in accordance with the number of UEs, total BW of S-RS should change accordingly so that it is inversely proportional to RB size of ACK/ANCK. The implication is that the multiplexing rule of S-RS should be modified in accordance with the RB size allocated for ACK/NACKs. Consequently, this option imposes too much restriction on eNB scheduler and has impact on S-RS multiplexing design.
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Figure 2: eNB scheduling solutions
3.2 Operating with two types of PUCCH subframe structures (Option 2)
From the perspective of resource utilization, this can be seen as most viable option. This option requires two type of PUCCH subframe structure; Type 1 in figure 3 is a normal PUCCH subframe structure, which is designed to be used for ACK/NACK or CQI when S-RS transmission is not necessarily taken into account. Type 2 in figure 4 is PUCCH type, which is designed specially to take the existence of S-RS into account so that SF of 3 is utilized in the first slot and SF of 4 in the second half slot.

Depending on whether CQI is considered or ACK/NACK is considered in this option, the implication will be different and hence one may come up with different application of two types of PUCCH formats. 

In order for type 1 format to be used for ACK/NACK transmission during certain subframe, there should not be any single UE who are to transmit S-RS It is because time domain orthogonality cannot be maintained between two formats in case of ACK/NACK transmission. In other words, two types of PUCCH cannot co-exist in the same time. Therefore, the application of type 1 format for ACK/NACK transmission would face long odds since it can be used only when there is no UE at all who transmits S-RS. As a result, ACK/NACK signals would be transmitted with Type 2 subframe structure most of the time.
On the other hand, in case of CQI transmission, UEs who transmit S-RS together with CQI can utilize Type 2 (SF3+SF4) subframe structure similar to the case of ACK/NACK transmission. However, UEs who transmit their CQI only can use the Type 1 format irrespective of other UE’s CQI transmission structure, which is quite different from the case of ACK/NACK transmission. But, it should be noted that the above-mentioned lenient multiplexing mechanism for CQI can be realized only if certain restriction is levied on the S-RS operation in such a manner that the bandwidth of S-RS should be scaled inversely proportional to the RB size allocated for PUCCH.
Depending on which assumption one can make regarding UEs’ knowledge on S-RS transmission timing, additional signaling may or may not be necessary which indicate PUCCH format to be used. If UEs are not necessarily assumed to have information about the S-RS transmission timing of other UEs in the cell except for their own S-RS transmission timing, additional downlink signaling is required to indicate UEs which PUCCH type to use at certain time instance. This is the case when eNB doesn’t distribute/broadcast any system information about S-RS transmission timing to all the UEs in the cell. However, it might not be easy to find out appropriate place over which this indication signal can be conveyed. Different from the former case, one may assume that all the UEs in the cell have the knowledge on S-RS transmission timing in uplink, not only for themselves but also for the other UEs in the cell via downlink information such as broadcasting information. In this case, no downlink signaling is required to indicate the PUCCH format to be used since UE can autonomously select PUCCH format to utilize during certain subframe based on the knowledge of S-RS transmission timing in uplink. 

[image: image3]
Figure 3: Type 1 of PUCCH structure (SF4 in 1st slot, SF4 in 2nd slot)


[image: image4]
Figure 4: Type 2 of PUCCH structure (SF3 in 1st slot, SF4 in 2nd slot)
3.3 Operation with only one type of PUCCH subframe structure (Option 3)
This option uses only one type of PUCCH structure as shown in figure 5, regardless whether there is S-RS transmission or not. Unlike option 2, one SC-FDMA symbol is always reserved for S-RS transmission so that the whole symbol cannot be utilized by PUCCH. For example, in figure 5, the last SC-FDMA symbol within 1st slot of subframe is reserved only for S-RS transmission.
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Figure 5: One PUCCH subframe structure (SF3 in 1st slot, SF4 in 2nd slot)
Therefore, UE transmitting either ACK/NACK and/or S-RS always transmit them into the SC-FDMA symbols without any scheduling. Even though the number of reserved ACK/ANCK resource block is changed due to the change in the number of UEs, bandwidth of S-RS doesn’t need to be changed because S-RS may be transmitted over whole system bandwidth every time if it is beneficial to do so for the purpose of measurement in the course of UL timing adjustment and UL power control. When it comes to the simplicity, this can be seen as the best option since it doesn’t require any downlink signaling to indicate the subframe structure to be used. However, the waste of resource induced by fixing the subframe structure would be investigated further (This is the case only when all UEs don’t transmit S-RS in that subframe, but it seldom occurs).
It should be noted that this option may not be viable at all if one can assume that all the UEs in the cell have the knowledge on S-RS transmission timing in uplink, not only for themselves but also for the other UEs in the cell. In this case, option 2 seems to be better fit in terms of simplicity as well as the resource utilization. 
4. Conclusion

We investigated the problems that may happen in case of simultaneous transmission of PUCCH and S-RS while preserving SC-FDMA transmission. As described in section 2 and 3, it may be necessary to identify the exact problem before both PUCCH and SRS structure design are finalized, since there might be some implications on the specification depending on the remedy the group agrees upon. 3 different options have been proposed and explained as remedies for the problem together with some descriptions on the pros and cons of each option. It is suggested that serious consideration should be taken into account for each of 3 different options and the best remedies should be brought up based on the consideration as soon as possible.
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