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1 Introduction
In TSG-RAN#80 plenary meeting [1], the scope of new SID on physical layer enhancements for NR URLLC was defined [1]. This paper focuses the potential enhancements on UCI transmission. 
In the RAN1#94 meeting, it was agreed to study further how to enable more than one PUCCH for HARQ-ACK transmission within one slot and study further whether/how to enable enhanced reporting procedure/feedback for HARQ-ACK [2], and the need for enhanced CSI reporting/measurement mechanisms was also discussed [2]. Meanwhile, enhancements on power control mechanism for URLLC was also discussed in the last meeting. This contribution mainly provide our views on the potential enhancements on these three aspects based on the agreements and feature lead summary [3] from the previous meetings.
2 HARQ-ACK Enhancements
In the summary from the last meeting [3], the following three options are listed for future study.
· Opt.1: Sub-slot-based HARQ-ACK feedback procedure
· A UL slot is partitioned into sub-slots for PUCCH transmission.

· Starting symbol for PUCCH is indicated relative to the sub-slot boundary based on PUCCH resource set configuration.
· Opt.1a: K1 is indicated in unit of sub-slot. 
· The R15 scheme is reused based on sub-slot for semi-static and dynamic HARQ-ACK codebook determination and overriding of PUCCH resource.
· Opt.1b: K1 is indicated in unit of slot and R15 PUCCH resource sets configuration is reused.

· Semi-static and dynamic HARQ-ACK codebook determination and overriding of PUCCH resource is based on sub-slot and ending symbols of PUCCH resources.
· Opt.1c: Grouping PDSCH. Each PDSCH group is mapped to a PUCCH based on K1 and PRI indication.
· Dynamic HARQ-ACK codebook determination and overriding of PUCCH resource is based within the group.
· To be clarified: Semi-static HARQ-ACK codebook determination
· Opt.2: Symbol-level K1 indication and reference point is the last symbol of PDSCH
· Details to be clarified.
· Opt.3: UE chooses the earliest PUCCH resource satisfying the processing timeline.
· Details to be clarified.
In this subsection, we first discuss the design details to enable more than one HARQ-ACK within one slot, and then discuss other related issues to this feature.
2.1 Design Details
Obviously, Opt.2 is the most flexible method to indicate the feedback timing for ACK/NACK. However, the range of K1 values must be enlarged greatly to provide both fast feedback and flexible scheduling, leading to huge DCI overhead. Also, the PUCCH resource often spans several symbols and ACK/NACKs on two PUCCHs with different starting symbol but overlapping in time would still be multiplexed. That is, the symbol-level indication method seems over-designed to some extent.

On the other hand, Opt.3 wants to avoid the indication of feedback timing and aims to provide fastest ACK/NACK feedback. However, if the scheduling flexibility is totally removed at gNB, collision problem may happen. Based on the UE processing timeline, some indications can still be used to ensure gNB’s scheduling flexibility while not introducing too much overhead. 
To sum up, Opt.2 is the most flexible method but would increase the DCI overhead while Opt.3 needs some assistant indications to avoid feedback collision among UEs. By comparison, Opt.1 achieves a good balance between flexibility and overhead, and should be considered first. In the following, several possible solutions for Opt.1 are described. These solutions all can work well and support more than one HARQ-ACK transmissions within one slot.

2.1.1 Sub-slot-based feedback method

Opt.1a should be classified into the sub-slot-based HARQ-ACK feedback method, in which both UL slot and DL slot are split into several sub-slots and the PDSCH-to-HARQ-ACK-timing value, i.e., K1, is indicated in unit of sub-slot. As shown in Figure 1, the ACK/NACK for a PDSCH with a ending symbol in DL sub-slot #n is directly scheduled onto one UL sub-slot #(n+k) if K1=k. All ACK/NACKs pointed to the same sub-slot would be assembled into one codebook and feedback jointly. Compared to Opt.2, the sub-slot duration could be selected appropriately, e.g., a half-slot, to balance the fast ACK/NACK feedback and flexible ACK/NACK multiplexing. However, some details should be further studied to complete the method.
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Figure 1 Sub-slot-based ACK/NACK feedback
The main problem occurs for semi-static codebook. In R15, more than one PDSCH could be transmitted to one UE within a slot, and hence the UE need to feed back more than one bit for PDSCHs within one DL slot. This is achieved by the so-called SLIV grouping, from which the UE determines the candidate PDSCH occasions within one DL slot for ACK/NACK feedback. Each candidate PDSCH occasion corresponding to a SLIV group and the number of groups is the maximum number of non-overlapping SLIVs configured. If DL/UL slot is split into several sub-slots and K1 is in unit of sub-slot, then one UL sub-slot would be associated to multiple DL sub-slots when the K1 set includes more than one value. Then the UE need to determine the candidate PDSCH occasions within these DL sub-slots. The current SLIV grouping method is performed per slot and must to be revised accordingly. 
Proposal 1: For the sub-slot-based solution, further study the SLIV grouping method within one set of DL sub-slots.

2.1.2 Dynamic Grouping method

In Opt.1b, ACK/NACKs within one slot is divided into several groups according to the associated PUCCH resource and the configuration of UL sub-slot. This kind of method could be classified into ACK/NACK grouping (or PDSCH-grouping) method, i.e., Opt.1c. That is, the PUCCH resource acts as the grouping information. The method could be implemented in other ways, e.g., ACK/NACKs whose PUCCH resource have the same starting or ending symbol belong to one group, or directly, divide the PUCCH resources into several groups and each group corresponds to ACK/NACK group.
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Figure 3 PUCCH-based ACK/NACK grouping
However, all PUCCH resource-based solutions, including Opt.1b and its variations mentioned above, suffer the chicken-egg problem during the HARQ-ACK codebook generation and PUCCH resource determination. Currently, we must first determine the feedback slot of ACK/NACKs to generate the codebook, and then determine the PUCCH resource from one PUCCH resource set determined by payload size of HARQ-ACK codebook. However, for Opt.1b, we must first determine the PUCCH resource to decide which sub-slot the ACK/NACK is pointed to and then determine the codebook for all ACK/NACKs pointed to one sub-slot. The key reason behind this chicken-egg problem is the final PUCCH resource set is related to the codebook size, and maybe we could remove this coupling during the process for codebook determination. However, details need further study.
Alternatively, we could indicate the grouping information through other indicator in DCI. For example, we could add an explicit bit-field in DCI to the ACK/NACK grouping information directly. Or, we can reuse the PUCCH resource indicator, i.e., ARI, and PDSCHs with the same ARI or the ARI value belonging to the same set would be divided into one group. All these methods could avoid the chicken-egg problem.
Finally, the major problem for this kind of dynamic grouping methods is how to determine the semi-static codebook. One direct way is to generate two semi-static codebooks. The first one includes the ACK/NACK for PDSCH group one and would be padded with NACK for all other candidate PDSCH occasions, while the second one includes the ACK/NACK for PDSCH group two and would also be padded with NACK for all other candidate PDSCH occasions. Obviously, this method works but incurs feedback redundancy.
Proposal 2: For the dynamic grouping-based solution, further study the grouping indication method, while for the PUCCH resource-based grouping method, further study how to solve the chicken-egg problem.
2.1.3 Semi-static Grouping method

Currently, Opt.1c emphasize PDSCH grouping, including both dynamic grouping and semi-static grouping. For semi-static grouping, the grouping information is not indicated in DCI but configured through high layer parameter. Hence this method inherently works well for both dynamic and semi-static codebooks. However, the flexibility is limited. As one example, we can use the K1 value or SLIV as the grouping information. As shown in Figure 4, the configured K1 set or SLIV set could be divided into two sub-sets and ACK/NACKs are pointed to one UL slot would be grouped according to the corresponding K1 information or SLIV information. Similarly, we can extend it to the frequency domain, and divide DL CCs into two sets and enable separate ACK/NACK feedback for PDSCHs on these two CC sets. 
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(b) SLIV-based ACK/NACK grouping

Figure 4 Semi-static grouping
This kind of semi-static grouping methods is also beneficial to intra-UE DL multiplexing. In the DL transmission, a latter urgent URLLC PDSCH (e.g. PDSCH 2) may occupy some resources of early scheduled eMBB PDSCH (PDSCH 1) for transmission. In such a case, UE is expected to feed back both the ACK/NACK for eMBB PDSCH (e.g., AN 1) and the ACK/NACK for URLLC PDSCH (e.g., AN 2). However, according to the Rel-15 mechanism, only one ACK/NACK bit would be generated for overlapping PDSCH occasions in semi-static codebook, especially when overlapping occasions with the same start symbol. If we divide the configured SLIVs into two groups whose ACK/NACKs would be feedback separately, then the above problem could be perfectly solved.
Observation 1: The semi-static grouping solution could enable separate ACK/NACK feedback for overlapping PDSCHs, and is beneficial to intra-UE DL multiplexing.
Proposal 3: For the semi-static grouping-based solution, consider to use K1 value, SLIV or other RRC parameters for PDSCH grouping.
To sum up, Opt.1 should be supported in R16 and some small issues need to be studied for the three candidate sub-options. Hence, it is better to support Opt.1 first and then study the details in the WI.
2.2 Separate feedback for URLLC and eMBB
It was discussed in the recent meetings whether it is necessary to differentiate URLLC and eMBB in PHY layer and also whether it is beneficial to enable separate feedback for URLLC and eMBB. It is helpful to intra-UE DL/UL multiplexing and UCI multiplexing if we can differentiate URLLC and eMBB in PHY layer, and some potential methods, including explicit/implicit indicating through DCI or RRC, have been discussed in our companion paper [4]. Moreover, it has been observed that URLLC ACK/NACK and eMBB ACK/NACK have quite different latency and reliability requirements, and should be fed back separately if possible.
Unfortunately, the enhanced ACK/NACK feedback methods proposed above cannot guarantee separate feedback for URLLC and eMBB directly. For sub-slot-based method, i.e., Opt.1a, the urgent URLLC ACK/NACKs should be fed back quickly, and hence it may be scheduled in a sub-slot in which an eMBB ACK/NACK has been scheduled. In such a case, URLLC ACK/NACK and eMBB ACK/NACK would be fed back together. For grouping method, e.g., Opt.1b and Opt.1c, one may argue that we can reuse the grouping indicator to differentiate URLLC data and eMBB data and hence directly enable separate ACK/NACK feedback for URLLC data and eMBB data. However, this is not suggested since if the UE has only URLLC data, then it cannot provide fast ACK/NACK feedback.
Besides, the enhanced ACK/NACK feedback is mainly designed for URLLC data and it is natural to remain per-slot ACK/NACK feedback for eMBB data, similar as the LTE manner in which per- TTI feedback and per-sub-frame feedback are supported simultaneously. 
Observation 2: Separate ACK/NACK feedback for URLLC and eMBB should be supported.
2.3 Number of HARQ-ACK transmissions within one slot
Another issue for handling is how many PUCCHs for HARQ-ACK transmission should be permitted within one uplink slot. Firstly, in case of pure URLLC data, the packet arrive rate for identified URLLC use cases is always not very high, e.g., 60/s for remote driving, 500/s for factory automation and 1200/s for differential protection [5]. For each packet, if it is not too large and could be transmitted within one slot, then the required ACK/NACK feedback per slot is one. On the other hand, if the packet is large and would be split into several small packets, then these small packets must be transmitted on different slots. As a result, it may be enough to configure a smaller number of HARQ-ACK transmissions within one slot to support the one-to-one feedback. 
Secondly, in case of hybrid data, it is better to support separate feedback for URLLC and eMBB. Since the eMBB data is not latency-sensitive and could be fed back once per slot, it is appropriate to enable three PUCCHs for HARQ-ACK transmissions within one slot at the first step, and then discuss the detailed solution based on this assumption.

Proposal 4: The maximum number of PUCCHs for HARQ-ACK transmissions within one slot should be relaxed to three as a starting point to facilitate the solution design.
2.4 UCI Multiplexing for more than one HARQ-ACK
The latest RAN2 LS has decided that enhanced UCI multiplexing for URLLC should be studied in RAN1 [6], and our companion paper [7] has discussed some potential enhancements in detail. In this section, we only focus on ACK/NACK multiplexing when more than one HARQ-ACK are supported within one slot.

The first issue is how to handle the multiplexing between two HARQ-ACKs when their PUCCH resources overlap. For pure URLLC case, this should not occur since it contradicts with the principle of fast ACK/NACK feedback and would be avoided by gNB scheduling. However, this would happen in case of hybrid case. For example, an eMBB ACK/NACK is scheduled on PUCCH 1 early. Then an urgent URLLC data comes, and gNB has to schedule the URLLC ACK/NACK on overlapping resource with PUCCH 1 for quick feedback. In such a case, the simplest way is to drop eMBB ACK/NACK and transmit URLLC ACK/NACK directly. However, this is rough and maybe over-designed since the eMBB ACK/NACK would be lost in all cases. For example, when URLLC PUCCH is F0 and at the end of a long eMBB PUCCH, multiplexing them together may not incur extra latency. 
The second issue is how to handle two HARQ-ACKs both overlap with another PUCCH carrying CSI or SR. Maybe the two HARQ-ACKs cannot satisfy the timeline and whether we should drop one? Also, if the timeline is satisfied, the current multiplexing rule may not apply in case of more than one HARQ-ACKs are involved in UCI multiplexing. Assume PUCCH 1 carrying ACK/NACK 1 and PUCCH 2 carrying ACK/NACK 2 both overlap with PUCCH 3 carrying SR or CSI. If PUCCH 3 carries SR and PUCCH 1/2/3 are all Format 1, then it is impossible to do resource selection among three PUCCH resources. Also if PUCCH 1 is Format 1 while PUCCH 2/3 is Format 0, then whether we should drop SR since it is overlapped with PUCCH 1 for AN1 or multiplex it into PUCCH 2 through CS selection? When PUCCH 3 carries CSI and it is feasible to multiplex CSI with one AN to allow separate AC feedback, then which AN should be selected? For example, the selection could be based on the time location, the PUCCH format or the service type.
The third issue is how to handle two HARQ-ACKs both overlap with one PUSCH. Whether the two HARQ-ACKs should be mapped jointly, i.e., joint coding before mapping, or mapped separately. For separate mapping, whether these two ACK/NACKs should be mapped sequentially or onto different regions? Also, how to get two DAI_ULs and beta-offsets for these two codebooks, or simply use one value uniformly? 

To sum up, a lot of issues need to be solved for UCI multiplexing when more than one HARQ-ACK transmissions within one slot is supported.
Observation 3: Enhanced UCI multiplexing methods should be designed to handle the following cases

· Two or more HARQ-ACKs overlap with each other;
· Two or more HARQ-ACKs overlap with another PUCCH carrying SR or CSI;

· Two or more HARQ-ACKs overlap with one PUSCH.
3 CSI Enhancements
Based on the summary fromRAN1#95 meeting [3], the CSI enhancements mainly include two parts, i.e., A-CSI on short PUCCH and enhanced CSI measurement and reporting. This section would mainly focus on the A-CSI on short PUCCH while the enhanced CSI measurement and reporting are discussed in our companion paper [8].
3.1 Benefits
In Rel-15, A-CSI on short PUCCH was discussed in RAN1#90b meeting and the following email discussion. However, in the end A-CSI is only allowed to be triggered by UL grant and transmitted on PUSCH due to lack of time for further discussion on the details, although the support of A-CSI on short PUCCH was agreed in RAN1 AH #3 meeting. 
Some companies think it is unnecessary to introduce A-CSI on short PUCCH since we can trigger A-CSI on a short PUSCH to achieve the same purpose. However, it needs extra DCI for A-CSI triggering and would unavoidably lead to larger control overhead. The system simulations are performed to verify the performance loss from increased control overhead. We select the R15 case with 1 ms latency, 99.999% reliability and a small packet size, i.e., 32 bytes. The aperiodic traffic model is assumed with an average arriving rate of 120 p/s. The simulation is done for 700 MHz FDD system with 20 MHz bandwidth for DL and UL respectively. Other simulation assumptions remain the same with the assumptions for Table 1 in our companion paper [9], and the results are shown below.

For A-CSI on PUCCH, we trigger an A-CSI with the DL DCI when a DL PDSCH is scheduled. The control overhead is set 1/8, i.e., one symbol within the 4OS TTI with 50% RB utilization. For A-CSI on PUSCH, an extra UL grant is sent to trigger A-CSI feedback when a DL DCI schedules a PDSCH, and hence the control overhead is doubled to 1/4. The overhead for all reference signals and other channels is set as 1/8 for these two schemes. It can be found that for A-CSI on PUCCH, about 81.9% UEs achieve 1 ms latency and 99.999% reliability, while for A-CSI on PUSCH, the number reduces to 71.8%, increasing the outage ratio from 18.1% to 28.2%.

Table 1 The ratio of UEs satisfying 1 ms latency and 99.999% reliability in the downlink

	
	A-CSI on PUCCH
	A-CSI on PUSCH

	UE ratio
	81.9%
	71.8%


To sum up, it is beneficial to introduce A-CSI on PUCCH and enable the gNB to trigger A-CSI with the DL DCI scheduling URLLC PDSCH.
Observation 4: Triggering A-CSI on PUSCH with an extra UL grant increases the DCI overhead greatly, and accordingly the outage ratio of UE would be increased significantly, e.g., from 18.1% to 28.2%.
Proposal 5: A-CSI on short PUCCH should be supported in Rel-16 for URLLC.
3.1 Trigger Method
For A-CSI on short PUCCH, the following triggering methods have been summarized in the last meeting: 
· Option 1: A-CSI on S-PUCCH is triggered by DL assignment.
· Option 2: A-CSI on S-PUCCH is triggered by group-common DCI.

· Option 3: A-CSI on S-PUCCH is triggered implicitly, e.g. when data is decoded unsuccessfully.
Option 2 is efficient since the group-common DCI could carry more bit fields to trigger multiple UEs to report A-CSI on PUCCH. However, except for the use case of factory automation, it is most likely that the packet arrival for different UEs are not synchronous [6], and hence it is unnecessary to trigger multiple UEs to feedback A-CSI at the same time since these UEs do not have downlink data for transmission simultaneously. Besides, it requires a large effort to accomplish the design for this specific group-common DCI. 
By contrast, Option 1 seems much natural since this feature is mainly designed to enable fast link adaption for the downlink of URLLC. Users who have downlink data for transmission originally need a DL assignment for scheduling PDSCH, and we can reuse this DL assignment to trigger A-CSI on short PUCCH to assist the gNB to adjust the transmission parameters for the repetitions for the same packet and also the subsequent PDSCHs for next packet. 

Option 3 is an implicit method, and cannot provide sufficient flexibility for A-CSI triggering. For example, even if the data is successfully decoded, it may be useful to feedback the A-CSI to assist the MCS selection for the PDSCH transmission of the next packet when the packet arrival interval is small. Also, in some cases, e.g., remote driving, the packet size is large, and has two be split into two small packets to transmit on two slots. Then even if the first small packet is successfully decoded, it is useful to feedback the A-CSI for the transmission of the next packet. Besides, this method requires gNB to reserve two PUCCHs for UE since the UE would transmit ACK only or NACK+A-CSI with different payload sizes.
To sum up, Option 1 is more reasonable and should be considered in Rel-16.
Proposal 6: The DL DCI triggering method should be supported for A-CSI on short PUCCH.
3.3 Detailed solutions and possible problems 
If A-CSI on short PUCCH triggered by DL assignment is supported in Rel-16, how to indicate the uplink slot and PUCCH resource for A-CSI report should be considered. One option is to design separate A-CSI feedback from HARQ-ACK, and then it is necessary to add or reuse some bit fields in downlink assignment to indicate the timing value and PUCCH resource for A-CSI report. As one choice, we can use the timing indicator and ARI for HARQ-ACK feedback to indicate the timing value and PUCCH resource for A-CSI, wherein extra high layer parameters are needed to configure an extra timing value set and PUCCH resource set for A-CSI dedicatedly.
Another option is to enable joint A-CSI and HARQ-ACK feedback. That is, the A-CSI report are transmitted on the assigned PUCCH resource for HARQ-ACK. This method is simple and requires less change of the specification at the cost of less flexibility. For example, the PUCCH resource for HARQ-ACK is restricted to be short PUCCH, and the feedback of either HARQ-ACK or A-CSI should be delayed to align with the other one.
Proposal 7: For A-CSI on short PUCCH triggered by DL assignment, further study
· Feedback mode (e.g. separate or joint reporting of A-CSI and HARQ-ACK),
· Timing indication and PUCCH resource allocation in case of separate feedback model.
When the triggered A-CSI overlaps with an ACK/NACK, then UCI multiplexing would be executed. In such a case, if the DCI triggering A-CSI is missed, then the UE would only transmit ACK/NACK and the gNB cannot decode the UCI successfully since it thinks that both ACK/NACK and A-CSI are coded. Of course, we can rely on blind decoding at gNB. However, this unavoidably incur extra implementation complexity at gNB. 
4 Enhanced Power Control for URLLC
NR supports various kinds of services with different reliability requirements, and the target BLER of PUCCH, more accurately the PUCCH carrying HARQ-ACK, should change dynamically to accommodate the different reliability of PDSCH. Meanwhile, even for the same service, the target BLER should be set flexibly according to the remaining time budget. For example, the target BLER of the HARQ-ACK needs to be small enough, e.g., 10-5, if only one transmission opportunity is available; By contrast, in case of three transmission opportunities, a target BLER of 10-1, 10-3 and 10-5 may be sufficient for each transmission. 
On the other hand, as agreed in R15, if the PUCCH transmission is in response to a PDCCH decoding with DCI format 1_0 or DCI format 1_1 or DCI format 2_2 having CRC parity bits scrambled by TPC-PUCCH-RNTI, the corresponding 2-bit TPC command denotes an accumulated [image: image5.wmf]PUCCH,,
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 takes the value of -1 dB, 0 dB, 1 dB and 3 dB respectively. However, the gap of required SINR for different target BLERs is very large, up to ~11 dB for target BLER of 10-1 and 10-5 in fading channel with realistic channel estimation. Therefore, the current closed loop power control mechanism cannot trace the change of BLER requirements dynamically and compensate the change of required transmission power efficiently.

There are two methods to solve the above problem. The first alternative is to enlarge the range of the accumulated [image: image7.wmf]PUCCH,,
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denoted by TPC command, e.g., modify the entries of TPC table in R15 or extend the TPC command with more bits. Alternatively, multiple sets of power control parameters (at least including P0 and alpha) can be configured for different services, and dynamically the parameter set can be selected by the DCI either explicitly or implicitly.

Proposal 8: Enlarge the range of TPC command field in order to support a wider range of power adjustment when the BLER requirements change dynamically.
5 Conclusions 
In this contribution, we discuss the enhanced UCI feedback for URLLC. Observations and proposals are as follows.
Observation 1: The semi-static grouping solution could enable separate ACK/NACK feedback for overlapping PDSCHs, and is beneficial to intra-UE DL multiplexing.
Observation 2: Separate ACK/NACK feedback for URLLC and eMBB should be supported.
Observation 3: Enhanced UCI multiplexing methods should be designed to handle the following cases

· Two or more HARQ-ACKs overlap with each other;

· Two or more HARQ-ACKs overlap with another PUCCH carrying SR or CSI;

· Two or more HARQ-ACKs overlap with one PUSCH.

Observation 4: Triggering A-CSI on PUSCH with an extra UL grant increases the DCI overhead greatly, and accordingly the outage ratio of UE would be increased significantly, e.g., from 18.1% to 28.2%.
Proposal 1: For the sub-slot-based solution, further study the SLIV grouping method within one set of DL sub-slots.
Proposal 2: For the dynamic grouping-based solution, further study the grouping indication method, while for the PUCCH resource-based grouping method, further study how to solve the chicken-egg problem.
Proposal 3: For the semi-static grouping-based solution, consider to use K1 value, SLIV or other RRC parameters for PDSCH grouping.
Proposal 4: The maximum number of PUCCHs for HARQ-ACK transmissions within one slot should be relaxed to three as a starting point to facilitate the solution design.

Proposal 5: A-CSI on short PUCCH should be supported in Rel-16 for URLLC.
Proposal 6: The DL DCI triggering method should be supported for A-CSI on short PUCCH.
Proposal 7: For A-CSI on short PUCCH triggered by DL assignment, further study
· Feedback mode (e.g. separate or joint reporting of A-CSI and HARQ-ACK),

· Timing indication and PUCCH resource allocation in case of separate feedback model.
Proposal 8: Enlarge the range of TPC command field in order to support a wider range of power adjustment when the BLER requirements change dynamically.
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