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1. Introduction

The topic of uplink control enhancement was discussed in RAN1 #67 meeting. From the discussions it can be seen that enabling transmission of periodic CSI and HARQ-ACK in a subframe is widely supported in the working group [1]. In [2], we discussed such an enhancement and the following recommendations were made 

· In Rel-11, HARQ-ACK and Periodic CSI Multiplexing in PUCCH Format 3 is supported for FDD. 
· It is FFS whether HARQ-ACK and Periodic CSI Multiplexing in PUCCH Format 3 is supported for TDD when the number of HARQ-ACK bits is greater than 11.
In this paper we further discuss HARQ-ACK and Periodic CSI Multiplexing in PUCCH Format 3. 

2. Restriction for HARQ-ACK and Periodic CSI Multiplexing in PUCCH Format 3
The main issue with HARQ-ACK and periodic CSI multiplexing is the increased payload size, which cannot be conveyed with a single RM encoder in all cases. The link performance requirements are different for the HARQ-ACK and CSI bits, making it necessary to adjust the rate matching for the HARQ-ACK and periodic CSI bits separately. One potential way of multiplexing HARQ-ACK and periodic CSI in PUCCH format 3 is as described in [3][4]. The method is based on so called separate encoding of the two bit streams and aims at reuse of the dual RM structure specified for TDD HARQ-ACK transmissions in LTE Rel-10. Figure 1 below gives an example of the method. In the following we will focus our discussions on the separate encoding method as shown in Figure 1.  However, there is another alternative encoding methods, e.g., the joint encoding as described in [3]. Regarding the possible encoding methods and their issues we have more discussions in an accompanying paper [9].
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Figure #1 Example of HARQ-ACK and periodic CSI multiplexing in PUCCH format 3
We have the following observations on the multiplexing structure in Figure 1. 
Observation #1 If the encoders reuse the Rel-8 (32,O) RM code, the maximum number of un-coded bits for HARQ-ACK shall fulfil N_ACK ≤ 11.  
As a result, the structure as shown in Figure 1 doesn’t directly apply to the UEs with HARQ-ACK feedback codebook size greater than 11. The restriction on payload size with this multiplexing structure comes also from the UE’s power limitation in bad UL geometry. In LTE Rel-10, a UE configured with 5 DL component carrier needs HARQ-ACK codebook size up to 10 bits. However as argued in [5-7], a large portion of the UEs cannot support 10 bits or even 4 bits HARQ-ACK payload size from UL geometry point of view. It was therefore proposed to specify a “full-bundling” mode for FDD UEs that are power limited. The issue is even more significant when we consider the following
· To multiplex HARQ-ACK and periodic CSI in the same PUCCH channel will further increase the payload size

· For some given TDD UL/DL configurations in TDD, the total number of HARQ-ACK bits can be up to 20. For example, it was estimated in [8] that in a typical scenario only less than 7% of the UEs can support 20 bits HARQ-ACK transmissions. 

Based on these we have the following observation. 

Observation #2 Although the Dual RM structure can in theory support up to 22 uncoded HARQ-ACK and periodic CSI bits, the  quality targets will not be met by all UEs due to transmission power limitation. 
As shown in [9], multiplexing 4 HARQ-ACK bits with 1 periodic CSI bit, the required SINR is -4.7 dB, while to support 10 HARQ-ACK bits with 10 periodic CSI bits, the required SNR -0.5 dB. This means for a UE with low UL SINR, it is difficult to support HARQ-ACK multiplexing with periodic CSI even though the total payload is equal or less than 22 bits.  For power-limited UEs, the maximum payload size is determined by UL geometry rather than the encoding structure. 
One possible way of alleviating the issue is to rely on enabling such multiplexing in a UE specific manner, i.e., to disable multiplexing if a UE’s UL SINR is not sufficient in supporting the maximum possible payload size given the HARQ-ACK codebook size and periodic CSI feedback mode. However, for one periodic CSI reporting mode, there are multiple reporting types each with different payload size as shown in Table 7.2.2-3 of TS 36.213. For example, for CSI report mode 2-1, the CSI report payload varies from 1 to 11 bits. Thus it appears inefficient to enable or disable HARQ-ACK and periodic CSI multiplexing based solely on the maximum possible periodic CSI report size, as some periodic CSI reports with smaller payload will be dropped unnecessarily. Therefore, it is desirable to introduce a payload upper bound N_max which is determined by UL Geometry on a per UE basis. 
Based on the discussions, we have the following recommendation 
Recommendation #1
· We suggest RAN1 to consider the need for, a on a per UE basis, a configurable upper limit in the payload size for HARQ-ACK and periodic CSI multiplexing for power limited UEs;
3. Further Discussions on Payload Size Restriction 

Based on the discussions in section 2, the total payload restriction may be the results of the exact multiplexing structure chosen or the limitation in UE transmission power. Therefore, we consider it useful to further discuss the HARQ-ACK and periodic CSI multiplexing under a payload size restriction. In the remainder of this section, we assume that for a given UE there is an upper bound configured in payload size for HARQ-ACK and periodic CSI multiplexing. 
In case the payload size of HARQ-ACK plus periodic CSI exceeds the upper bound, there are at least two options:

· Option #1: To drop the periodic CSI and only transmit HARQ-ACK, and
· Option #2: Adjust HARQ-ACK and/or periodic CSI payload to meet the upper bound 
Option #1 seems too restrictive, especially for TDD. For example, assuming TDD UL/DL configuration #2 and if a UE is configured with 3 component carriers and the payload upper bound is configured as 12 bits, then as the HARQ ACK/NACK codebook size is 12 it will always drop the periodic CSI when CSI is colliding with HARQ-ACK. When two transport blocks are configured per subframe, even with 2 component carriers there are up to 16 HARQ-ACK bits, which means even with an upper limit of 20 bits the periodic CSI has to be dropped when its size is greater than 4. As a result, with Option #1 the periodic CSI dropping rate is much higher for some of the TDD configurations, especially for the UEs with relatively low UL SINR or configured with multiple component carriers. 

Option #2 enables reducing the periodic CSI dropping rate at the cost of reduced HARQ-ACK and/or periodic CSI payload size. In LTE Rel-10, the HARQ-ACK codebook size is determined by the number of configured carriers and the TDD UL/DL configuration. One reason for this is to avoid some drawbacks of dynamic HARQ-ACK codebook adaptation depending on the number of scheduled PDSCHs, e.g., a PDCCH missing would lead to a payload size ambiguity. Then, also for Option #2the baseline should be to adjust the payload size in a semi-static rather than dynamic manner. In the following we discuss a few possible ways alone the line of option #2. 

HARQ-ACK bundling

HARQ-ACK bundling is one possible way to lower the HARQ-ACK payload size. However, as evaluated in [8] and [10] the throughput loss from HARQ-bundling is around 17% and 20% in cell average and cell edge throughputs if time domain bundling similar to LTE Rel-10 is used. Such throughput loss is contradicting to the motivation of the signaling enhancement under discussions in the first place, as in practice the gain from less periodic CSI dropping cannot even compensate the loss from HARQ-ACK bundling. Therefore, it is worthwhile to study other methods to reduce the HARQ-ACK and/or periodic CSI payload size, taking into account the tradeoff between periodic CSI dropping and payload size adjustment. 
HARQ-ACK codebook size reduction via scheduling restriction

Limited by the RM encoding structure and the configured payload size upper band, in many cases it is not possible for UE to feedback all the HARQ-ACK bits based on Rel-10 specification. For example, when a UE is configured with 3 CCs and both with TDD UL/DL configuration #2, the HARQ-ACK payload size is 24 if two codewords are enabled. Even with spatial bundling the payload size is 12 bits.  In this case, if UE is further configured with a payload size upper bound less or equal to 12 bits, practically HARQ-ACK and periodic CSI multiplexing is not possible, without further HARQ-ACK bundling. As discussed above, such HARQ-ACK bundling is contradicting to the motivation of HARQ-ACK and periodic CSI dropping, and thus should be avoided. Alternatively, the HARQ-ACK payload size can be reduced by scheduling restriction, i.e., eNB can define a certain scheduling set for UE, which means UE can assume PDSCH only occurs within the set. Table 1 gives one example of such scheduling set, where for TDD configuration #2 UE only needs to monitor the PDSCH grant in the highlighted DL subframes of the association set.  In this way, the HARQ-ACK payload size is reduced from 12 to 6 with the example below, which makes it possible to multiplex HARQ-ACK with at least some of the periodic CSI contents. In a multi-user system, such scheduling restriction not necessarily translates to throughput loss as HARQ-ACK bundling, as eNB is able to schedule the other UEs which may be configured with different scheduling set or even without any scheduling set.  Furthermore, as such scheduling set is only configured when UE is power limited the impact on peak data rate is not critical issue as well. 
Table 1 Example of the Scheduling Set
	UL-DL

Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	6
	-
	4
	-
	-
	6
	-
	4

	1
	-
	-
	7, 6
	4
	-
	-
	-
	7, 6
	4
	-

	2
	-
	-
	8, 7, 4, 6
	-
	-
	-
	-
	8, 7, 4, 6
	-
	-

	…
	
	
	
	
	
	
	
	
	
	


Partial periodic CSI

According to Rel-10 specification, in case of collision between a periodic CSI report and an HARQ-ACK in a same subframe without PUSCH, and simultaneousAckNackAndCQI provided by higher layers is set False, the periodic CSI report is dropped. Then periodic CSI is given lower priority than ACK/NACK and in case of multiplexing with ACK/NACK in PUCCH format 3, periodic CSI payload reduction should also be considered to satisfy the payload restriction. One possible way for periodic CSI payload reduction is to define a fallback report mode which only convey the most important information when multiplexing with ACK/NACK in same subframe to meet the payload requirement. For example, according to [36.213], there are following report types for periodic CSI:
· Type 1 report supports CQI feedback for the UE selected sub-bands 

· Type 1a report supports subband CQI and second PMI feedback
· Type 2, Type 2b, and Type 2c report supports wideband CQI and PMI feedback

· Type 2a report supports wideband PMI feedback

· Type 3 report supports RI feedback

· Type 4 report supports wideband CQI

· Type 5 report supports RI and wideband PMI feedback

· Type 6 report supports RI and PTI feedback

Among them, reporting type 3, 5, 6, 2a mainly provide the precoding related information and for these reporting types, the fallback mode can be reporting type 3; Reporting type 1,1a,2, 2b, 2c, and 4 mainly provide CQI information, and for these reporting types, the fallback mode can be reporting type 4. If the payload with the fallback mode periodic CSI report cannot satisfy the payload requirement still, the ACK/NACK codebook reduction method should be considered. 
4. Conclusions
In this paper we discussed possible issues with HARQ-ACK and Periodic CSI Multiplexing in PUCCH Format 3 including payload restriction introduced by coding structure of PUCCH format 3 or UE UL geometry, and discussed potential way for UE operation in case payload restriction is exceeded. To summarize we have the following recommendations regarding the open issues
Recommendation #1

· We suggest RAN1 to consider the need for, a on a per UE basis, a configurable upper limit in the payload size for HARQ-ACK and periodic CSI multiplexing for power limited UEs; 
· If the payload size reaches the configured upper bound, the following ways can be considered for payload size reduction
· HARQ-ACK codebook size reduction via scheduling restriction
· Periodic CSI payload reduction via using a fall-back report type  
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