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1. Introduction

In LTE Rel.8/9, only one transport block (TB) is available for CSI transmission. Aperiodic CSI-only transmission with DCI format 0 is triggered via a combination of a reserved MCS level ([image: image2.png]Ivcs



) and a small number of allocated PRBs ([image: image4.png]Nprp < 4



). In Rel 10, multiple (up to 5) DL component carriers (CCs) can be assigned for carrier aggregation (CA) and consequently the amount of CSI scales with the number of DL CCs utilized in CA. In this case, as CSI-only transmission is performed only on one (primary) CC, much larger amount of CSI feedback is required to be sent on the primary CC. To cope with increased feedback, the following three options were considered ‎[1]: 
1. Increase number of PRBs
2. Apply 16-QAM modulation
3. Apply rank-2 transmission
Option 1 was agreed and adopted in RAN1#63 for Rel-10 and larger maximum number of PRBs (up to 20) is now supported for CA [1]. 
When UE experiences good channel condition, higher order modulation (Option 2) and more streams (Option 3) can be utilized to increase spectral efficiency of PUSCH for CSI-only transmission. However, during the Rel-10 discussion, Options 2 and 3 were not adopted due to the lack of consensus [2].
In Rel. 11study item on enhanced uplink transmission for LTE, the following is included: [3]
· Study and evaluate enhancements for transmission of UCI, 
· UCI enhancement on PUSCH, e.g. UCI-only transmission with rank-2 and 16-QAM
· the need for UCI enhancement on PUCCH is to be justified
In this contribution, we first review some related Rel. 10 contributions and then provide our view on this issue.
2. Discussion
In RAN1#64, various system issues and design trade-off were discussed related to the above two UCI enhancements.  The key observations and arguments are summarized in Table 1.
Table 1: Summary of previous contributions
	Reasons for supporting UCI enhancement 
	· 16-QAM and rank-2 are already supported for aperiodic CSI multiplexed with data on PUSCH. [6][8]
· Better utilization of PRBs. [6]
· Supporting UCI enhancement for DCI format 4 has less constraints compared to DCI format 0 (e.g. using NDI of the disabled TB) [6].

	Concern of adding UCI enhancement
	· CSI-only is not a common scenario, assuming CSI will more likely to be transmitted with data on PUSCH [5]
· Gain is limited to high SNR and well-conditioned channels [5][9][11]
· Adds constraint to scheduler by reserving additional IMCS /RV [4][6]
· Additional sounding might be needed for UCI adaptation [5]
· The issue has already been addressed by increasing number of PRBs and no further optimization (enhancement) is required [9]

· If 16-QAM is supported, still QPSK is preferred for RI and A/N and it will increase system complexity [4] 

	Enhancement to DCI format 0 or 4
	· DCI format 0 only 

· DCI format 4 only [6][8]

· Both [7]

	Methods to support UCI optimization (16-QAM, rank-2)
	· None [5]

· 16-QAM only [6][7][10]

· Rank-2 only  [4]
· Both [8]

	Signalling methods to support 16-QAM UCI enhancement 
	· IMCS = 31 as RV=1,3 are used the least frequently [7][10]
· NDI bit of the disabled TB  [6] [8]

	Signalling methods to support rank-2 UCI enhancement 
	· Implicit in PMI [4][8]


Discussion on CSI reporting
In Rel 10, 5 feedback modes are available for aperiodic CSI reporting on PUSCH which are listed in Table 2.
Table 2: Aperiodic CSI on PUSCH reporting mode

	
	No PMI
	Single PMI
	Multiple PMI

	Wideband CQI
	
	
	Mode 1-2
(TM 4, 6, 8, 9)

	UE Selected subband CQI
	Mode 2-0
(TM 1, 2, 3, 7, 8, 9)
	
	Mode 2-2
(TM 4, 6, 8, 9)

	Higher Layer-configured subband CQI
	Mode 3-0
(TM 1, 2, 3, 7, 8, 9)
	Mode 3-1
(TM 4, 5, 6, 8, 9)
	


Here we only consider Modes 3-1 for overhead and coding rate calculation as this mode has the largest overhead among all reporting modes. Notice that similar calculations can be done for other reporting modes.
Considering 5 CCs and 20 MHz bandwidth, CSI report size for Mode 3-1 can be obtained as:
CQI: One 4-bit wideband CQI and 13 2-bit subband CQI per CW ( [image: image6.png](4+2x13)x2




 bits
PMI: One 4-bit wideband PMI   
CRC: 8 bits

Total:  [image: image8.png](60 +4)x5+8




 bits
For the scenario of UCI-only transmission on PUSCH without data, we can make the following overhead assumptions: (1) DMRS, SRS, A/N and RI occupy 2, 1, 4 and 4 SC-FDMA symbols, respectively; (2) 20 RBs can be used for CSI reporting. 

The number of available QPSK modulated symbols for CSI reporting is given by
Normal CP:
[image: image9.png](2(Slots) x 7(Symbols) — 2(DMRS) — X(SRS,A/N,RI)) x 20(PRBs) x 12(SC) x 2(Mod. order)




Extended CP:

[image: image10.png](2(Slots) x 6(Symbols) — 2(DMRS) — X(SRS,A/N,RI)) x 20(PRBs) x 12(SC) x 2(Mod. order)




where the overhead (X) of SRS, A/N and RI is considered separately in the following table. The effective CSI code rates for different control signalling contents can be defined as
[image: image12.png]Coderate Total number of C31bits
‘ode: Totalnumber of available symbols



 
Tables 3 and 4 summarize coding rates of different SRS, A/N, and RI configurations for normal and extended CP respectively. (Similar numbers are reported in [4].) 
Table 3: Code rate with normal CP

	CQI
	SRS
	A/N
	RI
	Code Rate

	Y
	
	
	
	0.0569

	Y
	Y
	
	
	0.0621

	Y
	
	Y
	
	0.0854

	Y
	
	
	Y
	0.0854

	Y
	Y
	Y
	
	0.0976

	Y
	Y
	
	Y
	0.0976

	Y
	
	Y
	Y
	0.1708

	Y
	Y
	Y
	Y
	0.2278


Table 4: Code rate with extended CP

	CQI
	SRS
	A/N
	RI
	Code Rate

	Y
	
	
	
	0.0683

	Y
	Y
	
	
	0.0759

	Y
	
	Y
	
	0.1139

	Y
	
	
	Y
	0.1139

	Y
	Y
	Y
	
	0.1367

	Y
	Y
	
	Y
	0.1367

	Y
	
	Y
	Y
	0.3417

	Y
	Y
	Y
	Y
	0.6833


As mentioned in [4], to guarantee accurate transmission the code rates need to be less than 1/3. Based on the analysis from the above tables, it can be observed that with QPSK and 20 PRBs the code rate constraint should be satisfied for most of the usage scenarios, except for a few cases with extended CP that are shown in red. Obviously, the number of such cases will be increased as the number of PRBs is reduced. As an example with 6 PRBs, code rates will be multiplied by a factor of 20/6~3.33 and more usage scenarios will exceed the code rate constraint.  

Therefore, it may be beneficial to have higher CSI spectrum efficiency, and reduce the number of required PRBs when supporting multiple CCs. This improvement may be considered as a Rel-11 UCI optimization if clear gain and trade-off of the overall system performance improvement can to be quantified and validate.

Proposal 1: It is beneficial to have higher spectral efficiency to reduce the number of PRBs used for UCI transmission, if the system performance gain or cost can to be quantified and justified.

Discussion on High Order Modulation (16-QAM)

If the benefit of using 16-QAM in exploiting better channel conditions when possible is agreed by the group, one of the options summarized in Table 5 can be used for 16-QAM signalling [3], [4].

Table 5: Pros and cons for different signalling methods for 16-QAM
	16-QAM Signalling Options
	Pros
	Cons

	1. [image: image14.png]Ivcs



   
	· The only option that can be used for both DCI formats 0 and 4.
	· Causes further scheduling restriction on retransmission with [image: image16.png]


.

	2. NDI bit of the disabled TB   


	· No additional scheduling restriction for retransmission
	· Cannot be used for DCI format 0

· Cannot be used with 2CW mapped to two layers (if adopted by the group)


One may argue that, although RVs 1 and 3 are used less frequently than RVs 2 and 0, this new restriction may still cause some degradation on system performance. However, in our opinion this is not a serious concern as UL HARQ is mostly used as “synchronous” and “non-adaptive” HARQ with predefined set of RVs to reduce signalling overhead. Therefore, the constraint of simultaneous “synchronous” and “adaptive” UL HARQ and utilization of [image: image18.png]


 for signalling redundancy version may not be a serious concern in overall system performance.  
Proposal 2:   Further studies are required to investigate and compare the effect of the above two different signalling options on system performance.
Discussion on Higher Rank (Rank-2) 
As discussed earlier, another approach to increase spectral efficiency of PUSCH for CSI-only transmission is to use spatial multiplexing. Three options are summarized in the Table 6 [5], [6]:

Table 6: Pros and Cons for different rank-2 schemes
	Spatial Multiplex Options
	Pros
	Cons

	1. One CW mapped to 2 layers 

	· Simplest - reuse the codeword-to-layer mapping pattern defined for retransmission of UL-SCH.
· No signalling required for rank-2 QPSK only, as it is implicit in PMI (additional signalling may be required if higher order modulations are supported).
	· Not able to fully exploit good channel conditions


	2. Two CWs with same MCS mapped to 2 layers 

	· No signalling required for rank-2 QPSK only, as it is implicit in PMI (additional signalling may be required if higher order modulations are supported).
	· Not able to fully exploit good channel conditions and overall performance will be dominated by CW experiencing the worse channel quality

	3. Two CWs with different MCSs mapped to 2 layers


	· Able to fully exploit good channel conditions and achieve high spectral efficiencies. 

	· Independent link adaptation per CW at the cost of higher complexity and signalling overhead. For example, when [image: image20.png]Ivcs



 corresponding to one TB is set to 29 (for triggering CSI-only transmission on PUSCH), the other [image: image22.png]Ivcs



 can be utilized for signalling the possible MCS configurations for 2 CWs.


Proposal 3: Further studies are required to investigate and compare the effect of the above three different spatial multiplexing options on system performance.
3. Conclusion
Based on the above discussion, we propose:
· It is beneficial to have higher spectral efficiency to reduce the number of PRBs used for UCI transmission, if the system performance gain or cost can to be quantified and justified.

· Further studies are required to investigate and compare the effect of the two different options for 16-QAM signalling on system performance.
· Further studies are required to investigate and compare the effect of the three different spatial multiplexing options on system performance.
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