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1 Introduction

The feedback related discussion in the recent RAN 1 meetings has shown three main categories of CoMP feedback mechanisms as [3]:
· Explicit channel state/statistical information feedback

· Implicit channel state/statistical information feedback 

· UE transmission of SRS can be used for CSI estimation at eNB exploiting channel reciprocity.

Associated with these different feedback mechanisms, the overhead involving feedback contents and mechanisms needs to be considered. Previously [4], the design principles for feedback content were considered. This contribution focus on analysing the feedback mechanisms related to PUCCH-based, PUSCH-based and SRS-based transmission and the comparison among their respective feedback capacities. It is found that some LTE-A requirements can not be fulfilled using current feedback mechanisms and some means to improve the feedback capacity is therefore suggested.
2 Analysis of the container for different feedback mechanisms
In Rel.8, the PUCCH and PUSCH are used for transmitting periodic and aperiodic PMI/CQI/RI information which is a form of implicit channel information feedback respectively. For explicit channel information feedback, the downlink channel information is directly fed back without any receiver assumptions.

Similar to Rel.8, PUCCH and PUSCH can be considered as the straightforward feedback container to support the first two feedback mechanisms in LTE-A, and for TDD, using SRS and channel reciprocity should also be considered as a feedback container. The SRS for channel sounding is mainly used for uplink link adaptation and MIMO precoding control in FDD but can also be used for adapting the DL CoMP transmission in TDD. We will in the following sections analyze the formats from the current working assumptions of PUCCH-based, PUSCH-based, and SRS-based feedback respectively. 
2.1 PUCCH-based feedback
For Rel.8 PUCCH-based feedback, only format 2/2a/2b can support the UE reporting channel quality information to the eNB. The feedback information of each UE is coded by a (20, A) code where A is the number of bits for the channel quality information, modulated by QPSK and mapped to the physical blocks. The multiplexing scheme of PUCCH-based container is sequence based CDM, and up to 12 sequences within each resource block (or pair) can be used. The resource allocation for each UE is semi-static informed through higher layer signalling to avoid more dynamic signalling overhead.

Feedback on PUCCH is based on one of the 4 pre-established reporting modes which mean the same transmit mode is used regardless of the cell-edge UEs or cell-centre UEs. This will lead to inadequate use of PUCCH resources especially for the cell-centre UEs. Moreover, each sequence can convey up to 11 information bits, and the capacity of PUCCH-based container is dependent on the number of available sequences. On the other hand, due to the small number of PUCCH transmission formats and a relatively fixed resource allocation, the PUCCH-based feedback is simple. 

However in LTE-A, there will be an increased amount of channel information feedback to support COMP compared to Rel.8 regardless of the use of a explicit or implicit feedback mechanism. Furthermore the semi-static sequence allocation and limited transmission formats can not enable the sequences to be fully utilized. The challenging problem for PUCCH-based feedback container is that more transmission formats are needed to adapt to the UE condition. So the current Rel.8 PUCCH-based feedback mechanism has the following characteristics:
· Pros:

· Relatively fixed resource allocation and no need of dynamic scheduling signaling.

· A small number of transmission formats. 
These two advantages make this mode simple.

· Cons:
· Inadequate use of PUCCH resources due to limited number of transmission formats and the relatively fixed resource allocation.
New PUCCH feedback formats may be considered in LTE-A to reduce the current disadvantages and to support explicit and implicit feedback. Also the utilization of multiple transmit antennas at the UE to multiplex more feedback information should be considered. However, the number of new formats should be kept small to keep the advantage of R8 PUCCH-based feedback mechanism.
2.2 PUSCH-based feedback
The PUSCH in Rel.8 has relatively unlimited resources and feedback transmitted on PUSCH may use link adaptation including same modulation order and similar code rate as that of data transmission, as well as tail biting convolutional coding can be used. Also frequency selective scheduling gain is obtained and in LTE-A, it is possible to use spatial multiplexing in LTE-A.
This implies that the PUSCH feedback capacity is can be larger than that of PUCCH. However, the PUSCH resource allocation depends on dynamic scheduling indication thus scheduling indication overhead is introduced and using PUSCH for control signalling means that capacity is taken from data transmission. To summarize, the current Rel.8 PUSCH-based feedback mechanism has the following characteristics: 
· Pros:

· Good resource utilization either for cell-edge UEs or cell-centre UEs due to the flexible link adaptation..
· Uplink spatial multiplexing and associated precoding gain may be utilized
· Cons:
· High scheduling signalling overhead.
· Capacity is stolen from data transmission.
In LTE-A, the PUSCH-based feedback can be further enhanced with utilizing the multiple power amplifiers at UE, and both explicit and implicit feedback can use PUSCH. However, whether the capacity is sufficient for a given CoMP feedback mode needs further evaluation.
2.3 SRS-based feedback
When channel reciprocity is exploited by using measurements on SRS, the PUCCH/PUSCH feedback content to support CoMP can be decreased. For example, assuming there are 
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 transmitting antennas at the eNB and 
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 receive antennas at the UE. , the comparisons of UL feedback/transmission contents among the feedback mechanisms are as below:

· Using explicit channel feedback, the UE would estimate and report the downlink channel state with 
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 is the number of channel samples in time/frequency dimensions. In general, larger than this amount of information needs to be feed back using PUCCH or PUSCH. 
· As a comparison, 
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 SRS with length no less than the bandwidth corresponding to the 
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channel samples can convey the downlink channel state to the eNB, i.e. the UL transmission contents by SRS are 
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 of those in PUCCH or PUSCH-based feedback mechanisms.

The SRS-based feedback has the pros and cons as follows 
· Pros: 

· large feedback capacity than in PUCCH/PUSCH feedback mechanisms, due to

· Fewer contents to be transmitted;

· High capacity due to orthogonal sequences among multi-users per cell.
· Cons:
· Channel reciprocity is preconditioned 
From the above analysis, SRS could greatly reduce the feedback overhead and relax the usage of PUCCH and PUSCH. 
However, the sounding capacity of SRS with multiple transmitting antennas at the UE need to be enhanced to satisfy the LTE-A requirements on the number of supported UEs per cell. There are some possible ways to increase the SRS capacity in LTE-A, for instance, utilizing more than one SC-FDMA symbol for SRS or utilizing the unused DRS as sounding signals for a multiple antenna UE when another UE is scheduled for a PUSCH transmission in the same PRB. Additionally, how to take advantage of SRS-based feedback to save feedback overhead in FDD is worth considering.
3 Feedback capacity comparison
In the above sections, we have analyzed different feedback formats of PUCCH, PUSCH and SRS, here we would give some quantitative comparison of their feedback capacity. Suppose that the feedback report associated with the CSI of one PRB (the same feedback granularity with SRS), either explicit or implicit, is quantized to K bits. The number of such reports supported by each feedback format with the same physical resource will be the compared measure. More specifically, we analyze how many reports can be reported by one OS in one PRB, i.e. 12RE with each of the feedback formats.
3.1 PUCCH-based feedback
For the PUCCH-based feedback formats, the feedback signal is based on QPSK modulation, (20, A) code, where A is up to 11 bits. Then each modulated feedback symbol is multiplexed with a cyclic shifted length-12 sequence. Up to 12 UEs can be CDM multiplexed with 12 sequences. Therefore, the PUCCH transmission can carry 
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 QPSK symbols in each subframe. And the maximal bit width supported by 12RE on PUCCH is 120*2*(11/20) /14 =9.43 bits and the maximal number of reports that can be carried per 12 RE is
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3.2 PUSCH-based feedback 

As to the PUSCH-based feedback, the same modulation order as data transmission can be used to report channel quality information. If the feedback payload size is less than or equal to 11 bits, block code is used, otherwise, the feedback message will be coded with tail biting convolutional coding. In addition, different coding rates for the CQI/PMI/RI are achieved by allocating different number of coded symbols for its transmission. The 
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 configured by higher layer is used to identify the MCS offset between transport block for the UL-SCH and CQI/PMI. It is determined in [1], the range of 
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 is 1.125~6.250. From the MSC/TBS index configured in [1], the approximate code rate is maximized to 1/6 when QPSK is used and minimized to 42/45 when 64QAM is used. Take a coarse evaluation, suppose 64QAM modulation and 42/45 code rate is used, thus every 12RE can carry from 12*12*6*42/45/1.125/14=51.2 bits to 12*12*2*1/6/6.25/14=0.55 bits on PUSCH. Thus the number of reports that can be carried per 12 RE on PUSCH thus varies between
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3.3 SRS-based feedback 

Suppose the eNB can estimate DL CSI based on UE transmission of SRS exploiting channel reciprocity. Cyclic shift of the SRS can be used to multiplexing 8 single antenna UEs for TU channel, or maximum16 for flat channel with two combs. Assuming all UEs are transmitting SRS with 
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RB bandwidth and both SRS transmission combs are used, then each 12 RE for SRS transmission can support the feedback of 8*2*
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reports for flat channel, or 8 reports for TU channel.. Note that if the number of transmit antennas increase above one, the value needs to be divided by the number of transmit antennas.
The number of reports that can be carried per 12 RE on PUCCH, PUSCH and SRS is compared in Table 1.
	Table 1. PUCCH, PUSCH and SRS feedback container capacity comparison
　
	The number of 
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	PUCCH
	2.4
	1.58
	1.2

	PUSCH
	0.14~12.8
	0.09~8.5
	0.07~6.4

	SRS
	16 [flat] / 8 [TU]
	16 [flat] / 8 [TU]
	16 [flat] / 8 [TU]


As said above, from the capacity perspective, the SRS-based feedback may be the largest compared to the PUCCH-base and PUSCH-based feedback.
4 SRS capacity analysis
As analysed above, from the capacity perspective, the SRS-based feedback is the strongest and seems most promising in LTE-A system, at least for the TDD mode. But whether even the SRS capacity is enough to support the LTE-A feedback requirement, assuming also multiple transmit antenna UEs, is analysed in this section. Note that the obtained SRS capacity results are valid not only for the CoMP feedback but are more general and also covers the case for control of uplink MIMO link adaptation including rank selection and precoding matrix selection. 
The Rel.10 should support at least 300 active users in a 5 MHz bandwidth [5] and the system performance shall be primarily enhanced in the UE speed range from 0 to 10 km/h. Let us define the SRS capacity as the maximum number of sounding reference signals that can be transmitted in a predefined transmission bandwidth and transmission period. In order to facilitate the evaluation of the SRS capacity we make the simplifying assumption that each UE in the cell has the same transmission SRS bandwidth and periodicity. SRS capacity can then be evaluated as follows:
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where 
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stands for the number of available cyclic shifts and 
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 is the transmission comb value. 

Operation in a TU channel with 10 km/h is assumed. We shall consider the two extreme cases of narrow band sounding where the UE specific SRS bandwidth is configured to 4RB and a wideband sounding with UE specific SRS bandwidth configured to 24 RB. Besides, cell specific SRS sub-frame configuration period is assumed equal to one sub-frame. Moreover, it can be shown that for a TU channel only 4 cyclic shifts out of total number of 8 can be used because of the delay spread of TU channel. Furthermore, the coherence time with 10 km/h UE speed is about 10 ms which will give the requirement in SRS periodicity. Table 2 summarizes the SRS capacity values for both narrow band and wideband sounding cases for different values of UE specific SRS periodicity. It can be seen that if frequency selective scheduling is utilized, wideband sounding is necessary and then only 80 UEs is supported with 10 ms SRS periodicity.
Table 2. SRS capacity as the number of available sounding resources for different values of UE specific SRS periodicity and bandwidth
	SRS periodicity
	Narrowband (4 RB) sounding
	Wideband sounding

	2 msec
	96
	16

	5 msec
	240
	40

	10 msec
	480
	80

	20 msec
	960
	160

	40 msec
	1920
	320


Naturally, the users in a cell would use a mix of wideband and narrowband sounding depending on the used application (e.g. CoMP, VoIP or multi-stream MIMO). Let’s consider each LTE-A UE has two or four transmit antennas. As we need to sound each transmission antenna for LTE-A separately, the SRS capacity for LTE-A will be divided by the number of transmit antennas. 
So, it can be concluded that the SRS-based feedback capacity cannot satisfy the LTE-A requirement of the number of supported users in a LTE-A system. Referring to the comparison in section 3, the current Rel.8 PUCCH/PUSCH based feedback capacity could not satisfy the LTE-A requirements either.
5 Conclusions
In this contribution, the PUCCH-based, PUSCH-based and SRS-based  feedback to support CoMP is analysed and their merits and demerits are compared. Furthermore, taking the one with highest capacity as the example, i.e. the SRS-based feedback mechanism, we investigated the capacity to support multiple antenna sounding in LTE-A. 
The observations are summarized as below:
· Explicit/Implicit feedback to support CoMP can be based on both PUCCH and PUSCH with some new transmission formats introduced.

· The current feedback mechanisms cannot support the high feedback requirement in LTE-A, and some research directions for enhancing the feedback capacity is discussed.

· For the PUCCH-based feedback, a small number of new formats which can satisfy high feedback requirements of cell-centre UE are needed

· For the PUSCH-based feedback, the trade-off between PUSCH resource and scheduling overhead needs to be investigated.

· For the SRS-based feedback, utilizing more than one SC-FDMA symbol for uplink sounding or utilizing unused DRS for a PUSCH-scheduled UE as SRS for another UE would improve the SRS capacity. Besides, how to take advantage of channel reciprocity to make the best use of SRS-based feedback is worth considering for both TDD and FDD.
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