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1
Introduction

It is commonly understood that new LTE-Advanced features such as CoMP, component carrier aggregation and advanced MIMO schemes rely on accurate and frequent enough CSI (channel state information) feedback signalled in the uplink. This contribution investigates feasibility of the existing uplink physical channels to support increased CSI feedback payload sizes required in LTE-Advanced. We focus on the following questions:
· What is the reasonable maximum size for the CSI payload in terms of UL system overhead?
· What are the limitations of existing uplink physical channels, against various use cases and CSI payload sizes required in LTE-Advanced?
· What are the potential directions for optimizing the uplink physical channels towards improved CSI feedback signalling?
2
UL performance with large CSI feedback payload 
This section presents uplink performance results for CSI feedback transmitted on the PUSCH. Both link performance and uplink overhead caused by large CSI payload sizes are considered. We also provide a practical CSI feedback dimensioning example in the case of CoMP.
Link performance:
Figure 1 shows the required SNR to meet the BLER target of 10% as a function of CSI size. Results have been simulated with practical receiver and realistic channel estimation algorithms. TU channel with UE speed of 3 km/h was applied. HARQ was not used in this simulation, since it would introduce too much delay for the CSI reporting.  
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Figure 1. Link performance for CSI transmitted on PUSCH, TU channel, v=3 km/h, 1x2, HARQ off.
UL overhead due to large CSI:
Figure 2 illustrates the UL overhead caused by 10 simultaneous UEs transmitting CSI feedback during one subframe. CSI feedback size varies between 50 bits and 500 bits. The system simulation assumes antenna setup of 1x2, bandwidth of 10 MHz, 10 UEs per cell and CASE 1 environment, respectively. Proportional fair scheduling with fast link adaptation is used for PUSCH data without CSI. Power control parameters were set in such that interference over thermal probability at 20 dB was limited to 5%. CSI overhead is based on the simulated link performance and SINR statistics of true system simulation. Slow AMC was applied to the CSI feedback signalling.

Results show that in the interference limited environment, such as in CASE 1, it is possible to provide relatively large CSI payload sizes also from the cell edge (by means of increased PUSCH bandwidth). However, this is made at the expense of system overhead in the uplink. Results indicate that with given assumptions reasonable maximum size for the CSI feedback report to be sent periodically in uplink is about 100-200 bits. It should also be noted that in coverage limited case the supported CSI report size is much smaller.
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Figure 2. CSI overhead as a function of CSI size, CASE 1, 10 UEs transmitting CSI per subframe.
CSI feedback dimensioning for CoMP:
Next we present a CSI feedback dimensioning example based on results shown in Figure 2. 
· Environment: 







CASE 1

· Reporting period: 






5 – 10 
(ms)

· CSI feedback size: 






50 – 200 (bits)

· # of UEs transmitting CSI feedback: 

50 – 100 (per cell) 
· UL overhead: 







25 – 50 (%)  with single cell receiver
It is noted that Uplink CoMP gain could partially compensate the performance loss due increased CSI reporting. Furthermore, reducing either the CSI feedback size and/or number of UEs transmitting the CSI feedback will reduce the UL overhead accordingly.
3
Limitations with Rel’8 CSI feedback signalling in LTE-Advanced

In this section, we first summarize the CSI feedback signalling principles used in LTE Release 8.  Then we discuss potential limitations of existing uplink physical channels to support increased CSI feedback payload sizes required in LTE-Advanced. 
LTE Release 8 supports two types of CSI feedback channels:
1. Periodic CSI

· payload size up to 11 bits
· transmitted using PUCCH Format 2/2a/2b 

· time multiplexed with UL data in the case of concurrent PUSCH allocation

2. Aperiodic CSI
· payload size up to 64 bits
· transmitted on PUSCH

· triggered with one specific bit in UL grant
· transmitted with or without simultaneous UL data
Small payload size, periodic CSI:

Payload size of periodic CSI is strictly limited in LTE Rel’8. Multi sequence modulation (MSM) is one way to extend the Rel’8 PUCCH to support larger CSI payloads [1]. However, it can just double the PUCCH payload with reasonable cubic metric increment. We think that MSM is an enhancement that should be considered in LTE-Advanced. However, payload increment provided by MSM it is not enough, much more is needed in LTE-Advanced for even the basic operation.

PDCCH overhead, Aperiodic CSI:
In many cases CSI feedback is periodic by nature. Relying solely on Aperiodic reporting, increases the DL (PDCCH) overhead considerably due to the need to trigger each report by sending a proper UL grant. Therefore Rel’8 Aperiodic reporting is primarily meant for the few scheduled users only. It is noted that DL overhead can be quite significant esp. in the CoMP case with a large number of UEs and frequent feedback rate. Hence, it seems a higher capacity periodic feedback channel needs to be introduced to LTE-Advanced, utilizing PUSCH resources. 
Payload aspect – Aperiodic CSI w/o simultaneous UL data:

A single PUSCH RB contains 288/576/864 raw bits/subframe with QPSK/16QAM/64QAM (assuming normal CP length, no SRS). It was shown in Figure 1 that with resource allocation size of 1 PRB, CSI sizes of 50-100 bits can be reached already with SNR of 0.9-3.1 dB. This indicates that in most cases one resource block is far too large with typical CSI payloads (e.g., 50-100 bits). Coarse allocation granularity creates unnecessary system overhead for the CSI reporting and the issue is emphasized with distributed RB allocation, assuming that the minimum RB allocation equals to 2 PRBs. 
Performance aspect, CoMP:

As shown in Figure 2 CSI feedback can represent significant overhead in UL. Therefore, it is important to optimize the capacity/coverage of CSI feedback in order to minimize the system overhead. 
4
CSI feedback optimization in LTE-Advanced
This section discusses the potential solutions for optimizing the uplink physical channels to support improved CSI feedback signalling in LTE-Advanced. 

1. PUCCH multi sequence modulation

· small standardization impact

· goal: double the payload size of periodic CSI signalled on PUCCH

· goal: improve the PUCCH Format 2/2a/2b performance with large CSI payloads [1]

2. Periodic PUSCH 
· define a persistent configuration for the PUSCH (higher layer configured)
· utilize PUSCH resources similar to Aperiodic CSI but in periodic manner
· goal: reduce DL (PDCCH) overhead related to CSI feedback signalling

3. Improved allocation granularity for (periodic) PUSCH 
· allow sub-channelization of the PUSCH resource into N parallel sub-channels 

· utilize block-level spreading for realizing the sub-channelization
· goal: CSI feedback optimization for CSI payload sizes of about 20-100 bit

4. Improved cell-edge performance in the case of CoMP

· allow joint management of periodic PUSCH resources (and sub-resources) within the CoMP area

· goal: improve inter-cell interference management by means of periodic PUSCH

5
Summary 
We have investigated feasibility of the existing uplink physical channels to support increased CSI feedback payload sizes required in LTE-Advanced. Results indicate that in interference limited scenario, such as in CASE 1, reasonable maximum size for the CSI feedback report to be sent periodically in uplink is about 100-200 bits per UE.
We also discussed potential limitations of existing uplink physical channels to support increased CSI feedback payload sizes required in LTE-Advanced. It appears that the most relevant problems are (1) small payload of periodic CSI feedback (2) PDCCH overhead of Aperiodic CSI feedback and (3) granularity problem related to typical CSI/CQI payloads sizes (up to 100 bits) in the case when Aperiodic CSI feedback is transmitted w/o simultaneous UL data.

We propose that the following methods need to be included in TR 36.814 as techniques for improving the CSI feedback signalling in LTE-Advanced uplink. 

1. Doubling the CSI feedback payload on PUCCH 
2. Reducing DL overhead related to CSI feedback signalling in UL (periodic PUSCH)
3. Improving allocation granularity for CSI feedback transmitted on periodic PUSCH 
4. Improving the cell-edge performance for CSI feedback signalling 
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