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1. Introduction
In LTE-A, carrier aggregation is considered to support larger transmission bandwidth and a general agreement on UE DL component carrier set is:

· The set of DL component carriers configured by dedicated signaling on which a UE may be scheduled to receive the PDSCH in the DL.

Given that UE DL component carrier set can be reconfigured, a proper channel quality feedback mechanism is needed to facilitate the reconfiguration. Toward this end, we discuss a channel quality feedback mechanism for carrier aggregated systems in this contribution. 
2. Periodic CQI feedback

In Rel-8, with the 1-to-1 mapping between DL and UL bands, CQI feedback on one UL band is for the paired DL band. In RAN1 #60 meeting, “A single UE-specific UL CC is configured semi-statically for carrying PUCCH A/N, SR, and periodic CSI from a UE” was agreed. Therefore, in LTE-A carrier aggregated systems, it is necessary to design a periodic CQI feedback mechanism where CQIs of multiple DL carriers are fed back in one UL carrier. Such CQI feedback mechanism is beneficial for reconfiguration of UE DL component carrier set.
For UE DL component carriers, eNB needs the detailed channel quality information for PDSCH scheduling and transmission. Rel-8 feedback approach can be considered as a reference for backward compatibility. However, for carrier aggregation, a UE may not be able to feedback CQIs of multiple DL component carriers promptly on one single UL component carrier, due to CQI payload size limitation using Rel-8 PUCCH. In general, the following two solutions may be considered to resolve this problem:
1. CQI feedback of multiple DL carriers in one reporting instance, e.g. with
a) multiple Rel-8 PUCCH resources
b) PUSCH resources
c) new structure with increased payload size
2. CQI feedback of multiple DL carriers in multiple reporting instances, e.g. with
a) one single Rel-8 PUCCH resource.
2.1. Feedback Approach 
In this section, we briefly discuss options for periodic CQI feedback of multiple DL component carriers on a single UL component carrier. In Rel-8 PUCCH wideband/sub-band CQI reporting mode, sub-band CQI for different bandwidth parts are transmitted in different CQI reporting instances, which cycles over the multiple bandwidth parts. Four options of extending the Rel-8 wideband/sub-band CQI reporting mode to multi-carrier systems are discussed below.
Option 1: Extension to multi-carrier wideband/sub-band CQI reporting can be achieved by cycling over the multiple bandwidth parts as well as the multiple carriers. One example is shown in Figure 1, where the wideband/sub-band CQI reporting cycle can be (WB-C1, SB-C1-BP1, SB-C1-BP2, SB-C1-BP3, WB-C2, SB-C2-BP1, SB-C2-BP2, SB-C2-BP3, WB-C1, SB-C1-BP1, SB-C1-BP2 …). For each CQI reporting instance, the Rel-8 PUCCH CQI reporting format (i.e. feedback contents) can be directly reused. 
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Figure 1: Multicarrier CQI feedback Option 1

Option 2: Note that CQI reporting in Option 1 cycles through both bandwidth parts and component carriers. In order to reduce the CQI reporting cycle, in one reporting instance, a UE can report the wideband CQI or best sub-band CQI corresponding to multiple bandwidth parts in one component carrier. This effectively reduces the number of bandwidth parts, such that the full CQI reporting cycle can be shortened. Furthermore, UE may report average CQIs for the best one or a few sub-bands.
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Figure 2: Multicarrier CQI feedback Option 2

With Option 2, UE reports wideband CQI or one or a few sub-band averaged CQI in each reporting instance, whereas full CQI reporting cycles through multiple component carriers, e.g. (WB-C1, SB-C1, WB-C2, SB-C2 …) as shown in Figure 2. 
Option 3: Another approach to reduce the CQI reporting cycle is for UE to report the wideband CQI or best sub-band CQI within a set of bandwidth parts among multiple DL component carriers in each reporting instance. Figure 3 shows an example, where CQI reporting cycles through (WB-C1, SB-BP1, SB-BP2, SB-BP3, WB-C2, SB-BP1, SB-BP2 …). In addition to the CQI feedback, a UE may also need to feedback the corresponding DL component carrier index of the reported CQI, which slightly increases the CQI reporting overhead.
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Figure 3: Multicarrier CQI feedback Option 3
Option4: In this option, CQIs on each component carrier within UE DL CC set is reported in the same reporting instance, where Rel-8 CQI feedback modes are largely reused. Option 4 has larger feedback overhead per reporting instance compared to Options 1 – 3. On the other hand, considering that the reporting cycle of Option 1 is very large in case UE DL CC set comprises of many CCs and the CQI granularity of Option 2 and 3 is coarse, Option 4 seems to be desirable to efficiently support dynamic DL scheduling. 
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Figure 4: Multicarrier CQI feedback Option 4
2.2. Feedback payload for different types
In this part, we describe PUCCH CQI feedback contents and payload per reporting instance for different options in section 2.3, where M denotes the number of CCs in UE DL component carrier set. 
Table 1: Feedback contents and payload for different types

	Feedback types
	Feedback contents and payload per reporting instance
	Maximum feedback payload per reporting instance

	
	UE DL Component Carrier Set
	

	
	Wide-band CQI
	PMI (4TX  antennas )
	Sub-band CQI
	UE-selected sub-band label
	UE-selected component carrier label
	

	Rel-8 PUCCH report type 2
	4+3
	4
	
	
	
	4+3+4=11 bits

	Option 1/2/3 WB-CQI
	4+3
	4
	
	
	
	4+3+4

=11bits

	Option1 SB-CQI
	
	
	4+3
	2
	
	4+3+2=9 bits

	Option2 SB-CQI
	
	
	4+3
	4
	
	4+3+4=11 bits

	Option3 SB-CQI
	
	
	4+3
	2
	3
	4+3+2+3

=12 bits

	Option4 WB-CQI
	4+3
	4
	
	
	
	11*M  bits

	Option4 SB-CQI
	
	
	4+3
	2
	
	9*M bits


2.3. Support of larger PUCCH CQI payload 
From Table 1, it is observed that Option 1-3 have similar CQI payload size as Rel-8, but the payload of Option 4 with carrier aggregation is larger than Rel-8. 
For Option 1, the reporting overhead increases with the number of CCs in UE DL component carrier set, which leads to larger cycling time or reporting period. For Option 2 and 3, the best sub-band CQI reporting is less accurate than Rel-8, since the sub-band granularity in the select range per reporting interval is increased. For Option 4, the same cycling time and CQI accuracy as in Rel-8 can be kept, at the expense of larger CQI payload. 
In this section, we discuss several options to support extending CQI payload:
Option 1: Using multiple Rel-8 PUCCH format 2 resources: 20 coded bits can be transmitted in one Rel-8 PUCCH format 2 resource. Multiple Rel-8 PUCCH format 2 resources can be assigned to a UE to support larger CQI payload size. On the other hand, multi-sequence transmission breaks the single-carrier property and the detection performance degrades. 
Option 2: Using PUSCH resources: In Rel-8, aperiodic CQI reporting can be transmitted on PUSCH with or without UL-SCH data. This is also a straightforward way to provide large CQI payload in LTE-A. With QPSK modulation, 288 coded bits can be transmitted in one RB for PUSCH without UL-SCH data. Figure 5 shows the BLERs using PUCCH and PUSCH for CQI reporting. The simulation parameters are listed in the appendix, where CRC is not included for simplicity. The number of CQI payload bits using PUSCH is assumed from Option 4 wideband CQI type in Table 1 (i.e. 55 bits for M = 5). It is observed that the medium CQI payload size reporting on PUSCH has comparable performance to PUCCH reporting with 11 CQI bits. 
Option 3: Using new CQI structures with increased payload size: Note that using PUSCH for CQI reporting incurs significant overhead, since the PRB is exclusively assigned to a single UE. In Rel-8, aperiodic CQI reporting is triggered by the CQI request bit in UL grant. Hence, aperiodic CQI reporting could be less frequent in Rel-8, which lowers the PUSCH CQI reporting overhead. On the other hand, if PUSCH is used for periodic CQI reporting in Rel-10, the corresponding overhead may be excessive. PUSCH based CQI transmission scheme with CDM can be considered as a new CQI transmission scheme in Rel-10, where the tradeoff between CQI payload size and CQI multiplexing capacity can be balanced. 

[image: image5.emf]-8 -7 -6 -5 -4 -3 -2 -1 0 1 2

10

-2

10

-1

10

0

SNR [dB]

BLER

 

 

11 bits PUCCH

18 bits

22 bits

27 bits

33 bits

36 bits

44 bits

45 bits

55 bits


Figure 5: BLER performance of CQI reporting using PUCCH and PUSCH
As shown in Figure 6, two UEs share the same PRB to transmit CQI by time-domain CDM. Using QPSK modulation, every UE can transmit 144 CQI coded bits in a subframe. [D1, D2, …, D6] is the corresponding CQI symbols, and every Di contains 24 CQI coded bits. [w1, w2] represents a length-2 orthogonal cover code. Frequency hopping can be used to obtain the diversity gain. Different spreading factors of orthogonal cover codes can be used, in order to further balance the tradeoff between CQI payload size and multiplexing capacity. Some alternative structures are shown in Appendix II. 
Figure 7 illustrates the BLER of PUSCH based CQI transmission scheme with SF=2. Further comparisons between different SFs are given in Figures 10 – 11. Based on the results, we can see the performance of the new CQI structure with SF=2 and 3 is close to the PUSCH transmission without CDM. Considering the improved CQI multiplexing capacity, the new structure is a better choice for larger CQI payload transmission in Rel-10.
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Figure 6: PUSCH based CQI transmission scheme with time-domain CDM (SF=2)
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Figure 7: BLER performance of CQI reporting using PUSCH with SF=2

3. Aperiodic CQI feedback
In order to make link adaptation and frequency scheduling more effective, aperiodic CQI reporting is needed when the periodic CQI is inaccurate.  In Rel-8, more detailed CQI feedback is reported if aperiodic CQI is triggered. For LTE-A carrier aggregation, the simplest design of aperiodic CQI reporting is that CQIs for multiple DL CCs will be reported together, when the CQI request field in UL grant is set to 1. Thus, Rel-8 aperiodic CQI/PMI/RI reporting procedure (e.g. channel coding, modulation, resource mapping) can be reused without any significant modification.  
4. Conclusions
In this contribution, we discuss CQI reporting for carrier aggregated systems in LTE-A. For carriers within UE DL component carrier set, detailed CQI information is necessary for scheduling：

· For periodic CQI feedback, since CQIs of multiple carriers shall be reported, the amount of feedback is expected to increase. This can be accommodated either by increasing the CQI payload size in one reporting instance, or by feeding back CQI over multiple reporting instances. In particular, PUSCH based CQI transmission scheme with time-domain CDM shall be considered as a new CQI transmission scheme to support larger CQI payload size in Rel-10, since it provides higher CQI multiplexing capacity than the Rel-8 PUSCH based aperiodic CQI transmission scheme. 
· For aperiodic CQI feedback, UE shall feed back CQIs for multiple DL CCs in a single UL subframe, when the CQI request bit in the corresponding UL grant is set to 1.
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Appendix I
Table 2: Simulation assumptions
	Parameters
	Value

	Bandwidth
	20MHz

	PUSCH  Payload
	18 bits, 22 bits, 27bits, 33 bits, 36 bits, 44 bits, 45 bits, 55 bits

	Channel model
	ETU

	UE speed (km/h)
	3km/h

	Antenna Correlation
	0

	Channel estimation
	Realistic

	Number of antennas
	1 Tx, 2 Rx

	PUSCH Channel Coding
	Tail-Biting Convolutional coding

	Frequency Hopping for PUSCH
	Enabled

	Detection
	MMSE


Appendix II
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Figure 8: PUSCH based CQI transmission scheme with time-domain CDM (SF=3)
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Figure 9: PUSCH based CQI transmission scheme with time-domain CDM (SF=6)
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Figure 10: BLER performance of 18 bits CQI reporting using PUSCH with different SFs
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Figure 11: BLER performance of 22 bits CQI reporting using PUSCH with different SFs
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