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1. Introduction

At meeting RAN1#67, the system performance impact of CSI dropping due to collisions between periodic CSI feedbacks of multiple configured carriers. There were no way forward concluded but a conclusion for further studies as follows: 
Possible enhancements under consideration for UL control signalling:

· To enable transmission of multiple periodic CSI in a subframe:

· To enable transmission of periodic CSI and HARQ-ACK in a subframe:

Conclusion:

Consider further until RAN1#68 the impact of CSI dropping and decide at RAN1#68 if enhancements will be specified for either or both of the above 2 cases in Rel-11

· Take into account in the consideration:

· Possibility of using aperiodic CSI

· Impact on PDCCH loading and link adaptation / power control

· Wideband and sub-band CSI reporting

· Uplink overhead

A document [1] on evaluation assumptions was in addition created during offline discussions. In this contribution, we discuss further the use of aperiodic and periodic CSI in carrier aggregation and analyze the impact on CSI dropping on the downlink throughput by system simulations.  

2. On the use of aperiodic and periodic CSI

The LTE CSI reports can be transmitted in two ways:

· on the scheduled resource (PUSCH), e.g. multiplexed with data, when the UE has a valid resource allocation on the PUSCH, and

· on reserved resources (PUCCH) at the edges of the transmission bandwidth when the UE does not have resources allocated on the PUSCH. 

A drawback with using PUCCH for CSI reports is that resources must be reserved semi-statically; periodic resources that will be unused when the UE is transmitting data simultaneously with control signaling. Therefore, it has a small payload and short periodicities should be avoided. Hence, this mode is not designed to provide the eNB with detailed subband CSI information of the downlink channel state, but to give rough periodic information of the downlink channel quality for e.g. PDCCH link adaptation or PDSCH link adaptation when a packet needs to quickly be transmitted before an aperiodic CSI report can be triggered and received.  

LTE is largely based on the view of dynamic resource allocation. Nevertheless, for control signaling, there is (and has to be) a certain amount of semi-statically allocated resources. However, to efficiently use the spectrum resources, it is important to rely as much as possible on dynamically assigned resources. When the UE is transmitting uplink user data on a scheduled resource, control signaling will also be transmitted on the scheduled resource on PUSCH and the “reserved resource” on PUCCH will be unused. Furthermore, also for downlink-heavy services such as file download, especially over multiple DL carriers in parallel, the amount of user data transmitted in the uplink can be considerable, e.g. TCP ACK/NAKs. These aspects point in the direction of minimizing the amount of CSI transmitted on the “reserved resources” and instead use the scheduled resources for more detailed CSI feedback. With such an approach, CSI overhead is mainly occurring when needed, i.e., when there is downlink traffic present, and the amount of semi-statically used resources is reduced. Thus, most of the CSI reports should preferably be sent when the UE is anyway transmitting in the uplink in response to downlink transmissions as this will minimize the required amount of semi-statically allocated CSI resources.
Although LTE supports extremely low periodicities down to 2 ms for periodic CSI, it should be noted that this is not the normal parameter setting due to the large overhead that comes with it. As was shown in [2], reducing the periodic CSI feedback periodicity to less than 20 ms has marginal additional benefits on user throughput. 
Also, when evaluating the performance of  CSI feedback, it makes no sense to study the PUCCH based CSI feedback while not using the PUSCH based feedback. These modes operate in parallel and are complementary and a properly configured system should utilize the merits of both. Using the periodic CSI feedback to obtain detailed CSI information is in our view not the proper way to use of the available CSI feedback modes.

Observation: To realistically evaluate CSI feedback, both the aperiodic and the periodic modes should be used and the periodicity of PUCCH resources should be set to a value used in real LTE networks.   
3. Evaluation for carrier aggregation

Carrier aggregation is used to further increase the downlink throughput for a UE that has large expected downlink traffic. Hence, a UE with multiple carriers activated is expected to be scheduled on these multiple carriers simultaneously to quickly empty the data buffer. The periodic CSI using PUCCH is designed with a carrier specific periodicity and subframe offset, to be able to reduce the collision probability. It was shown in [2] that by proper configuration can collisions of periodic CSI reports between carriers be avoided to a very large extent. Therefore we see no need to be able to transmit periodic CSI reports for multiple carriers in PUCCH in one subframe as these large reports are better suited for a scheduled PUSCH transmission and then we already have the aperiodic CSI report specified in the standard.

Also, as multiple downlink carriers are configured to the UE a large amount of downlink traffic is expected which results in a large number of TCP ACK/NAKs to be transmitted in the uplink. Therefore, there should be no additional overhead induced to trigger aperiodic CSI reports as these can piggy back on the scheduled PUSCH transmissions containing TCP ACK/NAK in case there UE has no uplink data transmissions. This piggy backing is also useful from an energy efficiency point of view. 

In this section, evaluation results of aperiodic CSI feedback and periodic CSI dropping are discussed. We have performed system level simulations with 4 carriers, 10 MHz each and a full buffer traffic model according to the agreed evaluation assumptions at meeting RAN1#67.  The periodic CSI feedback of the carriers has different subframe offsets so that CSI collisions never occur and when aperiodic CSI is triggered, CSI for all carriers are feed back in one PUSCH report.  Please find some additional simulator assumptions in the Appendix. 

In Figure 1, UE throughput results are shown. There are 10 UE per cell and using a periodicity of 40 ms for CSI feedback together with a trigger of the aperiodic CSI feedback provides higher throughput than having 5 ms CSI feedback and no aperiodic CSI, for the best UEs. Therefore, having a 40 ms periodic CSI periodicity is possible when aperiodic CSI is also utilized and therefore there is no need for multiple periodic CSI reports in PUCCH as these reports can be feed back with a subframe offset as in this case.  For cell edge UEs, a smaller periodic or aperiodic CSI periodicity than 40 ms could give some additional throughput gain.

In Figure 2, the PDCCH load, defined as the fraction of used CCEs is given for all 4 carriers taken together. As the Pcell carries the aperiodic CSI triggering, it has slightly higher load as can be seen in the figure with a knee at 75%. However, the load is very low, less than 10%, because when 4 CC is activated, most of the time is one UE scheduled in the whole subframe to take advantage of the 4 activated carriers. Hence, the additional overhead to trigger CSI reports does not impose any problem for the PDCCH capacity at this large aggregation levels. Furthermore, since these are full buffer traffic models, there are no TCP ACK generated in the simulator and with those, the PDCCH load would increase to schedule UL grants but on the other hand can some of the aperiodic CSI triggering be piggy backed onto these UL grants. If one makes a rough calculation, TCP/ACK would need to be transmitted every 8 subframe in the UL at the median UE throughput 1 MB/s, that is 4 MB/s total UE throughput taking into account all 4 carriers. This means that every 5th TCP ACK in the uplink needs to carry also an aperiodic CSI report.

Observation: When a large number of carriers are activated, the PDCCH load is low as a large bandwidth is given to a single UE.  
Observation: When a large number of carriers are activated and TCP traffic is used, there will be very frequent TCP ACKs transmitted in the uplink so the aperiodic CSI reports can occasionally be piggy backed on these PUSCH transmissions without any additional PDCCH overhead.  
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Figure 1 Full buffer results. 10 UE per cell and 4 carriers
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Figure 2 PDCCH load, full buffer simulation, 4 carriers, 10 UE per cell

3.1. Impact of CSI dropping

In Figure 3, the UE throughput is shown with and without CSI dropping whenever the periodic CSI collides with multi-cell A/N. The CSI dropping does not impact on the UE throughput results. The reason is that in the full buffer model with 10 UEs, only a one or a few UEs are scheduled in a subframe over all carriers so CSI reports are dropped with a lower probability since the ACK/NACK feedback is less frequent (roughly every 10th subframe if there are 10 UEs in the cell). Furthermore, since there are four carriers, the system becomes robust against periodic CSI dropping as only CSI for one carrier is dropped when there is a collision with ACK/NACK.   
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Figure 3 Full buffer simulation user throughput results with 10 UE per cell and 4 carriers aggregated. Periodic CSI feedback and aperiodic CSI feedback. Both case with dropping (according to Rel.10) and without dropping is shown. 

3.2. Single carrier results with FTP traffic model

In this section, the results from [2] are repeated. A non-full buffer simulation with an offered load of 5 MB/s per cell was assumed. Furthermore, no uplink data traffic was simulated but UL grants were transmitted carrying TCP and RLC ACK and when this occurs an aperiodic CSI feedback was triggered if the time from the previous aperiodic CSI feedback was larger than 40 ms. The periodic CSI was set to 20 ms for CQI/PMI and 80 ms for RI. 
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Figure 4 FTP traffic model 1, 2MB packet size results. User throughput for 20 ms periodic CSI and with and without CSI dropping respectively. Aperiodic CSI is enabled and triggered at most every 40 ms.
This type of traffic model is characterized that few UEs have DL data in their buffers simultaneously so a UE gets scheduled in practically every subframe during a transmission burst. Hence, most of the uplink subframes contain ACK/NACK transmissions and the effect of dropping becomes visible as compared to the full buffer and 4 carrier case in previous section. The user throughput results are shown in Figure 4, and the loss in UE throughput due to dropping is at the median 8%. Hence, with FTP traffic and fewer carriers, there can be a performance benefit to be able to feed back CSI+multi-cell A/N within one subframe, especially since this type of collisions may occur frequently for large sets of aggregated carriers and particularly for some TDD configurations. 

4. Conclusions

Based on system level simulations with both full buffer and FTP traffic models and an analysis in [2], we make the conclusion that CSI+CSI collisions between cells with aggregation up to 5 cells, can be avoided by proper planning of CSI reporting offsets and the use of aperiodic CSI reports. A UE is configured a large number of carriers when it is expected to have massive downlink traffic, hence it is also expected to be scheduled on these carriers simultaneously if they are activated. 

However, as was shown in [2], when the number of aggregated carriers is small, and when the number of UEs with data in the buffer is small, there is a loss due to periodic CSI dropping since dropping is very frequent when a UE is scheduled in every subframe. 

 Therefore, we propose that

· No scheme is specified to allow multiple periodic CSI reports to be reported in a single subframe

· A scheme to feed back simultaneous periodic CSI for one cell and multi-cell A/N in PUCCH should be introduced in Rel.11
5. References

[1] R1-114448, “Outcome of offline discussion regarding UL signalling enhancement for CA”, NTT Docomo
[2] R1-113670, “Evaluations of dropping periodic CSI”, Ericsson, ST-Ericsson

6. Appendix

6.1. Full buffer simulation assumptions

	Parameter
	Value

	Number of carriers and bandwidth
	4 carrier, 10 MHz each

	Carrier frequency
	2 GHz

	Antenna setup
	2x2, cross-pol

	Channel model
	3GPP SCM, ISD=1732 m

	Downlink traffic model
	Full buffer, no TCP

	Uplink traffic model
	No uplink traffic except triggered aperiodic CSI reports

	Transmission mode
	TM 4

	UE speed
	3 km/h

	Periodic CSI feedback mode
	Mode 1-1 Wideband CQI, Single PMI

	Aperiodic CSI feedback mode
	No aperiodic feedback or Mode 3-1, Sub band CQI, Single PMI  

Aperiodic CSI is reported for all CC in the same report

	Aperiodic CSI feedback timer
	40 ms

	CSI dropping
	On (periodic CSI for that carrier is dropped when colliding with A/N) and Off (periodic CSI is never dropped) 


6.2. FTP traffic simulation assumptions

	Parameter
	Value

	Number of carriers and bandwidth
	1 carrier, 5 MHz

	Carrier frequency
	2 GHz

	Antenna setup
	2x2, cross-pol

	Channel model
	3GPP SCM, ISD=1732 m

	Downlink traffic model
	FTP traffic model 1, 2 MB packets

	Uplink traffic model
	No uplink traffic except TCP, RLC ACK

	Transmission mode
	TM 4

	UE speed
	3 km/h

	Periodic CSI feedback mode
	Mode 1-1

	Aperiodic CSI feedback mode
	Mode 3-1

	Aperiodic CSI feedback timer
	40 ms

	CQI/PMI periodicity (Npd ) and rank periodicity parameter (MRI)
	20  ms and 4 respectively


