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1. Introduction
The procedures for continuing periodic CQI/PMI/RI reporting after collisions with an aperiodic CQI/PMI/RI report is not currently well defined. In this document we provide an evaluation of several possible methods for continuing periodic CQI/PMI/RI reporting after a collision with an aperiodic report. 

2. Background
For 3GPP LTE CQI, PMI, and RI reporting can be either periodic or aperiodic [1]. The CQI transmissions on PUCCH and PUSCH for various scheduling modes are summarized in the following table:

Table 1. Physical Channels for Aperiodic or Periodic CQI reporting
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A UE transmits CQI, PMI, and RI reporting on a PUCCH for subframes with no PUSCH allocation. A UE transmits CQI, PMI, and RI reporting on a PUSCH for those subframes with PUSCH allocation for a) scheduled PUSCH transmissions with or without an associated scheduling grant or b) PUSCH transmissions with no UL-SCH. A UE with a scheduled PUSCH allocation in the same subframe as its CQI report shall use the same PUCCH-based reporting format when reporting CQI on the PUSCH unless an associated PDCCH with scheduling grant format indicates an aperiodic report is required.

2.1. Aperiodic CQI/PMI/RI Reporting using PUSCH

A UE shall perform aperiodic CQI, PMI and RI reporting using the PUSCH upon receiving an indication sent in the scheduling grant.  The aperiodic CQI report size and message format is given by RRC.  
A UE is semi-statically configured by higher layers to feed back CQI and also possibly PMI, and corresponding RI on the same PUSCH using one of these reporting modes: Wideband, UE selected subband feedback (Best-M average) and Higher Layer-configured subband feedback.
2.2. Periodic CQI/PMI/RI Reporting using PUCCH

A UE is semi-statically configured by higher layers to periodically feed back CQI, also possibly PMI, and corresponding RI on the PUCCH using these reporting modes: Wideband and UE selected subband feedback (Best-M).  

Table 2. CQI and PMI Feedback Types for PUCCH reporting Modes
	
	
	PMI Feedback Type

	
	
	No PMI
	Single PMI

	PUCCH CQI                 Feedback Type
	
	
	

	
	Wideband
	Mode 1-0
	Mode 1-1

	
	(wideband CQI)
	
	

	
	
	
	

	
	UE Selected
	Mode 2-0
	Mode 2-1

	
	(subband CQI)
	
	


Because of the limited number of bits that can be sent on the PUCCH, multiple reports are required as a function of the system bandwidth. In the subframe where CQI for the selected subbands is reported, the UE shall select the preferred subband within the set of subbands in each of the J bandwidth parts, where J ranges from 1 to 4, conditioned on the last reported wideband PMI and RI.
In the case where RI and wideband CQI/PMI reporting are configured, RI and wideband CQI/PMI are not reported in the same subframe (reporting instance):

· The reporting interval of the RI reporting is an integer multiple of wideband CQI/PMI period. 

· The same or different offsets between RI and wideband CQI/PMI reporting instances can be configured.

· Both the reporting interval and offset are configured by higher layers.  In case of collision of RI and wideband CQI/PMI the wideband CQI/PMI is dropped.

In the case where RI and both wideband CQI/PMI and subband CQI reporting are configured:

· The same set of  CQI reporting instances, with period P, are used for both wideband CQI/PMI and subband CQI reports 

· The wideband CQI/PMI report has period H*P, and is reported on the set of reporting instances indexed by {0, H, 2H,…}.

· The integer H is defined as H=J*K+1, where J is the number of bandwidth parts.

· Between every two consecutive wideband CQI/PMI reports, the remaining J*K reporting instances are used in sequence for subband CQI reports on K full cycles of bandwidth parts. 

· The reporting interval of RI is M times the wideband CQI/PMI period, and RI is reported on the same PUCCH cyclic shift resource as both the wideband CQI/PMI and subband CQI reports.

· The offset (in subframes) between the RI and wideband CQI/PMI  is denoted as O.

· In case of collision between RI and wideband CQI/PMI or subband CQI, the wideband CQI/PMI or subband CQI is dropped.

· The parameters P, K, M, O are configured by higher layer such as RRC message in a semi-static manner. The parameter K should be selected from the set {1,2,3,4}, and the parameter O is selected from the set {0, -1, …,-(P-1), -P}.
An example for P=2, J=3, K=1, (H=4), M=8, O=1 is shown below in the figure below.
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Figure 1. Example for P=2, J=3, K=1, H=4, M=8, O=1

3. Collisions between periodic and aperiodic CQI/PMI/RI reports 

In the case where both periodic PUCCH and aperiodic PUSCH reporting would occur in the same subframe, the UE shall only transmit the aperiodic report in that subframe [1]. A UE with a scheduled PUSCH allocation in the same subframe as its CQI report shall use the same PUCCH-based reporting format when reporting CQI on the PUSCH unless an associated PDCCH with scheduling grant format indicates an aperiodic report is required.
Currently there is no method established in [1] to address the procedure to use for continuing the periodic PUCCH reports after interruption by an aperiodic report on the PUSCH. For larger bandwidths each periodic PUCCH report of a series of reports contains CQI information for a part of the subbands which compromise the operational bandwidth, whereas the aperiodic report may contain CQI information for the entire bandwidth. However, different modes may be used for the PUCCH and the PUSCH. Also, the reported rank may be different for periodic and aperiodic CQI/PMI reports. Therefore, it cannot be guaranteed that the aperiodic PUSCH report supplants the periodic PUCCH reports.
A further problem arises when the PUCCH RI report collides with an aperiodic PUSCH report. In this case the PUCCH rank is not transmitted. If the rank changed the eNodeB would be unaware of the change; forcing UE to report CQI/PMI to be associated with outdated RIs.
4. Alternatives procedures for continuing the periodic PUCCH reports
Four possible methods are described for the procedure to use for continuing the periodic PUCCH reports after interruption by an aperiodic report on the PUSCH.

Method 1- delayed CQI/PMI transmission

The report that was scheduled to be transmitted on the PUCCH is delayed and transmitted on the next reporting opportunity. In this case the eNodeB obtains the complete periodic PUCCH CQI/PMI/RI report but delayed by one report instance (P subframes). Both the RI and CQI/PMI report schedule should be shifted by the same amount.
Method 2 - punctured CQI/PMI or RI transmission
The report that was scheduled to be transmitted on the PUCCH is punctured, meaning that it is not transmitted. Consider first a CQI/PMI report. The next CQI report is sent as if there had been no collision with a PUSCH report. This method has the advantage that the timing is unchanged. However, some periodic CQI/PMI data is lost. This may not be a problem because the eNodeB has obtained a full CQI aperiodic report on the PUSCH, although possibly with a different rank and/or different report mode. 
However, if a RI report is punctured and if the rank changed, the NodeB would be unaware of the change; forcing UE to report CQI/PMI to be associated with outdated RIs. 

If the rank increased and the eNodeB did not receive the new RI, the UE must continue to send CQI/PMI reports based on the previous, lower rank. The eNodeB would use fewer layers than the UE could support. This will lead to somewhat lower throughput. 

However, if the rank decreased and the eNodeB did not receive the new RI, it would use more layers than the UE could support, resulting in significantly lower throughput. There is no UE procedure that alone can recover from this situation.
Method 3 - restarted CQI/PMI/RI transmission

Since the eNodeB has recently obtained a full CQI/PMI aperiodic report on the PUSCH, the remaining periodic CQI/PMI reports may not be needed at that time. The UE can restart the CQI burst in the subframe immediately after the CQI aperiodic report on the PUSCH, beginning with the first of the J*K CQI/PMI reports.  The RI report must also be restarted to keep consistent timing.

Method 4 - Piggybacked CQI/PMI/RI transmission on the PUSCH
Considering the disadvantages of the three previous methods, another option is to add the PUCCH report data to the PUSCH report. This increases overhead and reduces the effective code rate for the PUSCH data which is rate-matched around the control data. However, the additional PUCCH bits are limited and so this may be a more acceptable solution.

Considering that losing the rank information, which is anticipated to be updated much less frequently than the CQI/PMI information, is more critical than losing the CQI/PMI information, one option is to append the 1 or 2 PUCCH RI bits to the aperiodic PUSCH CQI/PMI/RI report while puncturing the CQI/PMI report.
5. Discussion and recommendation

Each method has its advantages and disadvantages which are summarized in the table below.
Table 3. PUCCH transmission methods advantages and disadvantages

	Transmission Method
	Advantages
	Disadvantages

	Delayed
	Obtain the complete periodic PUCCH CQI/PMI/RI report
	The entire reporting cycle, including RI, is shifted by P subframes

	Punctured
	Report timing is unchanged
	Some periodic PUCCH CQI/PMI/RI data is lost

	Restarted
	Obtain the most recent PUCCH CQI/PMI data
	The entire reporting cycle is shifted by up to P*J*K subframes, which may cause other collisions

	Piggybacked
	No interruption of CQI/PMI/RI reporting
	Increase in PUSCH signaling overhead


The simplest method is to puncture the PUCCH CQI/PMI report and continue with the existing reporting cycle. Even though some data is lost, this is consistent with the procedure used when RI and CQI/PMI reports collide, which is to drop the CQI/PMI report. However, considering the criticality of obtaining the latest RI and its small number of bits, it seems preferable to append the PUCCH RI onto the aperiodic PUSCH report.
A CR incorporating these added procedures is in the attached draft CR [2].
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