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1. Introduction

At RAN1 #70, decisions for UL control enhancements for carrier aggregations were made and the simultaneous CSI +HARQ-ACK transmission in PUCCH Format 3 feature is now supported by Rel-11 terminals. This enables similar operation as for PUCCH Format 2/2a/2b but instead for UEs feeding back multiple HARQ-ACK (i.e. CA and/or TDD terminals). 

The remaining issues are details of configuration of this new feature and the need for HARQ-ACK compression. These are the topics in this contribution. Power control is handled in a separate contribution [3].
2. Performance comparison of PUCCH Format 3 and PUCCH Format 2/2b

Useful for the following discussion is to know how link performances compare between using PUCCH Format 2 and 3 when it comes to feed back CSI and CSI+HARQ-ACK. We have conducted a series of link simulations in ETU and EPA channels, with realistic receivers, to obtain the required SNR to meet the CSI BLER target of 1% and HARQ-ACK BER target of 0.1%. Note that for PF2a/2b and PF3, DTX detection of HARQ-ACK is not needed so we use BER targets in this comparison.
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Figure 1 Required SNR to meet 1% CSI BLER for PUCCH Format 2 and 3. Two dummy NACK bits are included in the PUCCH Format 3 (explained in next section).
In Figure 1, the required SNR is compared between PF2 and PF3 when CSI only is feed back. Due to reasons explained in the next section, we have included two dummy NACK bits in the PUCCH Format 3 transmission. There are clear coverage benefits of PUCCH Format 3 over Format 2 and it varies with CSI payload, the gain is in some cases up to 1.5 dB in the ETU channel.

Figure 2 compares PUCCH Format 2b with PUCCH Format 3 with 2 HARQ-ACK bits. For small CSI payloads, the gain of PUCCH Format 3 is up to 2.0 dB, and as the CSI payload increases, the gain reduces and at 8 CSI bits there is a cross-over and PUCCH Format 2b has up to 1.0 dB better performance at 11 bit CSI payload. 
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Figure 2 Required SNR to meet 1% CSI BLER and 0.1% HARQ-ACK BER for PUCCH Format 2 and 3.
We thus make the following observation:

Observation: PUCCH Format 3 provides significantly better link performance than PUCCH Format 2/2a/2b for CSI feedback and for CSI+HARQ-ACK feedback of CSI payloads up to 8 bits. 

3. Configuration of CSI+HARQ-ACK in PUCCH Format 3

The Rel-8 parameter 

· “simultaneousAckNackAndCQI”,

when enabled configures the UE to feed back periodic CSI and Pcell HARQ-ACK together using PUCCH Format 2/2a/2b. If disabled, Format 1a/1b is used for HARQ-ACK and Format 2 is used for CSI feedback.

In Rel-11, the same support of simultaneous periodic CSI and HARQ-ACK but for carrier aggregation was introduced, using PUCCH Format 3 and configured by the new parameter [2]: 

· “simultaneousAckNackAndCQI-Format3-r11”
Hence, Format 2 and Format 3 have now the same functionality, targeting non-CA/FDD and CA or TDD cases respectively and the network can choose to use PF3 or PF2 for such feedback, hence these parameters should in our view be configured exclusively of each other. 

When the new parameter is disabled, it indicates that Rel-10 behavior is followed, where Format 3 is used for multi-cell HARQ-ACK and Format 2 or Format 2/2a/2b for CSI feedback depending on the parameter “simultaneousAckNackAndCQI”.  

When the new parameter is enabled, transmission using the PUCCH Format 3 replaces using PUCCH Format 2 structure and hence, shall be used for both HARQ-ACK,SR and CSI feedback.  There are multiple benefits of using PUCCH Format 3 (PF3) instead of Format 2/2a/2b (PF2):

· Link performance is in general better for PF3 than for PF2 (see Section 2)

· PF3 exists in a shortened format which avoids the SRS dropping problem that PF2 has when SRS collides with PF2

· CSI dropping is avoided when CSI collides with positive SR as is the case for PF2

· Since PF3 resources are taken from a resource pool and selected by the ARI, resources can be more efficiently shared among UEs than for PF2

In addition to improved link performances and avoidance of the SRS dropping problem, using PUCCH Format 3 as the only feedback format provides a unified feedback format and simplifies the eNB receiver since multiple hypotheses testing (required in case DCI messages are not detected by the UE) is reduced.  For example, if PF2 is used for CSI then 5 hypothesis tests and detection of PUCCH Format 1,2/2a/2b and 3 are needed for eNB to cover all combinations of Pcell DCI is missed, Scell DCI is missed and SR is positive or negative. If PF3 based signals proposed in the following  are used instead, only 2 hypotheses need to be tested.

To avoid such eNB complexity, less overhead and better performance, we propose the following:

Proposal: The parameter “simultaneousAckNackAndCQI-Format3-r11” is enabled to configure the UE to report multi-cell HARQ-ACK, CSI and SR with PUCCH Format 3. Note that a PUCCH Format 2 resource need not be configured at all. 
For a subframe where UE reports periodic CSI , the UE reports the following:
· Multiple-cell HARQ-ACK with SR when applicable and single cell periodic CSI on PUCCH format 3a according to agreement at RAN1 #70
· PCell-only HARQ-ACK and single cell periodic CSI with SR when applicable is reported on PUCCH format 3b

· Single cell periodic CSI with SR when applicable is reported on PUCCH format 3b 

For a subframe where UE does not report periodic CSI, the UE reports HARQ-ACK and SR if applicable based on Rel-10 procedures.

The PUCCH format 3b is aimed for carrying PCell-only HARQ-ACK with SR when applicable and single cell periodic CSI. One or two bits are reserved for PCell HARQ-ACK depending on whether Pcell has MIMO configured or not. Since the eNB must be able to decode the CSI and SR irrespectively of whether Pcell is missed or not, the reserved PCell HARQ-ACK bit(s) in PUCCH format 3b should be filled with NAK by the UE when the UE reports only CSI or CSI+SR. This is based on the same principle of slow codebook adaptation in the design of Rel-10 PUCCH format 3. If the eNB did not send a PDCCH for the PCell, the eNB knows the value(s) of the reserved bit(s) and hence the detection performance is not affected by the presence of the dummy NAK bit(s) [4].

Proposal: In case of CSI only or CSI+SR transmission in PUCCH format 3b, UE shall fill one or two NACK bits in the UCI (depending on Pcell MIMO configuration) in conformance with the slow codebook adaptation principle.

See Figure 3 for an overview of the different PUCCH formats. 
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Figure 3 Illustration of Format 3 based signals for carrying different combinations of multi-cell HARQ-ACK, PCell HARQ-ACK, SR and CSI.
The UE is not expected that the Rel-8 parameter and the new parameter are enabled at the same time. When PF3 is configured, there are four PF3 resource configured to the UE. Whenever the UE detects an Scell DCI carrying a DL assignment the ARI field selects which of the four PF3 resources to use for the transmission. However, PF3b transmission is needed also in a CSI-reporting subframe with the following cases:

· only a Pcell DCI is detected in FDD, 

· only a Pcell DCI with DAI=1 in TDD, 

· an SPS PDSCH transmission, 

· no PDSCH transmission at all (i.e. single cell periodic CSI or CSI+SR)

As there is no ARI available for this case, an implicit value for ARI needs to be used for selecting the PF3 resource. This implicit value could be specified in the standard (e.g. always use ARI=0), or it could be UE specifically configured by RRC. 

Proposal: In case there is no explicit ARI to select resource for the PUCCH Format 3b transmission, a predetermined ARI value is used. 

As discussed above, multiple hypotheses testing is demanding for the eNB when the number of hypotheses is large. With the proposal above, in a given subframe, the number of hypothesis tests is reduced from five to two (to distinguish between PUCCH format 3a and 3b). This is illustrated by analyzing the possible UL signal combinations in Table 1. The eNB has to test all hypotheses that Pcell DCI and Scell DCI has been detected and has not been detected.

Table 1 UL signal combinations when periodic CSI is present in the subframe
	CSI
	SR
	Scell A/N
	Pcell A/N
	PF3a only
	Both PF3a and PF3b

	Yes
	No
	No
	No
	CSI on PF2
	CSI+1or 2 dummy bits on PF3b (ARI0)

	Yes
	No
	No
	Yes
	A/N on PF2a/2b 
	CSI+1 or 2 A/N bits on PF3b (ARI0)

	Yes
	No
	Yes
	No
	CSI+n A/N bits on PF3a (ARI)
	CSI+n A/N bits on PF3a (ARI 1-3)

	Yes
	No
	Yes
	Yes
	CSI+n A/N bits on PF3a (ARI)
	CSI+n A/N bits on PF3a (ARI 1-3)

	Yes
	Yes
	No
	No
	SR+ : SR on PF1 (CSI dropped)
	CSI+SR+1 or 2 dummy bits on PF3b (ARI0)

	
	
	
	
	SR− : CSI on PF2
	

	Yes
	Yes
	No
	Yes
	SR+ : A/N on PF1 (CSI dropped)
	CSI+SR+1 or 2 A/N bits on PF3b (ARI0)

	
	
	
	
	SR− : A/N on PF2a/2b 
	

	Yes
	Yes
	Yes
	No
	CSI+SR+n A/N bits on PF3a (ARI)
	CSI+SR+n A/N bits on PF3a (ARI 1-3)

	Yes
	Yes
	Yes
	Yes
	CSI+SR+n A/N bits on PF3a (ARI)
	CSI+SR+n A/N bits on PF3a (ARI 1-3)


4. On HARQ-ACK compression

One open issue from meeting #70 is whether HARQ-ACK compression should be introduced when HARQ-ACK payload is large in PUCCH Format 3. For PUCCH Format 3 (without CSI), there was no consensus to introduce bundling despite the fact that 12 companies saw the benefits. When there is CSI jointly encoded with HARQ-ACK in PUCCH Format 3a, the number of available bits for HARQ-ACK is reduced even further, below 21 and sometimes even as low as 10 bits depending on TDD configuration and/or number of carriers. When total payload exceeds 22 bits (including SR), periodic CSI is dropped, and this will happen frequently in those cases the HARQ-ACK payload is above 10 bits leading to performance loss. Of course, bundling induces some performance loss as well and there is a tradeoff of where to take “the hit” in bundling or in CSI dropping. 

In those TDD configurations leading to large HARQ-ACK payloads (DL heavy) there are very few occasions for CSI feedback (UL sparse) and in this scenario, we believe that bundling is necessary to be able to use periodic CSI feedback at all. Hence, to ensure proper operation also for this scenario, we propose the following:

Proposal: In PUCCH Format 3a (CSI+HARQ-ACK), when the number of HARQ-ACK bits exceeds 11, spatial bundling is applied. If the selected periodic CSI report together with HARQ-ACK feedback bits (including SR) after spatial bundling fits into PUCCH format 3 payload size, then transmit the periodic CSI and HARQ-ACK bits (including SR), otherwise transmit HARQ-ACK (including SR) without periodic CSI.
5. Conclusion

The discussion in this contribution leads to the following proposals:

Proposal: The parameter “simultaneousAckNackAndCQI-Format3-r11” is enabled to configure the UE to report multi-cell HARQ-ACK, CSI and SR with PUCCH Format 3. Note that a PUCCH Format 2 resource need not be configured at all. 
For a subframe where UE reports periodic CSI , the UE reports the following:
· Multiple-cell HARQ-ACK with SR when applicable and single cell periodic CSI on PUCCH format 3a according to agreement at RAN1 #70
· PCell-only HARQ-ACK and single cell periodic CSI with SR when applicable is reported on PUCCH format 3b

· Single cell periodic CSI with SR when applicable is reported on PUCCH format 3b 

For a subframe where UE does not report periodic CSI, the UE reports HARQ-ACK and SR if applicable based on Rel-10 procedures.

Proposal: In case of CSI only or CSI+SR transmission in PUCCH format 3b, UE shall fill one or two NACK bits in the UCI (depending on Pcell MIMO configuration) in conformance with the slow codebook adaptation principle. 

Proposal: In case there is no explicit ARI to select resource for the PUCCH Format 3b transmission, a predetermined ARI value is used. 

Proposal: In PUCCH Format 3a (CSI+HARQ-ACK), when the number of HARQ-ACK bits exceeds 11, spatial bundling is applied. If the selected periodic CSI report together with HARQ-ACK feedback bits (including SR) after spatial bundling fits into PUCCH format 3 payload size, then transmit the periodic CSI and HARQ-ACK bits (including SR), otherwise transmit HARQ-ACK (including SR) without periodic CSI.
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