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Introduction
During RAN1#80 and RAN1#80bis, discussions took place on the required enhancements to UL control signaling of up to 32 carriers. The following agreements were made at RAN1#80:
	Agreements:
· RAN1 supports following two mechanisms for UCI feedback to support Rel.13 CA configurations.
· Enhancements to support UCI feedback on PUCCH on Pcell for up to 32 DL carriers and enhancements to support UCI feedback on PUSCH on one cell for up to 32 DL carriers
· Applicable to both cases when UL CA is configured or UL CA is not configured for UL CA capable UEs
· Applicable to non-UL CA capable UEs
· FFS: Multiple PUCCHs on Pcell
· Two PUCCH cell groups are configured for up to 32 DL carriers
· Applicable only when UL CA is configured
· FFS: how many PUCCH cell groups are supported
· FFS: more than two PUCCH cell groups case



In this contribution we discuss two design aspects related to the transmission of HARQ-ACK feedback on PUCCH or PUSCH. The first design aspect is the determination of the HARQ-ACK codebook to be used in a certain subframe. The second design aspect is how to perform HARQ-ACK compression in power-limited scenarios.
HARQ-ACK codebook
Review of HARQ-ACK reporting on PUCCH Format 3
PUCCH Format 3 has been introduced in R10 to support the transmission of up to 22 bits of UCI. The UCI bits are encoded using Reed-Muller (RM) block code(s) for a total of 48 coded bits. For up to 11 bits, a single RM block code is used while beyond 11 bits, the bits are split in two parts and separately encoded into two RM block codes. 
An important feature of the R10 design is that it supports “slow” codebook adaptation. This means that the number and order of HARQ-ACK bits to be encoded (the “codebook”) is entirely dependent on the semi-static configuration of the UE and not on whether PDCCH/E-PDCCH was received or not in a particular carrier or subframe. More specifically, when a UE does not detect an assignment for a particular cell, the UE encodes “Nack” in the corresponding position(s) of the codebook. The benefit of this feature is that it naturally ensures that the codebooks assumed by each side (UE and eNB) are identical even if some assignments may be mis-detected. In addition, there is virtually no cost in terms of required power when the actual number of scheduled carriers is smaller than the number of configured carriers. This is because the receiver can effectively utilize the knowledge that bits corresponding to non-scheduled carriers will be set to “Nack” when the codebook is small [1].
Another feature introduced in R10 is the indication of the PUCCH resource using an “Ack/Nack resource indicator” (ARI). The ARI is a 2-bits field included in assignments for Scells (overloading the TPC field) indicating one out of 4 configured resources for PUCCH. The introduction of ARI maintains good flexibility for the scheduler and efficient resource usage compared to a situation where the UE would be configured with a single PUCCH resource. As the same ARI value is indicated in all assignments, the mechanism is robust to missed PDCCH/E-PDCCH detections unless all Scell assignments are lost, in which case the UE transmits on the PUCCH resource according to R8 rule.

Considerations for larger payload
To support aggregation of up to 32 carriers, it may be possible to employ HARQ-ACK compression (such as bundling) to maintain UCI payload to a low number. However, where sufficiently high SINR can be available for PUCCH it would be preferable to transmit HARQ-ACK with little or no compression (using a higher capacity PUCCH Format) to avoid performance degradation due to unnecessary retransmissions. Preliminary system-level and link-level simulation results presented in RAN1#80bis suggest that reliable transmission of at least 100 bits is achievable for a significant proportion of UE’s transmitting PUCCH on either the macro cell or a small cell. For FDD, a payload of 64 HARQ-ACK bits can support feedback for PDSCH transmitted in 32 carriers without compression.
Some issues need to be considered for the support of ~100 bits of payload. First, depending on the coding design and  assumed receiver performance at the network side, slow codebook adaptation might now incur a more significant power (and interference) penalty compared to a situation where HARQ-ACK would be transmitted only for scheduled carriers. For example, if a convolutional code is used the knowledge that a particular bit should be set to zero would not necessarily help decode all the other bits.
Another issue is that using a reasonable coding rate, the number of coded bits may reach 200 to 300 bits which will inevitably require additional resources compared to PUCCH Format 3. Two main design alternatives for the high-capacity PUCCH have been investigated so far:
1) Extension of PUCCH Format 3 to multiple RB’s or multiple spreading codes
2) PUSCH-like design 

Performance evaluation for these alternatives (and possibly additional design alternatives) is still under way. One potential benefit of the first alternative is that it may allow for higher PUCCH multiplexing capacity as well as multiplexing with legacy PUCCH Format 3 transmissions in the same RB. Such feature would be particularly useful in scenarios where PUCCH is transmitted on the macro carrier which may have to support more legacy users. A PUSCH-like design may not easily allow for multiplexing in the same RB, but may exhibit better performance at least in certain conditions (e.g. in power-limited conditions due to better CM properties) although this would only be confirmed after completion of the evaluation. One possible conclusion could be that both types of design should be supported such that the network can configure the most appropriate one depending on the scenario.
Maintaining a pure slow codebook adaptation principle would mean that a UE scheduled on a subset of carriers under-utilizes a large amount of PUCCH resources, which is undesirable especially in scenarios where such resources may be scarce, such as a macro carrier. A more flexible codebook adaptation design would allow reclaiming such resources at least for a design based on extending PUCCH Format 3. For PUSCH-like design the resources could be reclaimed by falling back to a single PUCCH Format 3 resource (for payload up to 21 bits) or even falling back to a extended PUCCH Format 3 resource if both can be configured.
Based on the above considerations, it may be worth supporting a mechanism allowing the selection of a smaller codebook(s) and corresponding resource size on a subframe basis when the UE is scheduled on a subset of carriers. The number of codebooks to be selected from can be studied further.
Proposal 1: For aggregation of up to 32 carriers, support dynamic selection from N HARQ-ACK codebooks (N>1).
Different possible solutions can be envisioned to support this type of mechanism. Since the network has knowledge of the actual scheduled transmissions, it can provide an indication to the UE in the PDCCH/E-PDCCH. This could be realized by different possible solutions:
· Indicating which groups of carriers have at least one PDSCH scheduled;
· Indicating a codebook size (each size can be linked to a group of carriers);
· Using a downlink assignment index (DAI).

Another possibility would be that the UE identifies the codebook based on the received assignments and indicates it as part of the HARQ-ACK payload to ensure that codebooks are aligned.
Between these alternatives, our preference is that the signaling indicates groups of carriers instead of using a DAI. In our view, the DAI introduces unnecessary overhead since additional bits would required in each DCI (at least in FDD case) and there is likely no practical benefit in determining a codebook size with a very fine granularity of 1 or 2 bits anyway. In addition, there are potential robustness issues (e.g. case of last assignment missing, or more than X consecutive missed assignments) that can only be addressed by further increasing the overhead. 
Observation: Robust provision of codebook information using DAI requires a large amount of downlink control overhead
In contrast, indicating a codebook size or groups of carriers can be achieved in a robust way with no or little additional overhead. One possibility could be to overload the ARI such that a codepoint indicates not only a resource but also the corresponding codebook. Another possibility is to include this information in a new DCI dedicated to PUCCH information, if such solution is adopted to mitigate the problem of false detection of DCI [2].
Proposal 2: For aggregation of up to 32 carriers, the UE is indicated groups of carriers where at least one PDSCH is scheduled.
HARQ-ACK compression
In certain scenarios the path gain for the link over which the feedback is transmitted may be too low to support transmission of a large HARQ-ACK payload. Such scenario is more likely to occur when the feedback is transmitted over the uplink carrier of the macro cell and when the UE is located indoors, such as in small cell scenario 2b. A UE in this situation still benefits from being scheduled over a large number of carrier.
The solution utilized from R8, when the number of A/N bits exceeds the available payload on PUCCH, is to apply A/N bundling, i.e. returning ACK only if all transport blocks of a bundle were decoded successfully. The performance of A/N bundling naturally improves when the correlation between A/N outcomes of the transport blocks increases. Such correlation is itself a function of the correlation between the corresponding channels. The correlation is typically higher between consecutive subframes than between adjacent carriers, since in typical conditions the coherence time is much larger than 1 ms while the coherence bandwidth may be smaller than 20 MHz. For this reason, A/N bundling is first applied in space or time domain in R10.
When considering aggregation of up to 32 carriers, it is likely that A/N bundling in the carrier domain becomes inevitable. Since correlation across carriers is expected to be lower, performance of A/N bundling may deteriorate compared to R10. Considering this, the study of alternative HARQ-ACK compression schemes can be justified. For example, one possible scheme consists of transmitting A/N for PDSCH only if indicated by the network in the DCI. The network can select a high HARQ operating point (such as ~70%) and request A/N feedback only for those transmissions that are most likely to be decoded correctly, based on the number of retransmissions and other factors. 
Preliminary evaluation results suggest that gains over A/N bundling could be achievable using this scheme. In this simple evaluation, the link is modelled by a probability of success for the 1st, 2nd, 3rd, 4th and 5th HARQ transmission. The number of PDSCH transmissions (single TB) is twice the available HARQ-ACK payload for a compression ratio of 50%. The error performance is independent between different TB’s. The network requests A/N for those TB’s that have had the largest number of HARQ transmissions. Under these conditions a throughput gain of up to 9.5% can be obtained over A/N bundling. 
	Number of PDSCH
	Number of HARQ-ACK bits
	Probability of success for each HARQ transmission (HARQ BLER%)
	Throughput Gain (%)

	32
	16
	[0  0.1  0.6  0.9  1]   (71%)
	9.5

	16
	8
	[0  0.1  0.6  0.9  1]   (71%)
	9.0

	32
	16
	[0  0.3  0.9  1]       (64%)
	5.4


Further evaluations would need to be performed for example to verify if the gain is maintained when the HARQ operating point is allowed to be optimized for the A/N bundling scheme. However, the results show that a simple HARQ-ACK compression scheme (i.e. network selection of A/N) can potentially out-perform A/N bundling when transmissions are uncorrelated and their number is large.
Proposal 3: Consider alternative solutions to A/N bundling in the carrier domain to enhance HARQ-ACK compression performance when aggregating up to 32 carriers.
Conclusion
This contribution discussed two design aspects related to the transmission of HARQ-ACK feedback on PUCCH or PUSCH. The first design aspect is the determination of the HARQ-ACK codebook to be used in a certain subframe. The second design aspect is how to perform HARQ-ACK compression in power-limited scenarios. The following proposals and observation were made:
Proposal 1: For aggregation of up to 32 carriers, support dynamic selection from N HARQ-ACK codebooks (N>1).
Observation: Robust provision of codebook information using DAI requires a large amount of downlink control overhead
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Proposal 2: For aggregation of up to 32 carriers, the UE is indicated groups of carriers where at least one PDSCH is scheduled.
Proposal 3: Consider alternative solutions to A/N bundling in the carrier domain to enhance HARQ-ACK compression performance when aggregating up to 32 carriers.

References
[bookmark: _Ref416357072][bookmark: _Ref419296613]R1-103508, “On ACK/NACK codebook performance for carrier aggregation”, Ericsson, ST-Ericsson.
[bookmark: _Ref419388960]R1-153078, “Mitigation of DCI false detection problem”, InterDigital.

	2/4	2015-05-15
