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1. Introduction
In this contribution, we discuss potential new PUCCH format for supporting CA with up to 32 CCs. Following aspects are mainly discussed:

· Physical layer structure of the new PUCCH format

· Number of DMRSs per slot

· Need of CRC

· Need of frequency-hopping at a slot boundary

· Investigation on UL SINR distribution

2. Physical layer structure of the new PUCH format

In the following discussion, two physical layer structures are assumed as potential new PUCCH formats:

· Option 1: PUCCH format 3 (PF3) based structure

· Similar to PUCCH format 3, two DMRSs are included per slot.

· Assuming QPSK, the maximum payload is 240 bits.

· Option 2: PUSCH based structure

· Similar to PUSCH, one DMRS is included per slot.

· Assuming QPSK, the maximum payload is 288 bits.
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Fig.1.  Potential PUCCH format options analyzed in this contribution.
Link-level simulation is conducted to see the performance difference between the options. In both cases, tail biting convolutional coding with the coding rate 1/3 is applied, and the resultant code-word is repeated until all the resources are occupied. QPSK modulation is assumed. In order to achieve DTX-to-ACK error probability <= 1%, we assume following:

· Without CRC, DTX detection algorithm implemented at the eNB side impacts the performance, especially when the number of HARQ-ACK bits is small. In general, two kinds of DTX detection algorithms are well known [1]; joint DTX detection using DMRSs and HARQ-ACK bit sequence, and separate DTX detection in which the DTX is detected only based on the power of the received DMRSs. In this contribution, we apply separate DTX detection for simplicity.

· With CRC, the ACK is detected only when the CRC passes. Therefore, DTX-to-ACK error probability can be reduced to 1/2N, where N denotes the number of CRC bits. In order to meet the DTX-to-ACK error probability requirement by the CRC only, the CRC length needs to be N >= 7. Here, we use 8-bit CRC in the evaluation with CRC.
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Fig.1.  Required SNR for achieving ACK-to-NACK error probability <=1%, 
NACK-to-ACK error probability <=0.1%, and DTX-to-ACK error probability <=1%.

2.1. Number of DMRSs per slot
Option 1 and option 2 has a trade-off between channel estimation accuracy and coding gain. It can be seen from the Fig.1 that the required SNR of option 1 is smaller than that of option 2 when the number of HARQ-ACK bits is smaller (e.g., 32 bits), while vise versa when the number of HARQ-ACK bits is larger (e.g., 128 bits). With smaller number of HARQ-ACK bits, UL SNR operating point is low, and the HARQ-ACK payload is sufficiently small compared to the total PUCCH payload in both option 1 and option 2. In addition, since we assume DTX detection only by the DMRS(s), the number of DMRS(s) is more critical in the low UL SNR region (if we assume smarter DTX detection by using HARQ-ACK bit sequence, then the performance difference could be smaller). Therefore, option 1 outperforms option 2 in the region of small number of HARQ-ACK bits. On the other hand, with the larger number of HARQ-ACK bits, UL SNR operating point is high, and hence the impact of DTX detection could be negligible. On the other hand, for the larger number of HARQ-ACK bits, it becomes not possible to achieve sufficient coding gain. Therefore, in this region, option 2 outperforms option 1. It should be noted that the performance difference is affected by various factors and hence further investigation is necessary.

The question is how many HARQ-ACK bits the PUCCH structure should be optimized for. We believe that even in the Rel.13 CA WI specifies CA with up to 32 CCs, it does not imply that aggregating 32 CCs is the typical application scenario. We consider that in case of non-LAA operation, the realistic number of CCs could be 8-12. Even in case of LAA operation, aggregation of 32 CCs is not frequent; it is typically configured only when the UE is in isolated area in which there are no other UEs/STAs operated using the same unlicensed band. Therefore, if a PUCCH structure is determined based on the UL SNR performance, then the optimization point should be smaller number of HARQ-ACK bits, e.g., 32~64.

Proposal 1:

· PUCCH structure should be designed so that it is optimal for smaller number of HARQ-ACK bits.

· Aggregating 32 CCs with lower UL SINR region is not so frequent.
2.2. Need of CRC
In the Fig.1, required SNR for the case with and without CRC are also compared. With CRC, NACK-to-ACK error probability becomes negligible while its ACK-to-NACK error probability becomes almost equal to its BLER, since if any error happens, the eNB treats all the HARQ-ACK bits as NACK. On the other hand, without CRC, NACK-to-ACK error still happens and hence its requirement of 0.1% needs to be satisfied. From the current results, it seems the required SNR of the case without CRC and that with CRC are comparable.

There was no CRC in the legacy HARQ-ACK feedback cases and therefore, the three different minimum requirements have already been introduced. However, if CRC is added, the eNB receiver implementation including DTX detection algorithm could be simplified, especially when the eNB experiences fluctuation of UL SINR. Further investigation is necessary regarding (1) whether or not the CRC is inserted in some condition, and (2) if it is agreed to insert the CRC, on which condition the CRC is inserted. For this, performance comparison and investigation on specification impacts should carefully be done.
Proposal 2:

· Further investigation is necessary whether or not to introduce the CRC for HARQ-ACK feedback.

· Performance benefit is further investigated.

· Specification impacts should carefully be discussed.
2.3. Need of frequency-hopping at a slot boundary
Finally, we discuss the necessity of frequency-hopping. In order to see the impact of frequency-hopping, we plot the required SNRs with the number of HARQ-ACK bits 32 and 64 for the case without frequency-hopping in Fig.2. CRC is not assumed to be added here. From the Fig.2, it is clear that the frequency-hopping reduces the required SNR more than a few dB.
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Fig.2.  Required SNR for achieving ACK-to-NACK error probability <=1%, 
NACK-to-ACK error probability <=0.1%, and DTX-to-ACK error probability <=1%.

However, frequency-hopping could results in larger UL overhead, especially if the PUCCH is multiple PRBs. If the UL overhead becomes the concern, it is reasonable to make the frequency-hopping being configurable, or even being not supported.

Proposal 3:

· It is feasible to support frequency-hopping at a slot boundary if the new PUCCH is 1 PRB.

· FFS whether/how to support the frequency-hopping at a slot boundary if the new PUCCH is multiple PRBs.

3. Investigation on UL SINR distribution 
UL SINR distribution is investigated under the assumptions of SCE scenario 2a, as agreed in [2]. For each UE, UL transmission cell is selected based on RSRP for intra-frequency, and based on RSRQ for inter-frequency cell-selection. P0_PUCCH is changed to investigate its impact to the distribution. H-function in the power control formula is fixed to 0 for simplicity.

In Fig.3-(a)~Fig.5-(a), UL SINR CDFs of a particular UE whose DL geometry is the closest to 90%, 50%, and 10% in macro cell and small cell respectively, are plotted. The interfering UE is randomly chosen in each surrounding cell. Then, the UL SINR is computed for the particular UE over the subframes in time. From the result in Fig.3-(a), it is seen that for the case of large P0_PUCCH value, the UL SINR of the UE with DL geometry 10% is distributed in lower SINR region, while not for the UE with DL geometry of 50% or 90%. In many cases, UEs with DL geometry 10% are power-limited if the P0_PUCCH value is high, and as a consequence, they cannot achieve the target UL SNR. Therefore, the resulting UL SINR is shifted to left (lower SINR) region. On the other hand, UEs with higher DL geometries are not power-limited. Therefore, the target UL SNR is satisfied. Since the interference level is not dependent on the DL geometry of the UE, the UL SINR distribution of the UEs with DL geometries 50% and 90% are almost aligned. As shown in Fig.4/5-(a), for the case of small P0_PUCCH value, UEs are mostly non-power limited and hence, similar UL SINR is achievable irrespective of DL geometry.

In Fig.3-(b)~Fig.5-(b), UL SINR CDFs of all the UEs in the cell are accumulated. The CDF accumulation over the UEs is highly affected by the UL SINR of the UEs with very low DL geometry and with power-limitation. This makes UL SINR CDF of all UEs for the case of large P0_PUCCH to be worse. 
	[image: image4.emf]-10 -5 0 5 10 15 20 25

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

dB

SINR

 

 

10% Macro UE

50% Macro UE

90% Macro UE

10% Small UE

50% Small UE

90% Small UE


	[image: image5.emf]-30 -20 -10 0 10 20 30

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

dB

SINR

 

 

All Macro UE

All Small UE



	(a) (10%, 50%, 90%) DL geometry UEs
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Fig.3 P0_PUCCH: macro cell [-96.5dBm] and small cell [-94.5dBm]
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	(a) (10%, 50%, 90%) DL geometry UEs
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Fig.4 P0_PUCCH: macro cell [-106.5dBm] and small cell [-104.5dBm]
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	(a) (10%, 50%, 90%) DL geometry UEs
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Fig.5 P0_PUCCH: macro cell [-111.5dBm] and small cell [-109.5dBm]
From the results in the section 2, it can be assumed that SINR=4dB and 8dB are the reference points for HARQ-ACK of 64 bits and 128 bits, respectively. Therefore, 4dB and 8dB are assumed to be the candidate UL SINR operating points in the following.

Below, in the Tables 1-3, we summarize the probability that a UE with certain DL geometry satisfies the reference operating points. For example, when the P0_PUCCH is set to -106.5dBm for macro cell UE and -104.5dBm for small cell UE (see Table 2), it is observed that for the macro cell UE, UL SINR >= 4dB is achievable with 90% probability and UL SINR >= 8dB is achievable with 40% probability. For the small cell UE, UL SINR >= 4dB is achievable with 80% probability and UL SINR >= 8dB with 45% probability. The optimal P0_PUCCH is different depending on DL geometry and target SINR value.
In this evaluation, it is assumed that each cell has one interfering UE on the same PRB, and all the interfering UEs apply the same power-control with the target UE. In reality, it is not always true that all the surrounding cells have the interfering UE on the same PRB, and all the interfering UEs have the same number of HARQ-ACK bits to report on the PUCCH. Especially for small cell UE, interference level could be smaller than the evaluation considering the potential number of UEs transmitting the PUCCH on the same PRB in each cell. Furthermore, P0_PUCCH value can be adapted depending on DL geometry, the number of configured CCs, power headroom, etc. Therefore, the achievable probability that exceeds the required SINR could further be improved. 
Table.1 Prob [SINR >= reference point] for a particular UE with the given DL geometry. 
P0_PUCCH: macro cell [-96.5dBm] and small cell [-94.5dBm]
	DL geometry
	Prob[SINR>=4dB] for a UE
	Prob[SINR>=8dB] for a UE

	
	Macro cell UE
	Small cell UE
	Macro cell UE
	Small cell UE

	10%
	20%
	70%
	0%
	40%

	50%
	95%
	80%
	70%
	50%

	90%
	95%
	80%
	70%
	50%


Table.2 Prob [SINR >= reference point] for a particular UE with the given DL geometry. 
P0_PUCCH: macro cell [-106.5dBm] and small cell [-104.5dBm]
	DL geometry
	Prob[SINR>=4dB] for a UE
	Prob[SINR>=8dB] for a UE

	
	Macro cell UE
	Small cell UE
	Macro cell UE
	Small cell UE

	10%
	90%
	80%
	40%
	45%

	50%
	90%
	80%
	40%
	45%

	90%
	90%
	80%
	40%
	45%


Table.3 Prob [SINR >= reference point] for a particular UE with the given DL geometry. 
P0_PUCCH: macro cell [-111.5dBm] and small cell [-109.5dBm]
	DL geometry
	Prob[SINR>=4dB] for a UE
	Prob[SINR>=8dB] for a UE

	
	Macro cell UE
	Small cell UE
	Macro cell UE
	Small cell UE

	10%
	80%
	80%
	0%
	30%

	50%
	80%
	80%
	0%
	30%

	90%
	80%
	80%
	0%
	30%


Observation 1:

· From the evaluation, it is observed the following.

· For example, assuming P0_PUCCH=-106.5dBm for macro cell UE and P0_PUCCH=-104.5dBm for small cell UE, 
· A macro cell UE can achieve SINR>=4dB with 90% probability and SINR>=8dB with 40% probability.

· A small cell UE can achieve SINR>=4dB with 80% probability and SINR>=8dB with 45% probability.

· Optimal P0_PUCCH is different depending on the target SINR and DL geometry of the UE.

· Further improvement of SINR distribution is expected in the real deployment because:

· P0_PUCCH can be fit with each UE depending on its DL geometry and the no. of configured CCs.

· Interference is not always present in all the surrounding cells in the same PRB.

· Transmit power could depend on the PUCCH format and the number of HARQ-ACK bits.

· Network can perform interference coordination among cells if it is necessary.

4. Conclusion
In this contribution, we discussed PUCCH design aspects and reached following proposals and observation.
Proposal 1:

· PUCCH structure should be designed so that it is optimal for smaller number of HARQ-ACK bits.

· Aggregating 32 CCs with lower UL SINR region is not so frequent.
Proposal 2:

· Further investigation is necessary whether or not to introduce the CRC for HARQ-ACK feedback.

· Performance benefit is further investigated.

· Specification impacts should carefully be discussed.
Proposal 3:

· It is feasible to support frequency-hopping at a slot boundary if the new PUCCH is 1 PRB.

· FFS whether/how to support the frequency-hopping at a slot boundary if the new PUCCH is multiple PRBs.

Observation 1:

· From the evaluation, it is observed the following.

· For example, assuming P0_PUCCH=-106.5dBm for macro cell UE and P0_PUCCH=-104.5dBm for small cell UE, 

· A macro cell UE can achieve SINR>=4dB with 90% probability and SINR>=8dB with 40% probability.

· A small cell UE can achieve SINR>=4dB with 80% probability and SINR>=8dB with 45% probability.

· Optimal P0_PUCCH is different depending on the target operating SINR and DL geometry of the UE.

· Further improvement of SINR distribution is expected in the real deployment because:

· P0_PUCCH can be fit with each UE depending on its DL geometry and the no. of configured CCs.

· Interference is not always present in all the surrounding cells in the same PRB.

· Transmit power could depend on the PUCCH format and the number of HARQ-ACK bits.

· Network can perform interference coordination among cells if it is necessary.

References
[1] Kazuaki Takeda, Yoshihisa Kishiyama, Teruo Kawamura, and Takehiro Nakamura, ‘Investigation of PUCCH structure with SRS transmission based on BS-CDMA for LTE-Advanced carrier aggregation,’ Proc. 8th ICICS, Dec. 2011.
[2] R1-152380, ‘Proposals for Rel-13 CA UL enhancements,’ CATT 
- 1/8 -

