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1 Introduction

In the RAN #67 meeting, the work item (WI) on LTE carrier aggregation (CA) enhancement beyond 5 carriers was updated [1]. One important object of this WI aims to enhance the CA capabilities of up to 32 component carriers (CC). It was agreed that at least for non-UL CA capable UEs, the PUCCH on one cell, possibly with new PUCCH format(s), should support CA uplink control information (UCI) feedback for up to 32 DL CCs, which could be the baseline solution compared to the scheme of PUCCHs on multiple cell groups. 

In the RAN1 #80bis meeting, link level simulation assumptions for evaluating new PUCCH format(s) were agreed [2]. In this contribution, the need and design alternatives for new PUCCH format(s) are discussed, assisted with the simulation results based on the agreed simulation assumptions. 
2 Need for new PUCCH format
As the baseline is to enhance PUCCH on PCell only to support UCI feedback for up to 32 DL CCs, it means that PUCCH(s) on PCell should carry, e.g., HARQ-ACK bits corresponding to maximum 32 DL CCs. One option is to not introduce any new PUCCH format but reuse PUCCH format 3 and transmit the HARQ-ACK bits on multiple PUCCH resources. 
The simulation results in [3] show nearly 2 dB CM increase when using 5 PUCCH format 3 resources in a PRB compared to using PUCCH format 3. The loss may further increase when using PUCCH resources in multiple PRBs. Considering at most 5 resources of PUCCH format 3 are supported in one PRB and one PUCCH format 3 supports 21 HARQ-ACK bits, at least 6 resources from two PRBs need to be allocated to support 128 HARQ-ACK bits for 32 CCs, each with TDD configuration #2. It therefore seems that multiple PUCCH resource for format 3 is not a good solution for carrying the HARQ-ACK bits of up to 32 DL CCs.   
Overall, considering the increased CM/PAPR caused by using multi-PUCCH resources for PUCCH format 3, and that it would not be meaningful to use PUCCH format 3 with extreme HARQ-ACK bundling to support HARQ-ACK transmission for up to 32 CCs, new PUCCH format(s) needs to be introduced which is used as baseline for PUCCH enhancement to support up to 32 DL CCs. 
Proposal 1: New PUCCH format(s) should be introduced in Rel-13 CA. 
3 Design for new PUCCH format
3.1 PUCCH format structure

Discussion on multi-PUCCH transmission took place in Rel-10 and the main disadvantages are increased CM/PAPR if a single power amplifier is used. It is worth noting that the SC-FDMA waveform may already be broken if the UE is capable of simultaneous PUSCH/PUCCH or multi-cluster PUSCH resource allocation. However, the feature of either simultaneous PUSCH/PUCCH or multi-cluster PUSCH resource allocation is optional based on UE capability and the key point is that is possible to design the PUCCH without the CM/PARR degradation. Therefore, the single carrier property should be kept for the new PUCCH format(s) to guarantee the UL power efficiency. 
Also as stated in the WID [1], the specified solutions shall efficiently support any number of component carriers up to 32, and this goal may require defining more than one PUCCH format, considering the corresponding overhead and supported UCI payload size. For example, a UE configured with 32 DL CCs may need to transmit 128 HARQ-ACK bits by using a new PUCCH format with larger UL overhead (e.g.,6 PRBs), while another UE configured with 10 DL CCs may need to transmit 40 HARQ-ACK bits by using a new PUCCH format with smaller UL overhead (e.g.,2 PRBs). It is highly desirable to design a new PUCCH format with a scalable container. In addition, the design principle to support a scalable number of HARQ-ACK bits facilitates the fallback operation, which achieves efficient UL resource utilization [4]. 
The new PUCCH format(s) should support CA for various scenarios, i.e., when the PUCCH is on a macro cell (e.g., in LAA applications) or when the PUCCH is on a small cell. For both cases, there could be many UEs capable of only up to 5 CCs CA in the cell. These will typically be using PUCCH format 3 and the eNodeB will thus have to semi-statically configure a set of PRBs for this, which constitutes overhead. Hence, for moderate HARQ-ACK payloads, a new PUCCH format benefits from having UE multiplexing capability on PUCCH format 3 resources. This increases the efficiency of resource utilization, which is similar to the case where PUCCH format 1a/1b and PUCCH 2/2a/2b are multiplexed in the same PRB. Therefore, this disqualifies a new PUCCH format being based on PUCCH format 3 with reduced spreading factor of the orthogonal cover codes (OCCs), since that constitutes a new structure without multiplexing capability with PUCCH format 3. It would also require yet another set of disjointly configured PUCCH resources. Furthermore, if the new PUCCH format(s) supports transmission of periodic CSI reports from multiple serving cells, it would be efficient to use existing PUCCH format 3 resources as well, which can be expected to be defined for any subframe.  

For larger HARQ-ACK payloads, UE multiplexing capacity on the PUCCH becomes less relevant as it can be expected that mostly a single UE will be scheduled in the cell. A format that maximizes the payload capacity (i.e., has no UE multiplexing capacity by OCCs) should therefore be supported and a multi-PRB PUSCH based format is a good candidate for this case. This would support a scalable UCI payload by using different number of PRBs. A PUSCH based PUCCH format would be able to carry a larger payload (~5 times) per PRB than PUCCH format 3 but would require a separate set of PUCCH resources. There seems to be no good reason to design a new PUCCH format with some intermediate or large UE multiplexing capacity (e.g., 2, 3 or 4 UEs, or larger than 5 UEs) as that reduces the maximum payload. Hence, the current PUSCH structure could be kept. 

Having both large payload and multiplexing capacity is contradictory and cannot be easily accommodated with one new PUCCH format. Nevertheless, it would be beneficial to allow the system to adapt the PUCCH transmissions between two PUCCH formats; one with UE multiplexing capability for moderate HARQ-ACK payloads and one without UE multiplexing capability for large HARQ-ACK payloads. In any case, an increase in HARQ-ACK payload has to be supported and the only way to accommodate this (subject to the above constraints) is to increase the number of allocated PUCCH PRBs per slot. 

Based on the above discussion, we find the following design targets to be supported:
· The new PUCCH format(s) should support a scalable number of HARQ-ACK bits. 

· For moderate HARQ-ACK payloads, the new PUCCH format(s) should have UE multiplexing capability with PUCCH format 3 transmissions.

· For large HARQ-ACK payloads, the new PUCCH format(s) should maximize the payload capacity and not have any UE multiplexing capability.

· Multiple PRBs per slot are used to accommodate the increased HARQ-ACK payload. 
This leads to the following proposal.

Proposal 2: Specify two new PUCCH format(s):

· Multi-PRB PUCCH format 3 using a single DFT-precoder, which can be multiplexed with PUCCH format 3. 

· Multi-PRB PUCCH format based on the PUSCH. 

In Sec. 4, we will evaluate the dimensioning of these PUCCH formats in terms of supported payloads and required number of PRBs.
3.2 Usage of a CRC

It could be considered to use a CRC even for HARQ-ACK feedback. If the CRC length L is chosen such that Pr[false CRC pass]≈1/2^L≤0.01, then the requirement Pr[PUCCH DTX → ACK]≤0.01. Therefore, adding a CRC may simplify the receiver since explicit DTX detection could be avoided, which may be desirable considering the varying payloads under consideration. If the CRC does not pass and the receiver treats all received bits as NACK, the Pr[NACK → ACK]=0, which leads to a performance improvement over the existing requirement Pr[NACK → ACK]=0.001. 
The drawback of adding a CRC is that the Pr[ACK → NACK] will become slightly worse, since the CRC bits increase the effective code rate and ACK → NACK errors only occur when the CRC fails and all bits are considered to be NACK. The significance of this effect may differ between payloads. 
4 Link-level evaluation for new PUCCH format(s)

Based on the simulation assumptions agreed in [2], link level simulation is performed to evaluate the performance for the above PUCCH formats. Different payload sizes including small (20 bits), moderate (32, 64 bits) and large ones (128, 256, 319 bits) are simulated with different number of PRBs. The results are contained in Fig. A1-A3 in the Appendix and the required SNRs are summarized in Table 1-5.
4.1 Multi-PRB PUCCH format 3

Table 1 shows that, while maintaining the PUCCH format 3 UE multiplexing capacity, the Multi-PRB PUCCH format 3 may be suitable for payloads up to 128 bits, e.g., using an allocation of 6 PRBs per slot. In Table 1, we have assumed two cases; per UE allocation where the transmit power is the same for the different number of allocated PRBs, and per-PRB where the transmit power increases linearly as the number of allocated PRBs increases. Nevertheless, Table 1 shows that for a given payload, the lower code rate produced by allocating more PRB pairs renders performance gains. A non-power limited UE (which is the typical situation for massive CA [5]) could increase the power proportional to the number of PRBs and will thus obtain even larger performance gains, i.e., 10*log(K) dB, wherein K is the number of allocated PRBs.  
Observation 1: For a given payload, the lower code rate produced by allocating more PRB pairs renders performance gains. 
Observation 2: For a given K PRBs, a non-power limited UE could increase the power proportional to the number of PRBs and will thus obtain about 10*log(K) dB performance gains compared to the case of keeping the same UE transmit power. 
Table 1. Required SNR [dB] for 1TX/2RX with 8-bit CRC for Multi-PRB PUCCH format 3 using either per UE or per-PRB same transmit power.
	Scheme
	Payload [bits]

	
	20
	32
	64
	128

	
	per-UE 
	per-PRB 
	per-UE 
	per-PRB 
	per-UE 
	per-PRB 
	per-UE 
	per-PRB 

	Multi-PRB PF3
	2

(1-PRB)
	0.5

(2-PRB)
	-2.5

(2-PRB)
	3

(3-PRB)
	-1.77

(3-PRB)
	5.9

(6-PRB)
	-1.88

(6-PRB)

	Multi-PRB PF3
	0.3

(2-PRB)
	-2.7

(2-PRB)
	0
(3-PRB)
	-4.8
 (3-PRB)
	2.4
(4-PRB)
	-3.6
(4-PRB)
	/


4.2 Multi-PRB PUSCH based PUCCH format

We evaluate two variants of a PUSCH based PUCCH format; one using the PUSCH DMRS positions (PUSCH  Type 1) and one using the PUCCH format 3 positions (PUSCH Type 2). For PUSCH Type 2, both the cases with and without frequency hopping (FH) are considered. Table 2 shows that PUSCH Type 1 is 1 dB better then PUSCH Type 2 for large payloads and that FH also provides noticeable gains. As in Table 1, we have assumed that the transmit power is the same (per-UE) for the different number of allocated PRBs and a non-power limited UE will thus obtain even larger performance gains.  
Observation 3: PUSCH Type 1 has around 1 dB gain compared to PUSCH Type 2. 

Observation 4: PUSCH Type 1 with FH has significant gain compared to PUSCH Type 1 w/o FH. 
Table 2. Required SNR [dB] for 1TX/2RX with 8-bit CRC for PUSCH based PUCCH format.
	Scheme
	Payload [bits]

	
	20
	32
	64
	128

	PUSCH Type 1, FH
	-1 dB

(One-PRB)
	0 dB

(One-PRB)
	2.5 dB

(One-PRB)
	5.9 dB

(One-PRB)

	PUSCH Type 2, FH
	-1 dB

(One-PRB)
	0 dB

(One-PRB)
	2.5 dB

(One-PRB)
	7 dB

(One-PRB)

	PUSCH Type 1, no FH
	2 dB

(One-PRB)
	2 dB

(One-PRB)
	4.5 dB

(One-PRB)
	8 dB

(One-PRB)


For a non-power limited UE, large payloads could be supported by allocating more PRB pairs, which is shown in Table 3, where we assume that the total transmit power scales with the number of allocated PRBs (i.e., per-PRB). Hence, even such large payloads as 319 bits [3] could be supported. 
Observation 5: PUSCH Type 1 could support extremely large payload such as 256 and 319 for a non-power limited UE.
Table 3. Required SNR [dB] for PUSCH Type 1(FH) for 1TX/2RX with 8-bit CRC, same per-PRB TX power.
	Number of RBs per slot


	Payload [bits]

	
	128
	256
	319

	1
	5.9 
	14.6 
	/

	2
	2.8 
	6.1 
	7.9 

	3
	1.2 
	4 
	5.1 

	4
	0.5
	3
	3.8


4.3 Performance impact of CRC
Table 4 contains results with and without an 8-bit CRC (i.e., the CRC length for aperiodic CSI on PUSCH). The performance targets are the same both with and without a CRC but for the case with CRC, only the Pr[ACK → NACK ] is considered, since the Pr[NACK → ACK]=0. For the case without CRC, the Pr[NACK → ACK] ≈0.001, hence in this respect, performance may still be better using the CRC.
Observation 6: For moderate and large payloads, similar required SNRs can be achieved for both cases of with and w/o CRC.
Table 4. Required SNR [dB] for 1TX/2RX with/without CRC, same per-UE TX power.
	Scheme
	Payload [bits]

	
	20
	32
	64
	128

	Multi-PRB PF3, w/o CRC
	0.7
(One-PRB)
	1
(Two-PRB)
	3 

(Three-PRB)
	5.5 

(Six-PRB)

	Multi-PRB PF3, with CRC
	2 

(One-PRB)
	0.5  

(Two-PRB)
	3 

(Three-PRB)
	5.9 

(Six-PRB)

	PUSCH Type 1, FH, w/o CRC
	-1 

(One-PRB)
	0.3 

(One-PRB)
	2.7 

(One-PRB)
	6 

(One-PRB)

	PUSCH Type 1, FH, with CRC
	-1 

(One-PRB)
	0 

(One-PRB)
	2.5 

(One-PRB)
	5.9 

(One-PRB)


4.4 Performane with 8 RX antennas
Further performance improvements are obtained using 8 RX antennas, which is a particularly relevant configuration for TDD systems. Table 5 shows that performance of 8 RX is at least 7 dB better than that of 2 RX. 
Observation 7: Performance gain of 8 RX antennas is significant compared to 2 RX antennas and is at least 7 dB. 
Table 5. Required SNR [dB] for 1TX/8RX vs 1TX/2RX with 8-bit CRC, same per-UE TX power.
	Scheme
	Payload [bits]

	
	20
	32
	64
	128

	Multi-PRB PF3, 2RX
	2 

(One-PRB)
	0.5  

(Two-PRB)
	3 

(Three-PRB)
	5.9 

(Six-PRB)

	Multi-PRB PF3, 8RX
	-8
(One-PRB)
	-7
(One-PRB)
	-5.6
(One-PRB)
	-3.5
(One-PRB)

	PUSCH Type 1, FH, 2RX
	-1
(One-PRB)
	0
(One-PRB)
	2.5
(One-PRB)
	5.9
(One-PRB)

	PUSCH Type 1, FH, 8RX
	-8
(One-PRB)
	-7.2
(One-PRB)
	-6
(One-PRB)
	-3.5
(One-PRB)


5 Conclusion

Considering the baseline is to enhance PUCCH on PCell only and PUSCH on one serving cell to support UCI feedback for up to 32 DL CCs, new PUCCH format(s) are discussed in this contribution. We find that the following design targets should apply to a new PUCCH format.
· The new PUCCH format(s) should support a scalable number of HARQ-ACK bits. 

· For moderate HARQ-ACK payloads, the new PUCCH format(s) should have UE multiplexing capability with PUCCH format 3 transmissions.

· For large HARQ-ACK payloads, the new PUCCH format(s) should maximize the payload capacity and not have any UE multiplexing capability.

· Multiple PRBs per slot are used to accommodate the increased HARQ-ACK payload. 
Therefore, the following proposals are provided: 
Proposal 1: New PUCCH format(s) should be introduced in Rel-13 CA. 
Proposal 2: Specify two new PUCCH format(s):

· Multi-PRB PUCCH format 3 using a single DFT-precoder, which can be multiplexed with PUCCH format 3. 

· Multi-PRB PUCCH format based on the PUSCH. 

Our simulation results show that a Multi-PRB PUCCH format 3 would be applicable for payloads up to 128 bits and using up to 6 PRBs per slot. A Multi-PRB PUSCH based PUCCH format (using PUSCH  DMRS positions and frequency hopping) would be able to accommodate large payloads (up to 319 bits) with 3 PRBs per slot. 
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Appendix

A.1: Simulation assumption

Table A1. Simulation assumption
	Parameter
	Setting

	Carrier frequency
	2 GHz

	Carrier bandwidth
	10 MHz

	Channel model
	EPA, 3 km/h

	Antenna setup
	1Tx2Rx, 1Tx8Rx, antenna correlation = 0.5; 

	Channel coding
	TBCC

	Modulation
	QPSK

	DMRS structure
	Multi-PRB PF3: Same as PUCCH Format 3

PUSCH Type1: Same as PUSCH

PUSCH Type2: Same as PUCCH Format 3

	Channel estimation
	LS

	Number of PRBs in one slot
	Multi-PRB PF3: 1, 2, 3, 6

PUSCH based format: 1(less than 128 payload), 2, 3, 4

	Transmit power
	per-RB power and per-UE power

	Frequency hopping
	Multi-PRB PF3 and PUSCH Type2: yes
PUSCH Type1: both yes and no

	CRC length
	0 or 8

	Payload size (not consider CRC)
	20, 32, 64, 128, 256, 319

	Performance metric
	With CRC: in case CRC check fail, all bits as “NACK”
Without CRC: ACK-to-NACK(1%), NACK-to-ACK(0.1%), DTX-to-ACK(1%)


A.2: Simulation results
Case 1: With 8-bit CRC (only AckMiss probability is considered, EPA, 1T2R)
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Figure A1. With 8-bit CRC, AckMiss probability vs. SNR, 1T2R, EPA, TBCC
Case 2: Without CRC (puschType1 with hopping vs. multi-RB PF3, EPA, 1T2R)
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Figure A2. Without CRC, AckMiss/NackToACK/DtxToAck probability vs. SNR, 1T2R, EPA, TBCC
Case 3: With 8-bit CRC (puschType1 with hopping vs. multi-RB PF3, 128bits, EPA, 1T8R)

[image: image10.png]With 8-bit CRC, payload = 20, 1T8R

[ —— puschType1, hopping, 20 [{
| ——1mPF3,20

AckMiss probal




  [image: image11.png]AckMiss probability

—— puschTypet, hoping, 32
— — - 2.1b PF3, per-rb power, 32
—— 2.1b PF3, per-UE power, 32

14

12 -10
SNR





[image: image12.png]With 8-bit CRC, payload = 64, 1T8R

10°

10"

— — 3D PF3, per-rb power, 64
——— 3.b PF3, per-UE power, 64 |-
— puschType1, hopping, 64

T T ;

3
0
-16 14 12 10 E) 5 4 2
SNR

1




 [image: image13.png]9 With 8-bit CRC, payload = 128, 1T8R
10
210
3
2
g
5
5
=
3
<10
—— puschType1, hopping, 128
— — 61D PF3, per-rb power, 128
. — 6-1b PF3, per-UE power, 128
10 T T T

-14 -12 -10 -8 6 -4 -2
SNR




 
Figure A3. With 8-bit CRC, AckMiss probability vs. SNR, 1T8R, EPA, TBCC











































































