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A new WI was agreed at RAN #66 plenary meeting to support LTE carrier aggregation beyond 5 carriers [1]. In this contribution, we discuss design options of new PUCCH format to support up to 32 DL component carriers. 
New PUCCH format design
Design options
To support carrier aggregation with up to 32 CCs, UCI payload size will be significantly increased. For example, the HARQ-ACK bits could be up to 64 bits in case of FDD PCell and up to 128 bits in case of TDD PCell except for TDD UL/DL configuration 5 as the HARQ reference timing.  If all 128 HARQ-ACK bits are sent over PUCCH on a single UL CC, current PUCCH format 3 which supports up to 22 bits is not sufficient. 
It is important to remember in the design of HARQ feedback that DL CA is a feature not only to reach peak data rates on paper, but mainly to increase the data rate of the UE in the whole cell coverage area. Therefore, it is imperative to determine what SNR the HARQ feedback should be supported so that a target is set on what coverage area DL CA can be operated within. This is to enable that a sufficient number of UEs can operate DL CA. 
Depending on the supported SNR, there are several options to design the HARQ-ACK feedback on one single UL CC. 
Option 1: Multiple PUCCH format 3
One straightforward way could be to use more resources, i.e., to carry more HARQ-ACK bits on PUCCH by using multiple PUCCH format 3. For example, a UE can use PUCCH format 3 on multiple PRBs and/or use PUCCH format 3 with multiple OCCs to transmit more HARQ-ACK bits. Alternatively, tail biting convolutional code (TBCC) can be used instead of dual RM code to improve link performance for large payload. This option can flexibly utilize the PUCCH resources and has good compatibility and multiplexing capability with legacy PUCCH format 3. The resource allocation for PUCCH format 3 can be largely reused and hence it has minimum standards impacts. However, using multiple PRBs or OCCs can significantly increase the Cubic Metric (CM) as shown in 2.2.
Option 2: PUSCH-like design
Another option is to use PUSCH-like structure for large PUCCH payload. With this option, one or more PRB is needed for a UE without multiplexing capability. This option is less flexible on utilizing the resources comparing to option 1 multiple PF3. 
Option 3: HARQ-ACK bundling 
Another option is to use bundling for the HARQ-ACK bits to have a reasonable payload size even for aggregating 32 DL CCs. Spatial bundling has been already adopted in TDD to squeeze the HARQ-ACK feedback on limited PUCCH resources. Similar principle could be adopted for the case with up to 32 CCs. Besides spatial bundling across codewords, the bundling can be done across time and/or frequency to further compress the HARQ-ACK payload size if needed. The bundling could be done based on carrier grouping as discussed in [2]. Continuous carrier in the same band could be configured as one aggregation group and HARQ-ACK feedback for all DL CCs in one aggregation group could be bundled together. A potential framework is to support up to 8 groups and up to 8 CCs per group so that PUCCH format 3 could be largely reused. This approach should be adopted if the determined operating SNR for DL CA is low. It can also be combined with the first two options.
Proposal:
· Study the supported UL SNR.
· Depending on the supported SNR, several options can be considered to transmit large HARQ-ACK payload on PUCCH: multiple PUCCH format 3 (alternatively with TBCC), PUSCH-like design and/or HARQ-ACK bundling. 

When a UE is UL CA capable and there are multiple PUCCH transmissions in UL, cell grouping can be adopted as illustrated in Figure 1. The HARQ-ACK feedback for serving cells belonging to a group is sent on the PUCCH-SCell for this group. The three options discussed above can be adopted here if HARQ-ACK payload is still large on each PUCCH cell. Otherwise, current PUCCH format 3 can be reused. 
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[bookmark: _Ref416166036]Figure 1 Cell grouping
[bookmark: _Ref416164921]Performance evaluation
Herein, we provide initial link level simulations on the two design options discussed above, i.e., multiple PUCCH format 3 and PUSCH-like design. 
Multiple PUCCH format 3 design
The required SNR for multiple PUCCH format 3 is shown in Figure 2 assuming equal total Tx power for multiple PRBs and multiple OCCs. The required SNR assuming no power limitation is shown in Figure 7 in Annex. Since PUCCH should be designed for coverage, we focus on link performance assuming equal total Tx power as shown in Figure 2. It can be observed that for a given block length, multiple OCCs outperforms multiple PRBs by roughly 1-2 dB. The reason is that reduced DMRS power spectrum density for multiple PRBs results in worse channel estimating than multiple OCCs case. It can be also observed that increased payload requires higher SNR. For example, 6-10 dB higher SNR is required to support payload size of 110 bits comparing to PUCCH format 3. Hence, it is of importance to study the UL SNR and required UL coverage.
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[bookmark: _Ref416167503]Figure 2 Required SNR for multiple PUCCH format 3 (multi PRBs vs multi OCCs)
Observation:
· Using multiple PUCCH format 3 solution, it is obvious that increased payload size requires higher SNR and hence it is important to study the required UL SNR
· Assuming equal total Tx power, multiple OCCs outperforms multiple PRBs by 1-2 dB due to a better channel estimation 

The performance of dual RM and convolutional code for multiple PRBs is provided in Figure 3. It can be observed that TBCC outperforms dual RM code. There is an increased advantage with TBCC compared to dual RM for increased PUCCH payload size. The same advantage with TBCC can be observed for multiple OCCs as shown in Figure 4. Hence, it is preferred to adopt TBCC for the new PUCCH format design.
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[bookmark: _Ref416176276]Figure 3 Required SNR for multiple PUCCH format 3 (multiple PRBs) using RM vs TBCC 
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[bookmark: _Ref416446094]Figure 4 Required SNR for multiple PUCCH format 3 (multiple OCCs) using RM vs TBCC 
Observation:
· There is an increased advantage with TBCC compared to dual RM for increased PUCCH payload size.
Proposal:
· Adopt TBCC for the new PUCCH format design.

The Cubic Metric (CM) is studied according to [3] for both multiple PRBs and mutilple OCCs as given in Figure 5. It can be seen that with increased number of PRBs or OCCs the CM becomes undesirbly high. 
[image: ][image: ]
[bookmark: _Ref416168641]Figure 5 Measured Cubic Metric (CM) increase with # PRBs and # OCCs
Observation:
· The Cubic Metric increases significantly with number of PRBs and OCCs for multiple PUCCH format 3 solution.
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PUSCH-like design
The required SNR for PUSCH-like design is shown in Figure 6 in comparison with multiple OCC design option. Two options of PUSCH-like design are evaluated, i.e. 1 DMRS per slot and 2 DMRS per slot. Tail biting convolutional code is applied for all options in the figure for large HARQ-ACK payload. It can be observed that PUSCH-like design outperforms multiple OCC by roughly 1dB. In addition, there is no issue with increased CM with PUSCH-like design.
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[bookmark: _Ref416446536]Figure 6 Required SNR for PUSCH-like design vs. multiple PUCCH format 3 (multi-OCC)
Observation:
· PUSCH-like design outperforms multiple OCC design by roughly 1dB for large HARQ-ACK payload.
Periodic CSI 
Regarding periodic CSI, it is not necessary to further enhance the capacity on PUCCH due to more DL CCs. It can be expected that a large number of DL CCs are used mainly to expand the data rate, i.e. if the eNB has large amount of DL data to schedule to UE, the eNB will utilise many DL SCells. Correspondlingly the DL SCells will be used for a significant time before the eNB has emptied its transmission buffer. It is very unlikely that the eNB will activate many SCells without scheduling data on them for a long period of time. Periodic CSI reports are mainly used to get a good starting point for the link adapation and scheduling. When data is being contintuously scheduled, the resolution of the periodic CSI report is not good enough for continous data scheduling. Therefore, the most practical approach would be to realy only on aperiodic CSI reports. Based on above consideration, there seems to be no need to enhance the periodic CSI for CA with a large number of DL CCs.
Proposal:
· No enhancement is needed for periodic CSI.
Conclusion
In this contribution we discussed the PUCCH format design for CA enhancements to support up to 32 carriers. The above discussion is summarized with the following proposals and observations:
Proposals:
· Study the supported UL SNR.
· Depending on the supported SNR, several options can be considered to transmit large HARQ-ACK payload on PUCCH: multiple PUCCH format 3 (alternatively with TBCC), PUSCH-like design and/or HARQ-ACK bundling. 
· Adopt TBCC for the new PUCCH format design.
· No enhancement is needed for periodic CSI.

Observations:
· Using multiple PUCCH format 3 solution, it is obvious that increased payload size requires higher SNR and hence it is important to study the required UL SNR
· Assuming equal total Tx power, multiple OCCs outperforms multiple PRBs by 1-2 dB due to a better channel estimation 
· There is an increased advantage with TBCC compared to dual RM for increased PUCCH payload size.
· The Cubic Metric increases significantly with number of PRBs and OCCs for multiple PUCCH format 3 solution.
PUSCH-like design outperforms multiple OCC design by roughly 1dB for large HARQ-ACK payload.
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[bookmark: _Ref416445147]Figure 7 Required SNR per subcarrier for multiple PUCCH format 3 (multi PRBs vs multi OCCs)
image2.emf
10 20 30 40 50 60 70 80 90 100 110

-6

-4

-2

0

2

4

6

Information bits

Total power required 

SNR [dB] for BER 1%  

EPA5, 10MHz, 2Rx, 1Tx

 

 

numOCC = 1, numPRB = 1

numOCC = 2, numPRB = 1

numOCC = 1, numPRB = 2

numOCC = 3, numPRB = 1

numOCC = 1, numPRB = 3

numOCC = 4, numPRB = 1

numOCC = 1, numPRB = 4

numOCC = 5, numPRB = 1

numOCC = 1, numPRB = 5


image3.emf
10 20 30 40 50 60 70 80 90 100 110

-6

-4

-2

0

2

4

6

8

Information bits

Total power required 

SNR [dB] for BER 1%  

ETU70, 10MHz, 2Rx, 1Tx

 

 

numOCC = 1, numPRB = 1

numOCC = 2, numPRB = 1

numOCC = 1, numPRB = 2

numOCC = 3, numPRB = 1

numOCC = 1, numPRB = 3

numOCC = 4, numPRB = 1

numOCC = 1, numPRB = 4

numOCC = 5, numPRB = 1

numOCC = 1, numPRB = 5


image4.emf
10 20 30 40 50 60 70 80 90 100 110

-6

-4

-2

0

2

4

6

Information bits

Total power required SNR [dB] for BER 1%

EPA5, 10MHz, 2RX, 1Tx

 

 

codetype = 'RM-dual', numPRB = 1

codetype = 'RM-dual', numPRB = 2

codetype = 'RM-dual', numPRB = 3

codetype = 'RM-dual', numPRB = 4

codetype = 'RM-dual', numPRB = 5

codetype = 'Convolutional', numPRB = 1

codetype = 'Convolutional', numPRB = 2

codetype = 'Convolutional', numPRB = 3

codetype = 'Convolutional', numPRB = 4

codetype = 'Convolutional', numPRB = 5


image5.emf
10 20 30 40 50 60 70 80 90 100 110

-6

-4

-2

0

2

4

6

8

Information bits

Total power required SNR [dB] for BER 1%

ETU70, 10MHz, 2Rx, 1Tx

 

 

codetype = 'RM-dual', numPRB = 1

codetype = 'RM-dual', numPRB = 2

codetype = 'RM-dual', numPRB = 3

codetype = 'RM-dual', numPRB = 4

codetype = 'RM-dual', numPRB = 5

codetype = 'Convolutional', numPRB = 1

codetype = 'Convolutional', numPRB = 2

codetype = 'Convolutional', numPRB = 3

codetype = 'Convolutional', numPRB = 4

codetype = 'Convolutional', numPRB = 5


image6.emf
10 20 30 40 50 60 70 80 90 100 110

-6

-5

-4

-3

-2

-1

0

1

2

3

4

Information bits

Required SNR per subcarrier [dB] for BER 1%

EPA5, 10MHz, 2Rx, 1Tx

 

 

codetype = 'RM-dual', numOCC = 1

codetype = 'RM-dual', numOCC = 2

codetype = 'RM-dual', numOCC = 3

codetype = 'RM-dual', numOCC = 4

codetype = 'RM-dual', numOCC = 5

codetype = 'Convolutional', numOCC = 1

codetype = 'Convolutional', numOCC = 2

codetype = 'Convolutional', numOCC = 3

codetype = 'Convolutional', numOCC = 4

codetype = 'Convolutional', numOCC = 5


image7.emf
10 20 30 40 50 60 70 80 90 100 110

-6

-4

-2

0

2

4

6

Information bits

Required SNR per subcarrier [dB] for BER 1%

ETU70, 10MHz, 2Rx, 1Tx

 

 

codetype = 'RM-dual', numOCC = 1

codetype = 'RM-dual', numOCC = 2

codetype = 'RM-dual', numOCC = 3

codetype = 'RM-dual', numOCC = 4

codetype = 'RM-dual', numOCC = 5

codetype = 'Convolutional', numOCC = 1

codetype = 'Convolutional', numOCC = 2

codetype = 'Convolutional', numOCC = 3

codetype = 'Convolutional', numOCC = 4

codetype = 'Convolutional', numOCC = 5


image8.png
Cubic Metrc for DS (4E)

ETUS, 10MHz, 2R, 1T, idealloiseEst, fied TxPover, 130147

s
+

5 g

25 %

2
—S—ninfo = 12, ramPRE = |

is ——ninfo = 24, rmPRB =2
- ninfo = 35, rmPRB =3
—*—rinfo = 45, rmPRB = 4
—+— ninfo = 60, rumPRE =5

| H R

T 5 2 25 3 35 0 s

Number of PRE





image9.png
Cubic Metrc for DS (4E)

s

25

ETUS, 10MHz, 2R, 1T, idealloiseEst

 foee TuPower, 130134

T

*

)

X
——ninfa
——ninfo
—&—ninfo

) —+—ninfo

——ninfo

02 o4 08 08 1
Number of PRE

Tz 14 18 18 2




image10.emf
95 100 105 110 115

1.5

2

2.5

3

3.5

4

Information bits

Required SNR per subcarrier [dB] for BER 1%

EPA5, 10MHz, 2Rx, 1Tx

 

 

PUSCH-like, TBCC, 2 RS per slot

PUSCH-like, TBCC, 1 RS per slot

Multi-OCC, TBCC, numOCC = 5


image11.emf
95 100 105 110 115

3

3.5

4

4.5

5

5.5

Information bits

Required SNR per subcarrier [dB] for BER 1%

ETU70, 10MHz, 2Rx, 1Tx

 

 

PUSCH-like, TBCC, 2 RS per slot

PUSCH-like, TBCC, 1 RS per slot

Multi-OCC, TBCC, numOCC = 5


image12.png
EPAS, 10MHz, 2Rx, 1Tx

Required SNR per subarrier [dB] for BER 1%

10 20 3 4 s 6 70 8 9% 100 110
Information bits




image13.png
Required SNR per subarrier [dB] for BER 1%

ETU 70, 10MHz, 2RX, 1Tx

—&— numOCC= 1,
—&— numocC = 2,
—5— numOCC = 1,
—&— numOCC = 3,
s numOCC = 1,
—&— numocc = 4,
—>— numOCC = 1,
—&— numOCC = 5,
s numOCC = 1,

10

20 30 40 50 60 70
Information bits

80

%

100

110




image1.png
PUCCH cell group 1 PUCCH cell group 2

PCell PUCCH-SCell





