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1. Introduction

This contribution provides the link level simulation results for several ACK/NACK multiplexing schemes discussed in last RAN1 60 [1]-[10]. The simulation results will be depicted based on agreed assumptions in e-mail reflector [11] and finally our view is described based on simulation results.
2. Simulation Set up
The link level assumption for simulation is listed in Table 1. We applied the second definition for Rx false alarm detection threshold as 
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Table 1 Link level assumption
[image: image2.emf]Parameters Value

carrier frequency 2.0 GHz

System bandwidth 5MHzfor ETU, 10 MHz for EPA

channel model ETU5Hz 5 MHz, ETU250Hz 5 MHz, EPA5Hz 10 MHz

frequency hopping

at slot boundary

antenna setup 1Tx, 2Rx

RX antenna correlation uncorrelated

channel estimation practical

CP type normal CP

signal bandwidth 180 kHz, 90kHz

RX false alarm detection threshold

or 

Note1: One error for eachfalsely generated ACK bit

Note2: Companies shall indicate which definition is used in simulations

Noise estimation Ideal

Number of UEs 1

Number of PRBs for PUCCH 1
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 The following 9 schemes were evaluated.
· Channel selection: 2, 3, 4 bits

· Enhanced channel selection: 2, 3, 4, 5, 6 bits

· SF2: 2, 3, 4 bits

· Channel selection with SF2: 4, 5, 6 bits
· PUCCH format 2 with Rel-8 RM coding: 2, 3, 4, 5, 6, 7, 8, 9, 10 bits

· PUCCH format 2 with additional interleaver on Rel-8 RM coding: 2, 3, 4, 5, 6, 7, 8, 9, 10 bits
· DFT-S-OFDM (RPF=1): 2, 3, 4, 5, 6, 7, 8, 9, 10 bits

· PUCCH format 2 with MSM (Multi-Sequence Modulation): 2, 3, 4, 5, 6, 7, 8, 9, 10 bits

· DFT-S-OFDM with FDM (RPF=2): 2, 3, 4, 5, 6, 7, 8, 9, 10 bits
It is noted that the red bold characters represent additional simulation cases which were not listed in [11].

For enhanced channel selection for two A/N bits, we used the following mapping table;
Table 2 Mapping table for enhanced channel selection for two bits
	
	Ch1
	Ch2

	
	RS
	Data
	RS
	Data

	N, N
	1
	1
	0
	0

	A, N
	0
	1
	1
	0

	N, A
	1
	0
	0
	1

	A, A
	0
	0
	1
	1


 We used the following RM coding table as seen in Table 2 with 9 row-wise cyclic shifts in upper direction from Rel-8’s one for PUCCH format 2 with additional interleaver;
Table 3 9 row-wise cyclic shifted RM from [12]
	i
	Mi,0
	Mi,1
	Mi,2
	Mi,3
	Mi,4
	Mi,5
	Mi,6
	Mi,7
	Mi,8
	Mi,9
	Mi,10
	Mi,11
	Mi,12

	0
	1
	0
	1
	1
	1
	0
	1
	0
	0
	1
	1
	1
	1

	1
	1
	0
	1
	0
	0
	1
	1
	1
	0
	1
	1
	1
	1

	2
	1
	1
	1
	0
	0
	1
	1
	0
	1
	0
	1
	1
	1

	3
	1
	0
	0
	1
	0
	1
	0
	1
	1
	1
	1
	1
	1

	4
	1
	1
	0
	1
	0
	1
	0
	1
	0
	1
	1
	1
	1

	5
	1
	0
	0
	0
	1
	1
	0
	1
	0
	0
	1
	0
	1

	6
	1
	1
	0
	0
	1
	1
	1
	1
	0
	1
	1
	0
	1

	7
	1
	1
	1
	0
	1
	1
	1
	0
	0
	1
	0
	1
	1

	8
	1
	0
	0
	1
	1
	1
	0
	0
	1
	0
	0
	1
	1

	9
	1
	1
	0
	1
	1
	1
	1
	1
	0
	0
	0
	0
	0

	10
	1
	0
	0
	0
	0
	1
	1
	0
	0
	0
	0
	0
	0

	11
	1
	1
	0
	0
	0
	0
	0
	0
	0
	0
	1
	1
	0

	12
	1
	1
	1
	0
	0
	0
	0
	0
	0
	1
	1
	1
	0

	13
	1
	0
	0
	1
	0
	0
	1
	0
	1
	1
	1
	1
	1

	14
	1
	0
	1
	1
	0
	0
	0
	0
	1
	0
	1
	1
	1

	15
	1
	1
	1
	1
	0
	0
	0
	1
	0
	0
	1
	1
	1

	16
	1
	1
	0
	0
	1
	0
	1
	1
	1
	0
	1
	1
	1

	17
	1
	0
	1
	0
	1
	0
	1
	0
	1
	1
	1
	1
	1

	18
	1
	0
	0
	1
	1
	0
	0
	1
	1
	0
	1
	1
	1

	19
	1
	1
	0
	1
	1
	0
	0
	1
	0
	1
	1
	1
	1


 For PUCCH format 2 with MSM, it is assumed that the power is split into two orthogonal resources.
 All multiple PUCCH resources such as all channel selection families and PUCCH format 2 with MSM were assumed to be located in a same PRB to ensure the best performances.
For DFT-S-OFDM with FDM, a 3dB power boosting for data region was applied while RS symbols have the same structure as Rel-8 PUCCH format 2.

 The joint ML detector using both RS and data symbols are assumed for all schemes.

 Regarding power back-off, we may categorize above schemes into the following sets;
· DFT-S based

· DFT-S-OFDM (RPF=1), DFT-S-OFDM with FDM (RPF=2)

· PUCCH format 2 with MSM [13]
· Cyclic shift distances are d=1 and d=2.

· Precoded and non-precoded MSM

· Rel-8 PUCCH format based

· Rel-8 PUCCH format 1a/1b, channel selection, enhanced channel selection, SF2, channel selection with SF2, PUCCH format 2

 The CM evaluations in subframe level with CP attachment are shown in Figure 1. In RS symbols for DFT-S-basis, we applied Rel-8 RS (ie. Computer generated sequence). The power-back off values were calculated based on CM evaluations as in Table 3. In RS symbols for DFT-S-OFDM, we assumed Rel-8 RS structure for evaluations.
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Figure 1 Cubic metric for above A/N multiplexing schemes
Table 4 Power back-off values
[image: image4.emf][dB] PUCCH DFT-S-OFDM based Precoded MSM(d=1) Precoded MSM(d=2) Non-precoded MSM(d=1) Non-precoded MSM(d=2)

min 0.22 0.25 0.27 0.26 0.50 0.98

max 1.33 1.97 2.50 2.90 2.55 2.88

mean 0.78 1.04 1.34 1.38 1.74 1.85

back-off 0.00 0.27 0.56 0.60 0.96 1.08


Therefore, we applied above power back-off values to induce required SNR for simulations results. The power back-off values for DFT-S-OFDM basis and PUCCH format 2 with MSM are, respectively, 0.27dB and 0.60dB. We also showed another evaluation results in Annex B based on the values in e-mail reflector for the purpose of simulation calibration; 0dB back-off for DFT-S-OFDM basis and 1dB back-off for PUCCH format 2 with MSM.

Finally, we have two sets for simulation;

· Set A: unequal target error requirement for A->N and N->A

· Required SNR such that Pr(DTX->ACK)<=1%, Pr(ACK->NAK/DTX)<=1%, and Pr(NAK->ACK)<=0.1%
· Set B: equal target error requirement for A->N and N->A

· Required SNR such that Pr(DTX->ACK)<=1% and Pr(ACK->NAK or NAK->ACK)<=0.5% (ie. ACK, NAK bit error rate)

We think Set A is more appropriate to compare A/N multiplexing schemes since the probability for N->A is lower than that for A->N in general. Though, we also provided the simulation Set B in Annex C for calibration purpose.
3. Simulation Results
The simulation results of required SNR by Set A such that Pr(DTX->ACK)<=1%, Pr(ACK->NAK/DTX)<=1%, and Pr(NAK->ACK)<=0.1%, are shown in Figure 1 to Figure 3 in case of EPA 5Hz with 10MHz BW, ETU5Hz with 5MHz BW, and ETU250Hz with 5MHz BW, respectively. The link curves to induce required SNR are shown in Annex A. It is noted that another results were shown in Annex B for calibration purpose with different setting of back-off values for DFT-S-OFDM and PUCCH format 2 with MSM.
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Figure 2 Required SNR[dB] according to number of A/N bits – EPA5Hz, 10MHz BW (Back-off: 0.27dB for DFT-S-OFDM basis, 0.6dB for PUCCH format 2 with MSM) – Set A
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Figure 3 Required SNR[dB] according to number of A/N bits – ETU5Hz, 5MHz BW (Back-off: 0.27dB for DFT-S-OFDM basis, 0.6dB for PUCCH format 2 with MSM) – Set A
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Figure 4 Required SNR[dB] according to number of A/N bits – ETU250Hz, 5MHz BW (Back-off: 0.27dB for DFT-S-OFDM basis, 0.6dB for PUCCH format 2 with MSM) – Set A
Observations

· In general, DFT-S-OFDM with RPF=1 shows a good performance in all A/N bit ranges.
· The PUCCH format 2 with MSM shows a good performance under high frequency selective channel in >= 5 A/N bits.
· The PUCCH format 2 with an interleaved RM can significantly enhance the performance compared to Rel-8 RM coding in >= 6 A/N bits.
· The channel selection and enhanced channel selection show good performances in low A/N bit size such as <=6 A/N bits.
4. Discussions
Multiplexing capacity is also an important criterion to select A/N multiplexing schemes in addition to performances. Multiplexing capacity for above candidates is described in Table 5. In multiplexing capacity point of view, DFT-S-OFDM with FDM shows a good capacity in all A/N bit ranges. However, the A/N detection performance seems not good enough compared to the others. The channel selection and enhanced channel selection have good multiplexing capacities for <= 3 A/N bits and for <=4 bits, respectively, while also having good performances. 
Table 5 Multiplexing capacity for A/N multiplexing schemes
	
	2A/N bits
	3A/N bits
	4A/N bits
	5A/N bits
	6A/N bits
	7A/N bits
	8A/N bits
	9A/N bits
	10A/N bits

	ChSel
	9
	9
	4
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	EnhanChSel
	9
	9
	9
	6
	4
	N/A
	N/A
	N/A
	N/A

	SF2
	12
	12
	12
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	ChSel+SF2
	N/A
	N/A
	6
	6
	3
	N/A
	N/A
	N/A
	N/A

	Format2
	6
	6
	6
	6
	6
	6
	6
	6
	6

	DFT-S(RPF=1)
	5
	5
	5
	5
	5
	5
	5
	5
	5

	Format2 w MSM
	3
	3
	3
	3
	3
	3
	3
	3
	3

	DFT-S(RPF=2)
	10
	10
	10
	10
	10
	10
	10
	10
	10


* Multiplexing capacity is defined as the number of multiplexed UEs in a PRB.
** 
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 The number of required A/N bits according to DL CC configurations is shown in Table 6. Adapting multiple PUCCH formats according to the number of A/N bits are not desirable, the CA PUCCH formats will be varying even with the same DL CC configuration. Since the number of A/N feedback can be changed depending on the number of DL codewords for a given CC configuration, adapting multiple CA PUCCHs depending on the number of A/N bits are not desirable. If different CA PUCCH formats are supported in a given DL CC configuration, it requires multiple different RRC-reserved PUCCH resources to support different PUCCH formats.
Table 6 Required A/N bits according to DL CC configurations
	
	2 DL CC CA
	3 DL CC CA
	4 DL CC CA
	5 DL CC CA

	Required A/N bits

(if DTX is not explicitly signalled.)
	2, 3, 4
	3, 4, 5, 6
	4, 5, 6, 7, 8
	5, 6, 7, 8, 9, 10

	Required A/N bits
(if DTX is explicitly signalled.)
	3, 4, 5
	5, 6, 7
	7, 8, 9, 10
	8, 9, 10, 11, 12


Based on above simulation results and discussions, we provide two options for A/N multiplexing schemes according to different criteria as follows;

· Option 1: If the case of two DL CC configuration is a higher priority, two A/N multiplexing schemes can be introduced according to the number of configured DL CCs.
· The enhanced channel selection can be a good candidate considering both link performance and multiplexing capacity in two DL CC configuration (2~4 A/N bits without explicit DTX or 3~5 A/N bits with explicit DTX).
· DFT-S-OFDM with RPF=1 or PUCCH format 2 with MSM can be a good candidate considering link performance in greater than two DL CC configuration (3~10 A/N bits without explicit DTX or 5~12 A/N bits with explicit DTX).
· Option 2: If the simple operation in UE/network and efficient resource utilization are a higher priority, only a single A/N multiplexing scheme can be introduced regardless of the number of configured DL CCs.
· DFT-S-OFDM with RPF=1 can be a good candidate considering both link performance and multiplexing capacity in all A/N bit ranges.
5. Conclusions
In this contribution, we studied link performances for several A/N multiplexing schemes with agreed simulation assumptions in the e-mail reflector [11]. It was noted that the adaptation of multiple PUCCH formats is not desirable depending on the A/N bit sizes due to format change in a given DL CC configuration as well as due to efficient resource utilization. Since we think a simple operation and efficient resource utilization in addition to link level performance should be higher priority on selecting A/N multiplexing schemes, we propose Option 2 as in chapter 4;
· A single A/N multiplexing scheme of DFT-S-OFDM with RPF=1 is introduced for CA PUCCH regardless of the number of configured DL CCs in all A/N bit ranges.
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Annex A. Link level results for A/N bits 
The link level curves are shown in Annex. The solid line, dotted line, and no-line represent, respectively, Pr(ACK->NAK/DTX), Pr(NAK->ACK), and Pr(DTX->ACK). It is noted that the back-off was not applied in link curves but applied in calculating required SNR.
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ETU5Hz, 5MHz

[image: image18.emf]-12 -11 -10 -9 -8 -7 -6

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU5,5MHz,2A/Nbits

 

 

ChSel

EnhChSel

SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)

[image: image19.emf]-12 -11 -10 -9 -8 -7 -6 -5

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU5,5MHz,3A/Nbits

 

 

ChSel

EnhChSel

SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


[image: image20.emf]-12 -11 -10 -9 -8 -7 -6 -5 -4

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU5,5MHz,4A/Nbits

 

 

ChSel

EnhChSel

SF2

ChSel+SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)

[image: image21.emf]-12 -11 -10 -9 -8 -7 -6 -5 -4 -3

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU5,5MHz,5A/Nbits

 

 

EnhChSel

ChSel+SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


[image: image22.emf]-12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU5,5MHz,6A/Nbits

 

 

EnhChSel

ChSel+SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)

[image: image23.emf]-12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU5,5MHz,7A/Nbits

 

 

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


[image: image24.emf]-12 -10 -8 -6 -4 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU5,5MHz,8A/Nbits

 

 

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)

[image: image25.emf]-12 -10 -8 -6 -4 -2 0

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU5,5MHz,9A/Nbits

 

 

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


[image: image26.emf]-12 -10 -8 -6 -4 -2 0 2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU5,5MHz,10A/Nbits

 

 

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


ETU250Hz, 5MHz

[image: image27.emf]-12 -11 -10 -9 -8 -7 -6

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU250,5MHz,2A/Nbits

 

 

ChSel

EnhChSel

SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)

[image: image28.emf]-12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU250,5MHz,3A/Nbits

 

 

ChSel

EnhChSel

SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


[image: image29.emf]-12 -10 -8 -6 -4 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU250,5MHz,4A/Nbits

 

 

ChSel

EnhChSel

SF2

ChSel+SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)

[image: image30.emf]-12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU250,5MHz,5A/Nbits

 

 

EnhChSel

ChSel+SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


[image: image31.emf]-12 -10 -8 -6 -4 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU250,5MHz,6A/Nbits

 

 

EnhChSel

ChSel+SF2

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)

[image: image32.emf]-12 -10 -8 -6 -4 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU250,5MHz,7A/Nbits

 

 

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


[image: image33.emf]-12 -10 -8 -6 -4 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU250,5MHz,8A/Nbits

 

 

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)

[image: image34.emf]-12 -10 -8 -6 -4 -2

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU250,5MHz,9A/Nbits

 

 

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


[image: image35.emf]-12 -10 -8 -6 -4 -2 0

10

-4

10

-3

10

-2

10

-1

10

0

SNR[dB]

Probability

ETU250,5MHz,10A/Nbits

 

 

Format2-Rel8RM

Format2-9RowCSRM

DFT-S(RPF=1)

Format2+MSM

DFT-S(RPF=2)


Annex B. Required SNR for simulation calibration – Set A with different power back-off value
The simulation results for calibration purpose based on agreed simulation assumption [11] are shown as follows. The power back-offs for DFT-S-OFDM basis and PUCCH format 2 with MSM were assumed as 0dB and 1dB, respectively.
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Annex C. Required SNR for simulation calibration – Set B
The simulation results of required SNR such that Pr(DTX->ACK)<=1% and A/N BER<=0.5% (Set B), are provided for calibration purpose. The power back-off for DFT-basis and PUCCH format 2 with MSM are assumed as 0.27dB and 0.6dB, respectively.
EPA5Hz, 10MHz
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