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1. Introduction

In last RAN1#60bis meeting, some evaluations [1-8] had been performed to compare several methods of ACK/NACK multiplexing and the following was concluded;
Agreement: Exclude from further consideration the following schemes:

-
SF reduction to 1

-
Multiple simultaneous PUCCH transmission for A/N in multiple non-adjacent PRBs

Working assumption: For FDD, cross-carrier A/N bundling is not supported for the non-power-limited case.
The following is agreed for at least FDD: 

-
Maximum 10 A/N bits shall be supported
FFS: 12 bits if DTX is explicitly indicated

-
Optimisation shall be for M to N bits where M<N<10

Continue evaluation on this basis until RAN1#61.
This contribution provides the discussions and evaluation results for several candidates for ACK/NACK multiplexing.
2. Discussions
We discuss several approaches as CA PUCCH formats to support multiple A/N bits [1-8].
2.1 Channel Selection

Format 1b based channel selection has been suggested. In principle, Rel-8 TDD channel selection mapping can be reused for 2 and 3 A/N bits by using two and three PUCCH resources, respectively. For 4 A/N bits, Rel-8 principle could not be used since some A/N states are shared each other. To support up to 10 A/N bits for FDD, the required PUCCH resources are exponentially increased.
2.2 NxPUCCH (within Same PRB)

Multiple simultaneous PUCCH transmission in non-adjacent PRBs was precluded in last meeting due to the issues of inter-modulation distortion and out-of-band emission. The issue can be alleviated by locating multiple PUCCHs in a same PRB or in adjacent PRBs. However, the CM value is still increased by a function of the number of PUCCH resources. To locate multiple PUCCHs in adjacent PRBs might require another restriction to ensure the different combinations of CS and OC resources since the same waveforms would result in extremely high CM values. In that sense, NxPUCCH in a same PRB only seems to be reasonable in simultaneous PUCCH transmission.
2.3 SF (Spreading Factor) Reduction to 2

By reducing SF from 4 to 2, the symbol space can be increased from 1 to 4. The maximum A/N bits to be carried would be 8 bits. One advantage would be relatively small multiplexing capacity loss to Rel-8 PUCCH format 1b. For example, multiplexing capacity in a PRB becomes 12 with 
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. However, it may not be multiplexed with Rel-8 PUCCH format 1/1a/1b in a same PRB. A treatment may be necessary in the second slot in order not to lose multiplexing capacity in shortened format. An example is illustrated in Figure 1.
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(a) Slot 0                                                                        (b) Slot 1
Figure 1 SF reduction to 2, Normal CP, Shortened format
2.3 Hybrid SF Reduction to 2

Hybrid approaches in conjunction with SF reduction may be further considered to exploit channel coding gain by extending symbol spaces. The symbol space of SF reduction in combination with 2xPUCCHs would become 8 while the multiplexing capacity is reduced to 6 in 
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. We have two options with hybrid SF reduction;
· NxPUCCH + SF reduction

· 8PSK based channel selection [9] + SF reduction
2.4 PUCCH Format2 basis

The Rel-8 PUCCH format 2 for CSI feedback can be used as a CA PUCCH format. The maximum supportable A/N bits would be up to 13 bits as defined in Rel-8. It can be integrated with Rel-8 PUCCH format 1/1a/1b in a same PRB by means of different cyclic shifts as already defined in Rel8. To support large payload for TDD or for further extension, several alternatives have been proposed so far [9-11]. However, for 11, 12, and 13 bits with Rel-8 PUCCH format 2, the performance would be degraded since the effective channel coding gain is larger than 0.5. In addition, two coded bits in last SC-FDMA symbol will be punctured and lost with shortened format.
2.5 DFT basis with CDM/FDM

DFT basis with CDM/FDM has been proposed. The SF (spreading factor) is dependent on the number of RS symbols. A single RS symbol (SF=6 for CDM in normal CP) seems not to be desirable in inter-cell interference randomization perspective since the PUCCH is likely to be interference limited channel. The larger payload more than 10 A/N bits can be achieved for TDD or for further extension. The multiplexing capacity will be 10 by using different orthogonal cover and subcarriers with SF=5. It can be also integrated with Rel-8 PUCCH format 1/1a/1b in a same PRB by means of different OC which is similar to the multiplexing of format 1/1a/1b and format 2. An example for DFT basis with CDM/FDM is shown in Figure 2.
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Figure 2 DFT basis with CDM/FDM (FDM=2)
3. Simulation
The performance comparison for above A/N multiplexing schemes will be made in this chapter via link level simulation. The basic simulation parameters and link level simulation results are shown in Annex. The false alarm threshold at receiver was set such that Pr(DTX->ACK)<=1%. The false alarm detection was performed using all available RS and data symbols and the practical noise estimation was assumed. The probability of ACK events was assumed as 75%. The cyclic shift distance was assumed as 
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. The required SNR was determined to fulfil the following performance requirements;
· Pr(DTX->ACK) <= 1%

· Pr(ACK->NAK or DTX)<=1%

· Pr(NAK->ACK)<=0.1%

A simple codebook was assumed as following;
· ACK is mapped into bit ‘1’.
· NAK or DTX is mapped into bit ‘0’.

Two performance metrics were considered; 
· Receiver sensitivity [dBm]: to study performance requirement
· Receiver sensitivity considering resource overhead [dBm]: to further consider resource overhead which is associated with multiplexing capacity
 A resource overhead to Rel-8 was defined as (multiplexing capacity of Rel-8 PUCCH)/(multiplexing capacity). For example, assuming 
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, the resource overhead to Rel-8 for SF reduction to 2 is 1.5 (=18/12).
Figure 3 and Figure 4 show receiver sensitivity and receiver sensitivity considering resource overhead, respectively. The term of FDM=1 means that all subcarriers are used for an UE and the term of FDM=2 means that every other subcarriers are used for an UE as seen in Figure 2. From the simulation results, we found that;
· Without considering resource overhead,
· All schemes are feasible in 2 A/N bits although the scenario is quite limited. For instance, two PDCCHs are transmitted and each corresponding PDSCH has a single codeword.
· SF reduction to 2 is not feasible in >=5 A/N bits due to the fact that the effective coding rate is larger than 0.5.

· For >=6 A/N bits, DFT basis with SF=4 and SF=5 show the best performances.
· With considering resource overhead,

· In general, DFT basis of FDM=2 with SF=5 and SF=4 shows good performances in all ranges.
· It is noted that the integration with Rel-8 format 1/1a/1b in a same PRB is possible with SF=4.
· For A/N bits from 2 to 4, SF reduction to 2 also shows good performance.

· The performance gain is remarkable particularly in 2 A/N bits.
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Figure 3 Receiver sensitivity for several CA PUCCH formats
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Figure 4 Receiver sensitivity considering resource overhead for several CA PUCCH formats
4. Conclusions
 In this contribution, the performances for several CA PUCCH formats were studied as receiver sensitivity requirement. In addition, further consideration in conjunction with multiplexing capacity was also addressed. The simulation results showed that DFT basis with CDM/FDM is a good choice in overall A/N bit region. Particularly for <= 4 A/N bits, SF reduction is also good choice considering both the performances and the resource overhead. As a conclusion, we suggest the following two options;

· Option 1: Introducing total two CA PUCCH formats for simplicity
· Rel-8 PUCCH format 1a/1b for backward compatibility to support up to 2 A/N bits
· DFT basis with FDM=2

· Option 2: Introducing total three CA PUCCH formats to further optimize the performances in particular ranges
· Rel-8 PUCCH format 1a/1b for backward compatibility to support up to 2 A/N bits

· SF reduction in small A/N bit size (eg. from 2 to 4)

· DFT basis with FDM=2 for other ranges
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Annex 

The general simulation parameters are shown in Table 1. 
Table 1 General simulation parameters

	Parameters
	Assumptions

	Carrier frequency
	2GHz

	System BW
	5MHz

	CP configuration
	Normal CP

	UE speed
	3km/h

	Channel model
	ETU

	Number of UEs in a cell
	1

	Number of Tx/Rx antennas
	1Tx-2Rx (uncorrelated)

	Frequency hopping in slot level
	ON

	A/N bit range
	2~10 bits

	Channel estimation
	Practical
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	Transmission bandwidth
	90kHz, 180kHz

	False alarm detection threshold setting
	Such that Pr(DTX->ACK)<=1%

	Noise estimation
	Practical

	Probability of ACK events
	75%


The used channel coding schemes are
· Channel selection, SF reduction, NxPUCCH, Rel-8 format 1b : Uncoded

· Format 2 : (20,O) RM code [12]

· DFT basis with FDM=1 : (32,O) RM code [12] with circular buffer rate matching
· DFT basis with FDM=2, Nx+SF2, ChSel+SF2 : (20,O) RM code [12] with circular buffer rate matching

Power back-off values for NxPUCCH were assumed as 1.0, 1.7, 2.1, and 2.3 dB, respectively, for N=2, 3, 4, and 5.

The link level simulation results from 2 to 10 A/N bits are listed below;

[image: image11.emf]2 A/N bits ChSel Format2 DFT,SF=4,FDM=1 DFT,SF=5,FDM=1 DFT,SF=4,FDM=2 DFT,SF=5,FDM=2 NxPUCCH SF2 Nx(QPSK)+SF2 ChSel(8PSK)+SF2 Rel8 format1b

UE power [dBm] 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00

Tx BW [kHz] 180.00 180.00 180.00 180.00 90.00 90.00 180.00 180.00 180.00 180.00 180.00

Thermal noise [dBm/Hz] -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00

Noise figure [dB] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Noise power [dBm] -119.45 -119.45 -119.45 -119.45 -122.46 -122.46 -119.45 -119.45 -119.45 -119.45 -119.45

Tx power back off [dB] 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 0.00 0.00

Required SNR for requirements [dB] -5.95 -5.57 -4.53 -4.80 -2.69 -2.37 -6.17 -6.45 -5.33 -5.30 -5.68

Resource overhead to Rel-8 2.00 3.00 4.50 3.60 2.25 1.80 2.00 1.50 3.00 3.00 1.00

Receiver sensitivity [dBm] -125.40 -125.02 -123.98 -124.24 -125.14 -124.83 -124.62 -125.89 -123.78 -124.75 -125.12

Receiver sensitivity considering resource overhead [dBm] -122.39 -120.25 -117.45 -118.68 -121.62 -122.28 -121.61 -124.13 -119.01 -119.98 -125.12


[image: image12.emf]3 A/N bits ChSel Format2 DFT,SF=4,FDM=1 DFT,SF=5,FDM=1 DFT,SF=4,FDM=2 DFT,SF=5,FDM=2 NxPUCCH SF2 Nx(QPSK)+SF2 ChSel(8PSK)+SF2

UE power [dBm] 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00

Tx BW [kHz] 180.00 180.00 180.00 180.00 90.00 90.00 180.00 180.00 180.00 180.00

Thermal noise [dBm/Hz] -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00

Noise figure [dB] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Noise power [dBm] -119.45 -119.45 -119.45 -119.45 -122.46 -122.46 -119.45 -119.45 -119.45 -119.45

Tx power back off [dB] 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 0.00

Required SNR for requirements [dB] -5.36 -5.56 -4.55 -4.68 -2.34 -2.32 -4.27 -4.23 -5.41 -5.35

Resource overhead to Rel-8 3.00 3.00 4.50 3.60 2.25 1.80 2.00 1.50 3.00 3.00

Receiver sensitivity [dBm] -124.80 -125.01 -124.00 -124.13 -124.79 -124.78 -122.71 -123.68 -123.86 -124.79

Receiver sensitivity considering resource overhead [dBm] -120.03 -120.23 -117.47 -118.57 -121.27 -122.22 -119.70 -121.92 -119.09 -120.02


[image: image13.emf]4 A/N bits ChSel Format2 DFT,SF=4,FDM=1 DFT,SF=5,FDM=1 DFT,SF=4,FDM=2 DFT,SF=5,FDM=2 NxPUCCH SF2 Nx(QPSK)+SF2 ChSel(8PSK)+SF2

UE power [dBm] 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00

Tx BW [kHz] 180.00 180.00 180.00 180.00 90.00 90.00 180.00 180.00 180.00 180.00

Thermal noise [dBm/Hz] -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00

Noise figure [dB] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Noise power [dBm] -119.45 -119.45 -119.45 -119.45 -122.46 -122.46 -119.45 -119.45 -119.45 -119.45

Tx power back off [dB] 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 0.00

Required SNR for requirements [dB] -5.07 -4.68 -3.99 -3.61 -1.16 -1.11 -4.07 -4.03 -4.72 -4.26

Resource overhead to Rel-8 4.00 3.00 4.50 3.60 2.25 1.80 2.00 1.50 3.00 3.00

Receiver sensitivity [dBm] -124.52 -124.13 -123.44 -123.06 -123.61 -123.57 -122.52 -123.48 -123.17 -123.71

Receiver sensitivity considering resource overhead [dBm] -118.50 -119.36 -116.90 -117.50 -120.09 -121.02 -119.51 -121.72 -118.40 -118.93


[image: image14.emf]5 A/N bits ChSel Format2 DFT,SF=4,FDM=1 DFT,SF=5,FDM=1 DFT,SF=4,FDM=2 DFT,SF=5,FDM=2 NxPUCCH SF2 Nx(QPSK)+SF2 ChSel(8PSK)+SF2

UE power [dBm] 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00

Tx BW [kHz] 180.00 180.00 180.00 180.00 90.00 90.00 180.00 180.00 180.00 180.00

Thermal noise [dBm/Hz] -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00

Noise figure [dB] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Noise power [dBm] -119.45 -119.45 -119.45 -119.45 -122.46 -122.46 -119.45 -119.45 -119.45 -119.45

Tx power back off [dB] 0.00 0.00 0.00 0.00 0.00 0.00 1.70 0.00 1.00 0.00

Required SNR for requirements [dB] -3.71 -4.32 -3.63 -3.55 0.24 -0.42 -3.12 0.59 -4.00 -2.81

Resource overhead to Rel-8 8.00 3.00 4.50 3.60 2.25 1.80 3.00 1.50 3.00 3.00

Receiver sensitivity [dBm] -123.16 -123.76 -123.08 -123.00 -122.22 -122.87 -120.87 -118.86 -122.45 -122.26

Receiver sensitivity considering resource overhead [dBm] -114.13 -118.99 -116.55 -117.43 -118.70 -120.32 -116.10 -117.09 -117.68 -117.49


[image: image15.emf]6 A/N bits ChSel Format2 DFT,SF=4,FDM=1 DFT,SF=5,FDM=1 DFT,SF=4,FDM=2 DFT,SF=5,FDM=2 NxPUCCH SF2 Nx(QPSK)+SF2 ChSel(8PSK)+SF2

UE power [dBm] 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00

Tx BW [kHz] 180.00 180.00 180.00 180.00 90.00 90.00 180.00 180.00 180.00 180.00

Thermal noise [dBm/Hz] -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00

Noise figure [dB] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Noise power [dBm] -119.45 -119.45 -119.45 -119.45 -122.46 -122.46 -119.45 -119.45 -119.45 -119.45

Tx power back off [dB] 0.00 0.00 0.00 0.00 0.00 0.00 1.70 0.00 1.00 0.00

Required SNR for requirements [dB] -2.63 -2.06 -3.63 -3.50 0.25 -0.22 -2.91 1.73 -3.25 -1.79

Resource overhead to Rel-8 16.00 3.00 4.50 3.60 2.25 1.80 3.00 1.50 3.00 3.00

Receiver sensitivity [dBm] -122.08 -121.51 -123.08 -122.94 -122.21 -122.67 -120.65 -117.72 -121.70 -121.24

Receiver sensitivity considering resource overhead [dBm] -110.04 -116.74 -116.55 -117.38 -118.68 -120.12 -115.88 -115.96 -116.93 -116.47


[image: image16.emf]7 A/N bits ChSel Format2 DFT,SF=4,FDM=1 DFT,SF=5,FDM=1 DFT,SF=4,FDM=2 DFT,SF=5,FDM=2 NxPUCCH SF2 Nx(QPSK)+SF2 ChSel(8PSK)+SF2

UE power [dBm] 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00

Tx BW [kHz] 180.00 180.00 180.00 180.00 90.00 90.00 180.00 180.00 180.00 180.00

Thermal noise [dBm/Hz] -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00

Noise figure [dB] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Noise power [dBm] -119.45 -119.45 -119.45 -119.45 -122.46 -122.46 -119.45 -119.45 -119.45 -119.45

Tx power back off [dB] 0.00 0.00 0.00 0.00 0.00 0.00 2.10 0.00 1.00 0.00

Required SNR for requirements [dB] -0.69 -1.95 -2.61 -3.02 0.96 0.66 -2.29 2.29 -2.17 -0.82

Resource overhead to Rel-8 32.00 3.00 4.50 3.60 2.25 1.80 4.00 1.50 3.00 3.00

Receiver sensitivity [dBm] -120.14 -121.40 -122.06 -122.47 -121.50 -121.80 -119.63 -117.16 -120.62 -120.27

Receiver sensitivity considering resource overhead [dBm] -105.09 -116.63 -115.53 -116.91 -117.97 -119.25 -113.61 -115.40 -115.85 -115.50


[image: image17.emf]8 A/N bits ChSel Format2 DFT,SF=4,FDM=1 DFT,SF=5,FDM=1 DFT,SF=4,FDM=2 DFT,SF=5,FDM=2 NxPUCCH SF2 Nx(QPSK)+SF2 ChSel(8PSK)+SF2

UE power [dBm] 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00 23.00

Tx BW [kHz] 180.00 180.00 180.00 180.00 90.00 90.00 180.00 180.00 180.00 180.00

Thermal noise [dBm/Hz] -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00

Noise figure [dB] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Noise power [dBm] -119.45 -119.45 -119.45 -119.45 -122.46 -122.46 -119.45 -119.45 -119.45 -119.45

Tx power back off [dB] 0.00 0.00 0.00 0.00 0.00 0.00 2.10 0.00 1.00 0.00

Required SNR for requirements [dB] 0.65 -1.47 -2.18 -2.20 2.38 1.94 -1.79 2.65 -0.84 0.98

Resource overhead to Rel-8 64.00 3.00 4.50 3.60 2.25 1.80 4.00 1.50 3.00 3.00

Receiver sensitivity [dBm] -118.80 -120.92 -121.63 -121.65 -120.08 -120.52 -119.14 -116.80 -119.29 -118.47

Receiver sensitivity considering resource overhead [dBm] -100.74 -116.15 -115.09 -116.08 -116.56 -117.96 -113.12 -115.04 -114.52 -113.70


[image: image18.emf]9 A/N bits ChSel Format2 DFT,SF=4,FDM=1 DFT,SF=5,FDM=1 DFT,SF=4,FDM=2 DFT,SF=5,FDM=2 NxPUCCH SF2 Nx(QPSK)+SF2 ChSel(8PSK)+SF2

UE power [dBm] 23.00 23.00 23.00 23.00 23.00 23.00 23.00 N/A 23.00 23.00

Tx BW [kHz] 180.00 180.00 180.00 180.00 90.00 90.00 180.00 N/A 180.00 180.00

Thermal noise [dBm/Hz] -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 N/A -174.00 -174.00

Noise figure [dB] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 N/A 2.00 2.00

Noise power [dBm] -119.45 -119.45 -119.45 -119.45 -122.46 -122.46 -119.45 N/A -119.45 -119.45

Tx power back off [dB] 0.00 0.00 0.00 0.00 0.00 0.00 2.30 N/A 1.00 0.00

Required SNR for requirements [dB] 2.23 -1.12 -1.97 -1.69 2.85 2.56 -1.23 N/A 0.16 1.22

Resource overhead to Rel-8 128.00 3.00 4.50 3.60 2.25 1.80 5.00 N/A 3.00 3.00

Receiver sensitivity [dBm] -117.22 -120.56 -121.41 -121.13 -119.61 -119.90 -118.38 N/A -118.29 -118.23

Receiver sensitivity considering resource overhead [dBm] -96.15 -115.79 -114.88 -115.57 -116.09 -117.35 -111.39 N/A -113.52 -113.45


[image: image19.emf]10 A/N bits ChSel Format2 DFT,SF=4,FDM=1 DFT,SF=5,FDM=1 DFT,SF=4,FDM=2 DFT,SF=5,FDM=2 NxPUCCH SF2 Nx(QPSK)+SF2 ChSel(8PSK)+SF2

UE power [dBm] 23.00 23.00 23.00 23.00 23.00 23.00 23.00 N/A 23.00 23.00

Tx BW [kHz] 180.00 180.00 180.00 180.00 90.00 90.00 180.00 N/A 180.00 180.00

Thermal noise [dBm/Hz] -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 -174.00 N/A -174.00 -174.00

Noise figure [dB] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 N/A 2.00 2.00

Noise power [dBm] -119.45 -119.45 -119.45 -119.45 -122.46 -122.46 -119.45 N/A -119.45 -119.45

Tx power back off [dB] 0.00 0.00 0.00 0.00 0.00 0.00 2.30 N/A 1.00 0.00

Required SNR for requirements [dB] 5.31 -0.59 -1.16 -0.93 3.70 3.48 -1.10 N/A 1.58 2.19

Resource overhead to Rel-8 256.00 3.00 4.50 3.60 2.25 1.80 5.00 N/A 3.00 3.00

Receiver sensitivity [dBm] -114.14 -120.04 -120.60 -120.38 -118.75 -118.97 -118.25 N/A -116.87 -117.25

Receiver sensitivity considering resource overhead [dBm] -90.05 -115.27 -114.07 -114.82 -115.23 -116.42 -111.26 N/A -112.10 -112.48
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