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1. Introduction

Several decisions have been made in previous RAN1 meetings regarding PUCCH for carrier aggregation (CA):

· Rel10 design supports up to 5 DL CC

· Consider extendibility to larger number of DL CC in the future

· All A/N for a UE can be transmitted on PUCCH in absence of PUSCH transmission

· Support mapping onto one UE specific UL CC

· One A/N for each DL CC transport block should be supported

· Limited A/N transmission for the DL CC transport blocks should be supported for power limitation

· Exact method for A/N resource allocation is FFS

· Do not optimize the A/N feedback for multiple DL CC assuming large number of UEs being simultaneously scheduled on multiple DL CC 

· Consider performance and power control issues (CM, BER...) 

· Simultaneous A/N on PUCCH transmission from 1 UE on multiple UL CCs is not supported 

· A single UE-specific UL CC is configured semi-statically for carrying PUCCH A/N 

· Note that this agreement is unrelated to which DL CCs may carry PDCCH for a UE. 

· Method for assigning PUCCH resource(s) for a UE on the above single UL carrier in case of carrier aggregation

· Implicit / Explicit / Hybrid: FFS

· Note that for a CA-capable UE that is configured for single UL/DL carrier-pair operation, single-antenna PUCCH resource assignment shall be done as per Rel-8.
The present contribution considers performance of different CA ACK/NAK transmission approaches.
2. CA A/N Transmission Approaches

For carrier aggregation, A/N transmission schemes shall be designed to feed back {2, 3, 4, 5} bits for single codeword transmission or dual-codeword transmissions with spatial A/N bundling on each CC and {4, 6, 8, 10} bits for dual-codeword transmission on each CC without spatial A/N bundling. Six such CA A/N transmission approaches have been proposed in [3—16].
2.1. N × Rel-9 Format 1

Format 1 PUCCH can carry 1 or 2 A/N bits. To support up to 10 A/N bits for CA, multiple parallel transmissions of the Format 1 PUCCH have been suggested.

2.2. N × Modified Format 1 with Lower SF

The spreading factor of Format 1b is reduced from 4 to 2 or 1 to carry 4 or 8 bits. To support 10 A/N bits for CA, multiple parallel transmissions of this scheme are needed.

2.3. Format 2

Format 2 PUCCH can carry up to 13 bits based on the (20, A) RM code [2]. 

2.4. DFT-S-OFDM

A new PUCCH format based on DFT-S-OFDM was discussed in [4—6]. A scheme with spreading factor (SF) of 5 is illustrated in Fig. 1. The multiple A/N bits are encoded by the (32, O) RM code with circular rate matching [2] into 48 coded bits. Another scheme with SF=3 is illustrated in Fig. 2. The multiple A/N bits are encoded by the (32, O) RM code with circular rate matching into 96 coded bits.
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Figure 1 DFT-S-OFDM based PUCCH with SF=5, where {w0, w1, …, w4} is a spreading cover. 
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Figure 2 DFT-S-OFDM based PUCCH with SF=3, where {w0, w1, w2} is a spreading cover. 

2.5. N × Rel-9 TDD A/N Multiplexing

Multiple bits can be transmitted with the Rel-9 TDD A/N multiplexing scheme [1]. Because multiple A/N messages are currently mapped to identical modulation resources and symbols in the M=4 case, the scheme as defined in Rel‒9 specs can support reliable transmission of 2 and 3 bits only. To support up to 10 A/N bits for CA, multiple parallel transmissions of this A/N multiplexing scheme have been suggested.

2.6. N × Resource Selection

A resource selection scheme for multiplex A/N transmission was proposed in [3] and is reproduced in Table I. This resource selection scheme can carry up to 4 bits. To support up to 10 A/N bits for CA, multiple parallel transmissions of this scheme can be employed.

One important difference between this resource selection scheme and the TDD A/N multiplexing scheme in Rel-9 is that NAK bits can be represented as PUCCH DTX. To satisfy a requirement of Pr(NAK bits → ACK bits) ≤ 10‒3, it is necessary for the receiver to set the false alarm detection threshold such that Pr(DTX → ACK bits) ≤ 10‒3.
Table I. Resource selection for multiple A/N transmission (Q1=‒1, Q2=j, Q3=‒j, Q4=1).
	b2 b1
	b3 b2 b1
	b4 b3 b2 b1
	(Channel, QPSK symbol)

	
	
	1111
	(h2, Q1)

	
	
	1110
	(h2, Q4)

	
	
	1101
	(h4, Q1)

	
	
	1100
	(h4, Q3)

	
	
	1011
	(h1, Q2)

	
	
	1010
	(h4, Q2)

	
	
	1001
	(h1, Q3)

	
	
	1000
	(h4, Q4)

	
	111
	0111
	(h3, Q1)

	
	110
	0110
	(h3, Q2)

	
	101
	0101
	(h3, Q3)

	
	100
	0100
	(h3, Q4)

	11
	011
	0011
	(h2, Q2)

	10
	010
	0010
	(h2, Q3)

	01
	001
	0001
	(h1, Q1)

	00
	000
	0000
	DTX


3. Link Budget Analysis
In this contribution, we evaluate the performance of the CA A/N transmission schemes described in the last section. Simulation assumptions and detailed plots of the various bit error rate performance are provided in the Appendix. The required operating SNR for these different schemes are determined based on the following performance requirements:

· Pr(NAK bits → ACK bits) ≤ 10‒3
· Pr(ACK bits → NAK bits or DTX) ≤ 10‒2
· Pr(DTX → ACK bits) ≤ 10‒2
The required operating SNR are then used to perform link budget analysis to compare the effectiveness of these CA A/N transmission schemes. Details of the link budget analysis are shown in Table II. In the analysis, we further assume UE transmission power back-off of 1.0, 1.7, 2.1 and 2.3 dB when transmitting 2, 3, 4 and 5 simultaneous PUCCHs based on CM calculations [7,14,17].

A summary of the receiver sensitivity requirements can be found in Figure 3. The following observation can be made:

· Simultaneous transmission of multiple PUCCH channels incurs significant link performance losses. In addition, inter-modulation and out-of-band emission issues need to be further quantified.

· Format 2 is effective for up to 5 A/N bits.

· The DFT-S-OFDM based PUCCH with SF=5 provides effective A/N feedback links across all payload sizes. 

It is also recommended to adopt one single scheme for transmission of multiple ACK/NACK in the context of carrier aggregation. Switching between two or more schemes based on the payload size would complicate system operations significantly [18] and should be avoided.
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Figure 3 Receiver sensitivity requirements for different CA A/N transmission approaches.

4. Conclusions

In this contribution, we evaluated the performance of ACK/NACK transmission in the uplink for carrier aggregation in terms of payload size, PUCCH formats and resource sizes. Based on the evaluation results, we propose the following:

· Simultaneous transmission of multiple PUCCH channels is not supported for Rel-10 LTE.

· A PUCCH format based on DFT-S-OFDM for transmission of multiple ACK/NACK in the context of carrier aggregation is adopted for Rel-10 LTE.

Table II. Link budget analysis for transmitting multiple A/N bits.

	
	
	N × Format 1
	N × Mod. Format 1
	N ×
TDDmux
	N ×
ResSel
	Format 2
	DFT
SF=3
	DFT
SF=5

	
	
	
	
	
	
	
	
	

	10 A/N bits
	UE power
 [dBm]
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0

	
	TX power backoff
 [dB]
	   2.3
	   1.0
	   2.1
	   1.7
	   0.0
	   0.0
	   0.0

	
	TX BW
 [kHz]
	 900.0
	 360.0
	 720.0
	 540.0
	 180.0
	 180.0
	 180.0

	
	thermal noise
 [dBm/Hz]
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0

	
	noise figure
 [dB]
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0

	
	RX noise power
 [dBm]
	‒112.5
	‒116.4
	‒113.4
	‒114.7
	‒119.4
	‒119.4
	‒119.4

	
	required SNR
 [dB]
	  ‒5.8
	  ‒2.0
	  ‒7.0
	  ‒5.8
	  ‒1.2
	  ‒3.3
	  ‒3.5

	
	RX sensitivity
 [dBm]
	‒115.9
	‒117.5
	‒118.3
	‒118.8
	‒120.6
	‒122.7
	‒123.0

	
	
	
	
	
	
	
	
	

	8 A/N bits
	UE power
 [dBm]
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0

	
	TX power backoff
 [dB]
	   2.1
	   0.0
	   1.7
	   1.0
	   0.0
	   0.0
	   0.0

	
	TX BW
 [kHz]
	 720.0
	 180.0
	 540.0
	 360.0
	 180.0
	 180.0
	 180.0

	
	thermal noise
 [dBm/Hz]
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0

	
	noise figure
 [dB]
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0

	
	RX noise power
 [dBm]
	‒113.4
	‒119.4
	‒114.7
	‒116.4
	‒119.4
	‒119.4
	‒119.4

	
	required SNR
 [dB]
	  ‒5.8
	  ‒2.0
	  ‒7.0
	  ‒5.8
	  ‒1.8
	  ‒3.7
	  ‒4.7

	
	RX sensitivity
 [dBm]
	‒117.1
	‒121.5
	‒119.9
	‒121.3
	‒121.3
	‒123.1
	‒124.1

	
	
	
	
	
	
	
	
	

	6 A/N bits
	UE power
 [dBm]
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0

	
	TX power backoff
 [dB]
	   1.7
	   0.0
	   1.0
	   1.0
	   0.0
	   0.0
	   0.0

	
	TX BW
 [kHz]
	 540.0
	 180.0
	 360.0
	 360.0
	 180.0
	 180.0
	 180.0

	
	thermal noise
 [dBm/Hz]
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0

	
	noise figure
 [dB]
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0

	
	RX noise power
 [dBm]
	‒114.7
	‒119.4
	‒116.4
	‒116.4
	‒119.4
	‒119.4
	‒119.4

	
	required SNR
 [dB]
	  ‒5.8
	  ‒2.0
	  ‒7.0
	  ‒6.2
	  ‒2.0
	  ‒4.2
	  ‒5.5

	
	RX sensitivity
 [dBm]
	‒118.8
	‒121.5
	‒122.4
	‒121.6
	‒121.5
	‒123.7
	‒125.0

	
	
	
	
	
	
	
	
	

	5 A/N bits
	UE power
 [dBm]
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0

	
	TX power backoff
 [dB]
	   1.7
	   0.0
	   1.0
	   1.0
	   0.0
	   0.0
	   0.0

	
	TX BW
 [kHz]
	 540.0
	 180.0
	 360.0
	 360.0
	 180.0
	 180.0
	 180.0

	
	thermal noise
 [dBm/Hz]
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0

	
	noise figure
 [dB]
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0

	
	RX noise power
 [dBm]
	‒114.7
	‒119.4
	‒116.4
	‒116.4
	‒119.4
	‒119.4
	‒119.4

	
	required SNR
 [dB]
	  ‒5.8
	  ‒2.0
	  ‒7.0
	  ‒6.2
	  ‒5.7
	  ‒4.4
	  ‒5.8

	
	RX sensitivity
 [dBm]
	‒118.8
	‒121.5
	‒122.4
	‒121.6
	‒125.2
	‒123.9
	‒125.3

	
	
	
	
	
	
	
	
	

	4 A/N bits
	UE power
 [dBm]
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0

	
	TX power backoff
 [dB]
	   1.0
	   0.0
	   1.0
	   0.0
	   0.0
	   0.0
	   0.0

	
	TX BW
 [kHz]
	 360.0
	 180.0
	 360.0
	 180.0
	 180.0
	 180.0
	 180.0

	
	thermal noise
 [dBm/Hz]
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0

	
	noise figure
 [dB]
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0

	
	RX noise power
 [dBm]
	‒116.4
	‒119.4
	‒116.4
	‒119.4
	‒119.4
	‒119.4
	‒119.4

	
	required SNR
 [dB]
	  ‒5.8
	  ‒3.7
	  ‒7.3
	  ‒5.8
	  ‒6.1
	  ‒4.7
	  ‒6.1

	
	RX sensitivity
 [dBm]
	‒121.2
	‒123.2
	‒122.8
	‒125.3
	‒125.6
	‒124.2
	‒125.5


Table II (cond). Link budget analysis for transmitting multiple A/N bits.

	
	
	N × Format 1
	N × Mod. Format 1
	N ×
TDDmux
	N ×
ResSel
	Format 2
	DFT
SF=3
	DFT
SF=5

	
	
	
	
	
	
	
	
	

	3 A/N bits
	UE power
 [dBm]
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0

	
	TX power backoff
 [dB]
	   1.0
	   0.0
	   0.0
	   0.0
	   0.0
	   0.0
	   0.0

	
	TX BW
 [kHz]
	 360.0
	 180.0
	 180.0
	 180.0
	 180.0
	 180.0
	 180.0

	
	thermal noise
 [dBm/Hz]
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0

	
	noise figure
 [dB]
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0

	
	RX noise power
 [dBm]
	‒116.4
	‒119.4
	‒119.4
	‒119.4
	‒119.4
	‒119.4
	‒119.4

	
	required SNR
 [dB]
	  ‒5.8
	  ‒3.7
	  ‒7.0
	  ‒6.2
	  ‒6.4
	  ‒5.1
	  ‒6.5

	
	RX sensitivity
 [dBm]
	‒121.2
	‒123.2
	‒126.4
	‒125.6
	‒125.9
	‒124.5
	‒125.9

	
	
	
	
	
	
	
	
	

	2 A/N bits
	UE power
 [dBm]
	23.0
	N/A
	23.0
	23.0
	23.0
	23.0
	23.0

	
	TX power backoff
 [dB]
	   0.0
	
	   0.0
	   0.0
	   0.0
	   0.0
	   0.0

	
	TX BW
 [kHz]
	 180.0
	
	 180.0
	 180.0
	 180.0
	 180.0
	 180.0

	
	thermal noise
 [dBm/Hz]
	‒174.0
	
	‒174.0
	‒174.0
	‒174.0
	‒174.0
	‒174.0

	
	noise figure
 [dB]
	   2.0
	
	   2.0
	   2.0
	   2.0
	   2.0
	   2.0

	
	RX noise power
 [dBm]
	‒119.4
	
	‒119.4
	‒119.4
	‒119.4
	‒119.4
	‒119.4

	
	required SNR
 [dB]
	  ‒5.8
	
	  ‒7.3
	  ‒6.5
	  ‒6.9
	  ‒5.4
	  ‒6.8

	
	RX sensitivity
 [dBm]
	‒125.2
	
	‒126.8
	‒126.0
	‒126.4
	‒124.9
	‒126.3
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Appendix

In Appendix, the link performance plots of various A/N transmission schemes for CA are provided. Simulation assumptions are listed in Table III. In the following figures,

· Pr(ACK bits → NAK bits or DTX) is plotted in solid lines,

· Pr(NAK bits → ACK bits) is plotted in dashed lines,

· Pr(DTX → ACK bits) is plotted with circles.

Table III. Link evaluation assumptions.

	Parameters
	Value

	carrier frequency
	2.0 GHz

	bandwidth
	10 MHz

	channel model
	EPA 

	UE speed (km/h)
	3 km/h

	frequency hopping
	at slot boundary

	antenna setup
	1T2R

	RX antenna correlation
	uncorrelated

	channel estimation
	practical

	CP type
	normal CP

	transmission schemes
(see Section 2)
	Format 1, Format 2, TDD Multiplexing,
DFT-S-OFDM with SF=3 or 5, 
Resource Selection, Modified Format 1b

	signal bandwidth
	180 kHz

	RX false alarm detection threshold
	For Resource Selection: set such that Pr(DTX → ACK bits)=10‒3
For all others: set such that Pr(DTX → ACK bits)=10‒2
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