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1. Introduction

In this contribution, we compare the performance of various Format 2 PUCCH modification proposals [2]

 REF _Ref260227846 \r [3]

 REF _Ref260227858 \r [4]

 REF _Ref261334176 \r \h 
[5] and DFT-S-OFDM based PUCCH [6] for carrier aggregation (CA) HARQ feedback messaging with or without advanced PUCCH detection algorithms. We found that employing advanced receivers benefits both types of CA PUCCH proposals. The relative merits of the two types of proposals remain identical with or without advanced receiver algorithms.

2. Joint Data+RS Detector

It was pointed out in [5] that joint data and reference symbol (RS) detection algorithms can be employed to improve performance of PUCCH reception. Format 2 based CA PUCCH proposals and DFT-S-OFDM based CA PUCCH proposals both employ the same 2nd order Reed-Muller code with different puncturing and repetition patterns. Coded bits are repeated in the frequency-domain in Format 2 proposals and in the time-domain in DFT-S-OFDM proposals. A joint data+RS detector constructed for Format 2 proposals can be easily retooled for DFT-S-OFDM proposals.
In Figure 1, we provide performance comparison of practical CA PUCCH receivers and advanced CA PUCCH detectors. 

· Advanced receiver algorithms improve link performance by around one dB.

· Advanced receiver algorithms benefit all CA PUCCH proposals similarly.
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(a) practical PUCCH receiver
(b) Joint data+RS PUCCH detector

Figure 1 Performance comparison with practical or advanced CA PUCCH receiver algorithms.

3. Format 2 PUCCH with channel interleaving

For carrier aggregation, A/N transmission schemes shall be designed to feed back HARQ messages of up to 10 bits. It has been long observed that the (20, A) code for format 2 PUCCH fails to capture frequency diversity when carrying more than 5 bits. As illustrated in Table I, this is caused by the fact that the 6-th bit affects only the second half of the code bits, which are transmitted only in the second slot. Two solutions based on introducing channel interleavers to disperse the information bearing coded bits more evenly between the two slots have been previously proposed:

1. Interleaver A [3]
The coded bits from the (20, A) encoder are interleaved according to 


[ 0   4   8  12  16   2   6  10  14  18   

  1   5   9  13  17   3   7  11  15  19].
2. Interleaver B [4]
The coded bits from the (20, A) encoder are interleaved according to 


[ 0   6  18   2   1  17  10   5  13   9  

 14   3   8  15  11  12  16   7   4  19].

A third solution proposed in [5] is to exclude the 6-th basis sequence from the encoding process:

3. Remove encoding basis Mi,5
Note this reduces the information carrying capacity by one.

Table 1 Basis sequences for LTE (20, A) code
	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
	1
	0
	0
	0
	0
	0
	0
	0
	0
	1
	1
	0

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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


4. Link Budget Analysis
4.1. Comparison with PUCCH DTX detection

In this section, we compare the performance of Format 2 PUCCH with or without channel interleavers to the DFT-S-OFDM based PUCCH [6]. Simulation assumptions are provided in the Appendix. The required operating SNR for these different schemes are determined based on the following performance requirements:

· 
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· If the UE misses all scheduling PDCCHs, no PUCCH is to be sent by the UE. However, because of noise and interference, eNB may still detect a valid PUCCH after processing the corresponding PUCCH resources. The number of false ACK bits generated in each of such false alarm event is recorded. For CA in Rel-10, the number of false ACK bits directly determines the number of corrupted HARQ queues. For each false alarm event, a CA PUCCH scheme that generates 4 false ACK bits on average is clearly much less desirable than a CA PUCCH scheme that generates 2 false ACK bits on average. Hence, detection threshold based on Pr(False Alarm) does not appear to be adequate for CA. A more stringent threshold based on Freq(PUCCH DTX → ACK bits) seems necessary to ensure proper HARQ operations and throughputs.

· Pr(NAK or DTX bits → ACK bits) ≤ 10‒3
· If the UE transmit a CA PUCCH based a given codebook, NAK and DTX are both represented by the same bit value (0).

· Pr(ACK bits → NAK bits or DTX) ≤ 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 similar to those presented in Table II of [6]. 

A summary of the receiver sensitivity requirements can be found in Figure 2 and Figure 3 for practical and advanced CA PUCCH detectors, respectively. The following observation can be made:

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

· Modifications with channel interleavers or basis deletion improve performance of Format 2 PUCCH carrying more than 5 A/N bits.

· Effectiveness of existing modification does not appear to be uniform.

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

· Employing advanced receivers benefits both types of CA PUCCH proposals. The relative merits of the two types of proposals remain identical with or without advanced receiver algorithms.

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 and should be avoided.
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Figure 2 Practical receiver sensitivity requirements for different CA A/N transmission approaches.
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Figure 3 Advanded receiver sensitivity requirements for different CA A/N transmission approaches.
4.2. Comparison without PUCCH DTX detection

A second set of comparison based on BER=0.1% operation points is provided. A summary of the receiver sensitivity requirements can be found in Figure 4 and Figure 5 for practical and advanced CA PUCCH detectors, respectively. Observations and conclusions similar to those discussed in the above can be made.
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Figure 4 Practical receiver sensitivity requirements for different CA A/N transmission approaches.
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Figure 5 Advanced receiver sensitivity requirements for different CA A/N transmission approaches.
5. Conclusions

It is recommended to adopt a PUCCH format based on DFT-S-OFDM and slow codebook adaptation [7] for transmission of multiple ACK/NACK in the context of carrier aggregation in Rel-10 LTE.
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Appendix

Simulation assumptions are listed in Table II.
Table II. 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
	Format 2
Format 2 with channel interleaving
DFT-S-OFDM with SF=5

	signal bandwidth
	180 kHz

	RX false alarm detection threshold
	Case A: Set such that Freq(PUCCH DTX → ACK bits) = 10‒2

Case B: no PUCCH DTX detection

	PUCCH signal detection algorithm
	Case I: practical PUCCH detector

Case II: advanced joint data+RS detector
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