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1. Introduction

At RAN WG1 #61 meeting it has been decided to conclude on the PUCCH design for carrier aggregation (CA) [1]. In [3], we present our view on the CA PUCCH design. In addition to HARQ feedback transmission, we also discuss our view on transmitting HARQ feedback together with scheduling request (SR) and in subframes configured for sounding reference signals (SRS) transmissions.

Several A/N transmission proposals have been considered for carrier aggregation [5]. The issues of encoding codebook adaptation of these CA PUCCH schemes, however, have not been addressed. The present contribution evaluates the performance of fast and slow codebook adaptation schemes for CA PUCCH transmissions.

2. CA PUCCH Encoding Codebook Adaptation

Several transmission and modulation formats have been listed in [5] to support variable number of A/N feedback in the context of carrier aggregation. The number of A/N bits to be carried by any of these CA PUCCH schemes directly affects the behavior of the UE and the eNB:

· With an N × Format 1 scheme, the number of A/N bits affects the number of Format 1 PUCCH signals to be transmitted by the UE and to be received by the eNB.

· With a modified Format 1 scheme, the number of A/N bits affects the spreading factor (SF) of the Format 1 PUCCH signals to be transmitted by the UE and to be received by the eNB.

· With a resource selection scheme, the number of A/N bits affects the range of Format 1 PUCCH resources to be selected by for transmission by the UE and to be monitored for reception by the eNB.

· With a Format 2 or DFT-S-OFDM based PUCCH scheme, the number of A/N bits affects the number of Reed Muller (RM) code basis sequences to be used by the UE and the eNB for encoding and decoding the messages.

In general, the exact relationship between the number of A/N bits and the transmitted signals can be referred to as the encoding codebook of a CA PUCCH scheme. It is evident that the codebook needs to be synchronized between the UE and the eNB for the A/N feedback signal to be correctly processed on both sides. 

2.1. Fast Codebook Adaptation

On the one hand, link performance evaluation results such as those shown in [4] indicate the number of A/N carried by a CA PUCCH should be minimized to reduce the required UE transmission power, which can be translated into longer UE battery life, lower intercell interference and/or larger system coverage. From this perspective, the following fast codebook adaptation proposals may be considered:

· Codebook adapted to the number of detected PDCCHs

· Codebook adapted to the number of activated CCs

The first proposal is clearly problematic since the UE may miss detecting PDCCHs from the eNB, which immediately leads to divergence of codebooks assumed by the two sides. HARQ operations and status can thus be corrupted rather frequently.

The second proposal provides improved stability and reliability over the first in the period between activation and de-activation of CCs. A/N bit fields corresponding to CCs with no detected PDCCHs are set to 0 (NAK) by the UE. It has been decided in RAN2 that activation and de-activation of CC is performed via MAC control elements [6]. Due to HARQ feedback errors in the (de)-activation message, this signaling is not very reliable [3]. In addition, CCs can also be autonomously and hence unilaterally de-activated by the UE based on UE-side timers. Therefore, basing the codebook adaptation on the CC activation state is still error prone.

2.2. Slow Codebook Adaptation

On the other hand, from the above discussion and related contributions [3], it emerges that maintaining a reliable codebook state on the UE and eNB sides is beneficial to avoiding HARQ operations and status corruption. To this end, the following codebook adaptation is proposed:

· Codebook adapted to the number of configured CCs

It remains to be investigated whether this slow codebook adaptation would have negative impact on the CA PUCCH link performance. From a first glance, a codebook larger than necessary seems to incur substantial link performance losses. For instance, the numerical results in [4] may lead one to surmise that excess UE TX power of 3—7 dB is needed when a codebook capable of carrying 10 bits is used when only 4 A/N bits are routinely fed back. 

2.3. Dynamic Decoder Adaptation for Slow Encoding Codebook Adaptation

However, since eNB retains full knowledge of CC scheduling information in the PDCCHs it sends to the UE, the eNB decoder does not need to search through the full range of the slowly adapted codebook. It is a common practice to reduce decoder search space to improve link performance with side information. This dynamic decoder adaptation is particularly applicable to Format 2 or DFT-S-OFDM based CA PUCCH scheme.

The A/N bits input to the channel coding block are denoted by  
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 where O is the number of bits. The A/N message is first coded using a (32, O) block code. The code words of the (32, O) block code are a linear combination of the 11 basis sequences denoted Mi,n and defined in Table 5.2.2.6.4-1 of [2]. The encoded block is denoted by 
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 where i = 0, 1, 2, …, B-1.
(1)

The final output bit sequence is obtained by circular repetition of the encoded bits 
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. For instance, 48 coded bits are needed for the DFT-S-OFDM based CA PUCCH with SF=5 [4].

Consider the example of scheduling CC3 and CC4 out of five configured CCs. It is also assumed 2 A/N bits are needed for each CC to support HARQ feedback for dual-codeword DL transmissions.

· Since the codebook is adapted to support 10 A/N bits, the UE will use 10 RM bases with indices {0,1,2,3,4,5,6,7,8,9} for PUCCH encoding a 10-bit A/N message corresponding to the five configured CCs. That is, a nominal (48, 10) channel code is used by the UE.

· Since the eNB does not send any PDCCH related to scheduling for CC0 to CC2, the 10-bit A/N message at the input of the UE channel encoder should start with 6 zeros. It can be observed from (1) that the first 6 RM bases are in fact not active in the encoding process since they are multiplied zeros. Therefore, the eNB, using the scheduling information in its possession, should decode an effective (48, 4) channel code using only the RM bases with indices {6,7,8,9}. This effectively reduces the number of possible codewords to search from 1024 to only 16. The required operating SNR can thus be reduced.

3. Performance Analysis

In this contribution, we evaluate the performance of fast codebook adaptation and dynamic decoding of slow encoding codebook adaptation. Simulation assumptions and detailed plots of the various bit error rate performance are provided in the Appendix. These results are generated assuming the DFT-S-OFDM based CA PUCCH with SF=5 [4] for signaling HARQ feedback of multiple CCs or a single non-primary CC assignment [3]. 

The required operating SNR for the two different codebook adaptation approaches 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, for example, 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 seem to be adequate for CA. A more stringent threshold based on Freq(PUCCH DTX → ACK bits) appears 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 for fast codebook adaptation and dynamic decoding of slow encoding codebook adaptation are listed and compared in Tables I—IV for cases with dual-codeword transmission and no spatial A/N bundling on each CC. 

To illustrate these results, consider the example of two actual scheduled CCs (out of five configured CCs) in Table I:

· In a system with instantaneous codebook adaptation, both the UE and eNB will be using the RM basis indices {0,1,2,3}. With this fast codebook adaptation, the required SNR for the CA PUCCH is –6.1 dB. 

· In a system with slow codebook adaptation, the UE will, in this case, use the RM basis indices {0,1,2,3,4,5,6,7,8,9} for PUCCH encoding. 

· If the eNB does not use the scheduling information in its possession, its decoder will assume all basis indices {0,1,2,3,4,5,6,7,8,9} are active. The required SNR of this type of decoder is –3.5 dB, which would require the UE to transmit at 2.6 dB higher output power to maintain the required feedback reliability. 

· Alternatively, the eNB can use the scheduling information in its possession to improve decoding performance.

For instance, if the eNB scheduled only CC3 and CC4, it can instruct the decoder to use only {6,7,8,9} as the active RM basis indices. By incorporating this information in decoding, the required SNR reduces to –6.1 dB. That is, slow codebook adaptation does no cause any loss in this example. 

As another example, if the eNB scheduled only CC2 and CC3, it can instruct the decoder to use only {4,5,6,7} as the active RM basis indices. By incorporating this information in decoding, the required SNR reduces to –5.9 dB. Hence, slow codebook adaptation would require the UE to transmit at 0.2 dB higher output power in this example. 
Table I. Link performance comparison for 5 configured CCs with 2 A/N bits for each CC.

	Scheduled CC indices
	Instantaneous codebook adaptation


	Slow encoding codebook adaptation
(UE encoding basis indices: 0,1,2,3,4,5,6,7,8,9)

	
	RM basis indices for both UE & eNB
	Required SNR [dB]
	Effective decoding basis indices at eNB
	Required SNR [dB]
	Excess TX power [dB]

	0,1,2,3,4
	0,1,2,3,4,5,6,7,8,9
	–3.5
	0,1,2,3,4,5,6,7,8,9
	–3.5
	0.0

	0,1,2,3
	0,1,2,3,4,5,6,7
	–4.7
	0,1,2,3,4,5,6,7
	–4.7
	0.0

	0,1,2,4
	
	
	0,1,2,3,4,5,8,9
	–4.6
	0.1

	0,1,3,4
	
	
	0,1,2,3,6,7,8,9
	–4.5
	0.1

	0,2,3,4
	
	
	0,1,4,5,6,7,8,9
	–4.5
	0.2

	1,2,3,4
	
	
	2,3,4,5,6,7,8,9
	–4.1
	0.5

	0,1,2
	0,1,2,3,4,5
	–5.5
	0,1,2,3,4,5
	–5.5
	0.0

	0,1,3
	
	
	0,1,2,3,6,7
	–5.5
	0.0

	0,2,3
	
	
	0,1,4,5,6,7
	–5.5
	0.1

	1,2,3
	
	
	2,3,4,5,6,7
	–5.2
	0.4

	0,1,4
	
	
	0,1,2,3,8,9
	–5.5
	0.0

	0,2,4
	
	
	0,1,4,5,8,9
	–5.5
	0.0

	1,2,4
	
	
	2,3,4,5,8,9
	–5.3
	0.3

	0,3,4
	
	
	0,1,6,7,8,9
	–5.5
	0.0

	1,3,4
	
	
	2,3,6,7,8,9
	–5.2
	0.3

	2,3,4
	
	
	4,5,6,7,8,9
	–5.4
	0.1

	0,1
	0,1,2,3
	–6.1
	0,1,2,3
	–6.1
	0.0

	0,2
	
	
	0,1,4,5
	–6.1
	0.0

	1,2
	
	
	2,3,4,5
	–6.1
	0.0

	0,3
	
	
	0,1,6,7
	–6.1
	0.0

	1,3
	
	
	2,3,6,7
	–6.1
	0.0

	2,3
	
	
	4,5,6,7
	–5.9
	0.2

	0,4
	
	
	0,1,8,9
	–6.1
	0.0

	1,4
	
	
	2,3,8,9
	–6.1
	0.0

	2,4
	
	
	4,5,8,9
	–6.1
	0.0

	3,4
	
	
	6,7,8,9
	–6.1
	0.0

	1
	0,1
	–6.8
	2,3
	–6.8
	0.0

	2
	
	
	4,5
	–6.8
	0.0

	3
	
	
	6,7
	–6.8
	0.0

	4
	
	
	8,9
	–6.8
	0.0

	
	
	
	Average excess TX power [dB]
	0.08


In summary, for cases with dual-codeword transmission and no spatial A/N bundling on each CC, we make the following observations:

· If the codebook is slowly adapted to support 5 CCs, the excess UE TX power ranges from 0 to 0.5 dB as listed in Table I. The average is less than 0.1 dB excess UE TX power.

· If the codebook is slowly adapted to support 4 CCs, the excess UE TX power ranges from 0 to 0.4 dB as listed in Table II. The average is less than 0.1 dB excess UE TX power.

· If the codebook is slowly adapted to support 2 or 3 CCs, there is no excess UE TX power when compared to instantaneous codebook adaptation as listed in Tables III and IV.

For the cases with spatial A/N bundling on each CC, we showed in Table V that slow codebook adaptation with dynamic decoding achieves the same link performance as fast codebook adaptation.

Table II. Link performance comparison for 4 configured CCs with 2 A/N bits for each CC.

	Scheduled CC indices
	Instantaneous codebook adaptation


	Slow encoding codebook adaptation
(UE encoding basis indices: 0,1,2,3,4,5,6,7)

	
	RM basis indices for both UE & eNB
	Required SNR [dB]
	Effective decoding basis indices at eNB
	Required SNR [dB]
	Excess TX power [dB]

	0,1,2,3
	0,1,2,3,4,5,6,7
	–4.7
	0,1,2,3,4,5,6,7
	–4.7
	0.0

	0,1,2
	0,1,2,3,4,5
	–5.5
	0,1,2,3,4,5
	–5.5
	0.0

	0,1,3
	
	
	0,1,2,3,6,7
	–5.5
	0.0

	0,2,3
	
	
	0,1,4,5,6,7
	–5.5
	0.1

	1,2,3
	
	
	2,3,4,5,6,7
	–5.2
	0.4

	0,1
	0,1,2,3
	–6.1
	0,1,2,3
	–6.1
	0.0

	0,2
	
	
	0,1,4,5
	–6.1
	0.0

	1,2
	
	
	2,3,4,5
	–6.1
	0.0

	0,3
	
	
	0,1,6,7
	–6.1
	0.0

	1,3
	
	
	2,3,6,7
	–6.1
	0.0

	2,3
	
	
	4,5,6,7
	–6.1
	0.2

	1
	0,1
	–6.8
	2,3
	–6.8
	0.0

	2
	
	
	4,5
	–6.8
	0.0

	3
	
	
	6,7
	–6.8
	0.0

	
	
	
	Average excess TX power [dB]
	0.05


Table III. Link performance comparison for 3 configured CCs with 2 A/N bits for each CC.

	Scheduled CC indices
	Instantaneous codebook adaptation


	Slow encoding codebook adaptation
(UE encoding basis indices: 0,1,2,3,4,5)

	
	RM basis indices for both UE & eNB
	Required SNR [dB]
	Effective decoding basis indices at eNB
	Required SNR [dB]
	Excess TX power [dB]

	0,1,2
	0,1,2,3,4,5
	–5.5
	0,1,2,3,4,5
	–5.5
	0.0

	0,1
	0,1,2,3
	–6.1
	0,1,2,3
	–6.1
	0.0

	0,2
	
	
	0,1,4,5
	–6.1
	0.0

	1,2
	
	
	2,3,4,5
	–6.1
	0.0

	1
	0,1
	–6.8
	2,3
	–6.8
	0.0

	2
	
	
	4,5
	–6.8
	0.0

	
	
	
	Average excess TX power [dB]
	0.00


Table IV. Link performance comparison for 2 configured CCs with 2 A/N bits for each CC.

	Scheduled CC indices
	Instantaneous codebook adaptation


	Slow encoding codebook adaptation
(UE encoding basis indices: 0,1,2,3)

	
	RM basis indices for both UE & eNB
	Required SNR [dB]
	Effective decoding basis indices at eNB
	Required SNR [dB]
	Excess TX power [dB]

	0,1
	0,1,2,3
	–6.1
	0,1,2,3
	–6.1
	0.0

	1
	0,1
	–6.8
	2,3
	–6.8
	0.0

	
	
	
	Average excess TX power [dB]
	0.00


4. Conclusions

In this contribution, the performance of fast codebook adaptation and slow encoding codebook adaptation with dynamic decoding is evaluated and compared. Based on the evaluation results, we found slow encoding codebook adaptation enables reliable and efficient CA A/N feedback. We hence propose

· Slow codebook adaptation based on the number of configured component carriers is adopted for Rel-10 LTE.
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Table V. Link performance comparison for cases with 1 A/N bit for each CC.

	Scheduled CC indices
	Instantaneous codebook adaptation


	Slow encoding codebook adaptation
(UE encoding basis indices: 0,1,2,3,4)

	
	RM basis indices for both UE & eNB
	Required SNR [dB]
	Effective decoding basis indices at eNB
	Required SNR [dB]
	Excess TX power [dB]

	0,1,2,3,4
	0,1,2,3,4
	‒5.8
	0,1,2,3,4
	‒5.8
	0.0

	0,1,2,3
	0,1,2,3
	‒6.1
	0,1,2,3
	‒6.1
	0.0

	0,1,2,4
	
	
	0,1,2,4
	‒6.1
	0.0

	0,1,3,4
	
	
	0,1,3,4
	‒6.1
	0.0

	0,2,3,4
	
	
	0,2,3,4
	‒6.1
	0.0

	1,2,3,4
	
	
	1,2,3,4
	‒6.1
	0.0

	0,1,2
	0,1,2
	‒6.5
	0,1,2
	‒6.5
	0.0

	0,1,3
	
	
	0,1,3
	‒6.5
	0.0

	0,2,3
	
	
	0,2,3
	‒6.5
	0.0

	1,2,3
	
	
	1,2,3
	‒6.5
	0.0

	0,1,4
	
	
	0,1,4
	‒6.5
	0.0

	0,2,4
	
	
	0,2,4
	‒6.5
	0.0

	1,2,4
	
	
	1,2,4
	‒6.5
	0.0

	0,3,4
	
	
	0,3,4
	‒6.5
	0.0

	1,3,4
	
	
	1,3,4
	‒6.5
	0.0

	2,3,4
	
	
	2,3,4
	‒6.5
	0.0

	0,1
	0,1
	‒6.8
	0,1
	‒6.8
	0.0

	0,2
	
	
	0,2
	‒6.8
	0.0

	1,2
	
	
	1,2
	‒6.8
	0.0

	0,3
	
	
	0,3
	‒6.8
	0.0

	1,3
	
	
	1,3
	‒6.8
	0.0

	2,3
	
	
	2,3
	‒6.8
	0.0

	0,4
	
	
	0,4
	‒6.8
	0.0

	1,4
	
	
	1,4
	‒6.8
	0.0

	2,4
	
	
	2,4
	‒6.8
	0.0

	3,4
	
	
	3,4
	‒6.8
	0.0

	1
	0
	‒7.5
	1
	‒7.5
	0.0

	2
	
	
	2
	‒7.5
	0.0

	3
	
	
	3
	‒7.5
	0.0

	4
	
	
	4
	‒7.5
	0.0

	
	
	
	Average excess TX power [dB]
	0.00

	
	
	
	
	
	

	Scheduled CC indices
	Instantaneous codebook adaptation
	Slow encoding codebook adaptation
(UE encoding basis indices: 0,1,2,3)

	
	RM basis indices for both UE & eNB
	Required SNR [dB]
	Effective decoding basis indices at eNB
	Required SNR [dB]
	Excess TX power [dB]

	0,1,2,3
	0,1,2,3
	‒6.1
	0,1,2,3
	‒6.1
	0.0

	0,1,2
	0,1,2
	‒6.5
	0,1,2
	‒6.5
	0.0

	0,1,3
	
	
	0,1,3
	‒6.5
	0.0

	0,2,3
	
	
	0,2,3
	‒6.5
	0.0

	1,2,3
	
	
	1,2,3
	‒6.5
	0.0

	0,1
	0,1
	‒6.8
	0,1
	‒6.8
	0.0

	0,2
	
	
	0,2
	‒6.8
	0.0

	1,2
	
	
	1,2
	‒6.8
	0.0

	0,3
	
	
	0,3
	‒6.8
	0.0

	1,3
	
	
	1,3
	‒6.8
	0.0

	2,3
	
	
	2,3
	‒6.8
	0.0

	1
	0
	‒7.5
	1
	‒7.5
	0.0

	2
	
	
	2
	‒7.5
	0.0

	3
	
	
	3
	‒7.5
	0.0

	
	
	
	Average excess TX power [dB]
	0.00

	
	
	
	
	
	

	Scheduled CC indices
	Instantaneous codebook adaptation
	Slow encoding codebook adaptation
(UE encoding basis indices: 0,1,2)

	
	RM basis indices for both UE & eNB
	Required SNR [dB]
	Effective decoding basis indices at eNB
	Required SNR [dB]
	Excess TX power [dB]

	0,1,2
	0,1,2
	‒6.5
	0,1,2
	‒6.5
	0.0

	0,1
	0,1
	‒6.8
	0,1
	‒6.8
	0.0

	0,2
	
	
	0,2
	‒6.8
	0.0

	1,2
	
	
	1,2
	‒6.8
	0.0

	1
	0
	‒7.5
	1
	‒7.5
	0.0

	2
	
	
	2
	‒7.5
	0.0

	
	
	
	Average excess TX power [dB]
	0.00

	
	
	
	
	
	

	Scheduled CC indices
	Instantaneous codebook adaptation
	Slow encoding codebook adaptation
(UE encoding basis indices: 0,1)

	
	RM basis indices for both UE & eNB
	Required SNR [dB]
	Effective decoding basis indices at eNB
	Required SNR [dB]
	Excess TX power [dB]

	0,1
	0,1
	‒6.8
	0,1
	‒6.8
	0.0

	1
	0
	‒7.5
	1
	‒7.5
	0.0

	
	
	
	Average excess TX power [dB]
	0.00


Appendix

In Appendix, link performance plots of DFT-S-OFDM based transmission schemes for CA A/N feedback are provided. Simulation assumptions are listed in Table VI. In the following figures,

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

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

· 
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 is plotted with circles.

In each figure, a fixed payload size is considered. Each payload can be (effectively) encoded by different combinations of (32, O) Reed Muller code basis sequences. The legends denote these basis sequence index combinations. 

Table VI. 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
	DFT-S-OFDM with SF=5 [4]

	signal bandwidth
	180 kHz

	RX false alarm detection threshold
	set such that Freq(PUCCH DTX → ACK bits) = 10‒2
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