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1 Introduction

At the last RAN meeting it was decided to include a combination of DC-HSDPA and MIMO in Rel-9 (see ‎[1]). Several contributions regarding the HS-DPCCH design for this combination have been presented. Most contributions indicate that it is preferred to have a design that uses 1 HS-DPCCH to convey the ACK/NACK and CQI/PCI information. Furthermore, it seems reasonable to assume time-multiplexing of the CQI/PCI information. The exact design of the ACK/NACK signalling is, however, still an open question. Two contributions addressing the ACK/NACK design problem are [2] and [3]. The contribution [2] proposes to use different code-groups dependent on the MIMO situation for each carrier (SISO/SISO, SISO/MIMO, MIMO/SISO, MIMO/MIMO). By doing this the number of required codewords is kept low. This is attractive since, in general, it is the detection performance that determines the overall ACK/NACK performance, and the detection performance is dependent on the number of codewords. Also, it is argued that certain codewords need to be re-used between appropriate groups in order to avoid ambiguity problems. The contribution [3] introduces optimal codebooks with regard to the minimum Hamming distance for the code dimension required for DC-HSDPA and MIMO operation. One nice feature of these codebooks is that the use of legacy POST and PRE does not destroy the minimum distance property of the codebook. In this contribution we present an ACK/NACK design that combines the attractive properties of both [2] and [3]. We also discuss the case when the secondary carrier has been deactivated.
2 Codebook design
In this contribution we combine the two proposals [2] and [3]. The aim is to benefit from the attractive properties of both proposals. First we minimize the number of required codewords by using different code-groups dependent on the MIMO situation for each carrier (SISO/SISO, SISO/MIMO, MIMO/SISO, MIMO/MIMO). Secondly, by choosing the proper codewords we get a total codebook with an optimal minimal distance property, even when legacy POST/PRE operation (see Table 1) is configured.

Some of the design details with the proposed ACK/NACK signaling are given below:

· We observe that the probability that a single stream HS-SCCH is interpreted as a dual stream HS-SCCH (or vice versa) is very small. This means that we can distinguish between the following cases (this is the same approach as used in [2]):

· Group A: The NodeB schedules (UE detects) single stream transmissions on both carriers

· Group B: The NodeB schedules (UE detects) single stream transmission on the first carrier and dual stream transmission on the second carrier.

· Group C: The NodeB schedules (UE detects) dual stream transmission on the first carrier and single stream transmission on the second carrier.

· Group D: The NodeB schedules (UE detects) dual stream transmission on both carriers.

· In order to avoid ambiguities associated with DTX, some codewords must be re-used between groups. For example, when the UE response is AA/DTX, it does not know whether to respond with the Group C or Group D codebook. Hence, DTX codewords must be re-used between appropriate groups. These re-used codewords are indicated by different color mappings in the tables below. This is the same approach as taken in [2].

· Note that the code re-use discussed above prevents certain error cases. For example, there is no risk of having a mismatch between the Tx and Rx codebook due to a missed HS-SCCH order.

· The NodeB (and UE) behavior when one carrier is turned off by means of an HS-SCCH order should also be specified. Since a codebook with only 6 code words (plus 2 for PRE/POST) is needed for single-carrier MIMO operation, the smallest dual-carrier codebook, i.e. the codebook for Group A, could be re-used for this purpose. Another, more robust approach could be to put together an additional codebook for this purpose based on the “yellow code words” and “purple code words” (and PRE/POST) as in Table 6, where the code distance ranges from 8 to 4.
· We chose codewords from Table 3 in [3]. This ensures that we get a total codebook with an optimal minimum Hamming distance equal to 4. Also, this ensures that we can use legacy PRE/POST operation without changing the minimum distance property of the total codebook. Also, the codewords are chosen with the objective of minimizing the likelihood of RLC retransmissions in mind. For example, we have the largest code distance (8) between A/D and D/A.

The codewords associated with each group can be found in Table 2 - Table 5. Please note that A corresponds to ACK, N represents NACK, and D stands for DTX. Notice also that the re-used codewords, which were discussed above, are indicated by different color mappings.
Table 1
: Legacy PRE/POST codewords used in all codebooks.

	
	Codewords

	PRE
	0   0   1   0   0   1   0   0   1   0

	POST
	0   1   0   0   1   0   0   1   0   0


Table 2
: ACK/NACK codewords for Group A.

	Carrier 1
	Carrier 2
	Codewords

	A
	D
	0   0   0   0   1   1   1   0   0   0

	N
	D
	1   0   1   1   0   0   1   1   1   1

	D
	A
	1   0   1   0   1   1   0   1   0   0

	D
	N
	1   1   0   1   0   0   1   0   1   0

	A
	A
	1   0   0   0   0   0   0   0   1   1

	A
	N
	0   0   1   0   1   0   0   0   0   1

	N
	A
	1   1   0   1   0   1   1   1   0   1

	N
	N
	1   1   1   1   1   0   1   1   0   0


Table 3
: ACK/NACK codewords for Group B.

	Carrier 1
	Carrier 2
	Codewords 

	N
	NN
	1   0   0   1   1   1   0   0   0   1

	A
	NN
	1   0   1   1   0   0   0   0   0   0

	N
	NA
	0   0   1   1   0   1   1   1   0   0

	A
	NA
	0   1   1   0   1   1   1   1   0   1

	N
	AN
	1   0   0   1   0   1   0   1   1   0

	A
	AN
	1   1   0   0   1   0   1   0   0   1

	N
	AA
	0   1   0   1   1   1   1   1   1   0

	A
	AA
	0   0   1   0   1   0   1   1   1   0

	D
	NN
	1   0   0   0   0   0   0   0   1   1

	D
	NA
	0   0   1   0   1   0   0   0   0   1

	D
	AN
	1   1   0   1   0   1   1   1   0   1

	D
	AA
	1   1   1   1   1   0   1   1   0   0

	A
	D
	0   0   0   0   1   1   1   0   0   0

	N
	D
	1   0   1   1   0   0   1   1   1   1


Table 4
: ACK/NACK codewords for Group C.

	Carrier 1
	Carrier 2
	Codewords 

	NN
	N
	1   0   0   1   1   1   0   0   0   1

	NN
	A
	1   0   1   1   0   0   0   0   0   0

	NA
	N
	0   0   1   1   0   1   1   1   0   0

	NA
	A
	0   1   1   0   1   1   1   1   0   1

	AN
	N
	1   0   0   1   0   1   0   1   1   0

	AN
	A
	1   1   0   0   1   0   1   0   0   1

	AA
	N
	0   1   0   1   1   1   1   1   1   0

	AA
	A
	0   0   1   0   1   0   1   1   1   0

	NN
	D
	0   1   0   1   0   0   0   0   0   1

	NA
	D
	1   1   1   0   0   0   0   1   0   1

	AN
	D
	0   0   0   1   0   1   1   0   1   1

	AA
	D
	1   0   1   1   1   1   1   0   1   0

	D
	A
	1   0   1   0   1   1   0   1   0   0

	D
	N
	1   1   0   1   0   0   1   0   1   0


Table 5
: ACK/NACK codewords for Group D.

	Carrier 1
	Carrier 2
	Codewords 

	NN
	NN
	1   0   0   1   1   1   0   0   0   1

	NN
	NA
	1   0   1   1   0   0   0   0   0   0

	NN
	AN
	0   0   1   1   0   1   1   1   0   0

	NN
	AA
	0   1   1   0   1   1   1   1   0   1

	NA
	NN
	0   1   1   1   1   1   0   0   0   0

	NA
	NA
	1   0   0   0   0   0   1   1   0   0

	NA
	AN
	0   1   1   0   0   0   1   0   0   0

	NA
	AA
	0   0   0   1   1   0   0   0   1   0

	AN
	NN
	1   0   1   0   0   1   1   0   0   1

	AN
	NA
	1   1   0   1   1   0   0   1   1   1

	AN
	AN
	0   1   0   0   1   1   0   0   1   1

	AN
	AA
	0   1   0   0   0   0   1   1   1   1

	AA
	NN
	1   0   0   1   0   1   0   1   1   0

	AA
	NA
	1   1   0   0   1   0   1   0   0   1

	AA
	AN
	0   1   0   1   1   1   1   1   1   0

	AA
	AA
	0   0   1   0   1   0   1   1   1   0

	NN
	D
	0   1   0   1   0   0   0   0   0   1

	NA
	D
	1   1   1   0   0   0   0   1   0   1

	AN
	D
	0   0   0   1   0   1   1   0   1   1

	AA
	D
	1   0   1   1   1   1   1   0   1   0

	D
	NN
	1   0   0   0   0   0   0   0   1   1

	D
	NA
	0   0   1   0   1   0   0   0   0   1

	D
	AN
	1   1   0   1   0   1   1   1   0   1

	D
	AA
	1   1   1   1   1   0   1   1   0   0


Table 6
: ACK/NACK codewords when secondary carrier is deactivated.

	Carrier 1
	Carrier 2
	Codewords

	A
	D
	0   0   0   0   1   1   1   0   0   0

	N
	D
	1   0   1   1   0   0   1   1   1   1

	NN
	D
	0   1   0   1   0   0   0   0   0   1

	NA
	D
	1   1   1   0   0   0   0   1   0   1

	AN
	D
	0   0   0   1   0   1   1   0   1   1

	AA
	D
	1   0   1   1   1   1   1   0   1   0


3 Performance evaluation
To evaluate the performance of the different ACK/NACK signaling solutions we consider an AWGN scenario with a maximum likelihood sequence detector at the Rx side. Consequently, the received signal is correlated with all possible code words, and the maximum metric determines the candidate code word. Furthermore, in this evaluation, if the maximum metric is larger than a detection threshold T, the candidate code word is considered to be a valid code word, otherwise the transmission is considered to be a DTX. The threshold T is assumed to be proportional to the noise variance, and the proportional constant is determined by assuming a fixed false alarm probability PFA. Here we design T to have a false alarm probability (PFA) = 0.01, and we assume that we have perfect knowledge of the noise variance. The threshold T may be different for different ACK/NACK setups since it depends on the code length and the number of code words in the codebook.
We evaluate the ACK/NACK performance for the four groups given in Table 2 - Table 5. All results are found in Figure 1 - Figure 4. We show the following performance measures: average detection performance, average codebook performance, total average performance (a combination of detection errors and codebook errors), and average performance given detection. Some important conclusions are listed below. As a comparison Figure 5 shows total error probabilities for optimal linear codes of length 10 and various dimensions (1-7). The maximum number of code words, K=2m, is used in each scenario. Some comments:

· It is the detection performance that limits the overall ACK/NACK performance.

· There is a small performance difference (in the order of 0.5dB) between G1 and G4 which is because G4 contains more codewords than G1.

· We see that the performance difference between the legacy Rel-6 ACK/NACK solution (dimension 1 codebook in Figure 5) and the DC-HSDPA and MIMO solution presented here is oughly 1-1.5 dB.
· Table 7 - Table 10 show pairwise distance between codewords for code groups A-D, respectively. It is seen that the codeword distances range from 8 to 4, and that the largest distance 8 is used for codeword combinations that cause RLC retransmissions when erroneously decoded.
4 Conclusions
In this contribution we have presented an ACK/NACK design for the combination of DC-HSDPA and MIMO that combines some attractive properties of [2] and [3]. The proposed solution uses different code-groups dependent on the MIMO situation for each carrier, which minimizes the numer of required codewords. Furthermore, it prevents ambiguities by re-using certain codewords between appropriate code groups. Also, the solution uses an attractive codebook with good minimum distance properties. These properties are kept also when legacy POST/PRE codewords are used. The codebooks are designed trying to make the distance between certain ACK/NACK combinations large in order to reduce the RLC retransmission probability. We have also presented some alternatives for the case when the secondary carrier is deactivated.
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6 Appendix
6.1 Figures
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Figure 1: Missed detection.
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Figure 2: Total error probability.
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Figure 3: Error probabilities given detection.
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Figure 4: Codebook performance – error probability given that no DTX detection is used.
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Figure 5: Total error probabilities for optimal linear codes of length 10 and various dimensions
(m=1-7). The maximum number of code words, K=2m, is used in each scenario.
6.2 Code distance properties
Table 7: Pairwise distance between codewords for code group A.
	
	A/D
	N/D
	D/A
	D/N
	A/A
	A/N
	N/A
	N/N

	A/D
	0
	8
	4
	6
	6
	4
	6
	6

	N/D
	8
	0
	6
	4
	4
	6
	4
	4

	D/A
	4
	6
	0
	8
	6
	4
	6
	4

	D/N
	6
	4
	8
	0
	4
	8
	4
	4

	A/A
	6
	4
	6
	4
	0
	4
	6
	8

	A/N
	4
	6
	4
	8
	4
	0
	8
	6

	N/A
	6
	4
	6
	4
	6
	8
	0
	4

	N/N
	6
	4
	4
	4
	8
	6
	4
	0

	POST
	4
	8
	4
	6
	6
	4
	6
	4

	PRE
	4
	6
	4
	6
	4
	4
	8
	8


Table 8
: Pairwise distance between codewords for code group B.

	
	N/NN
	A/NN
	N/NA
	A/NA
	N/AN
	A/AN
	N/AA
	A/AA
	D/NN
	D/NA
	D/AN
	D/AA
	A/D
	N/D

	N/NN
	0
	4
	6
	6
	4
	4
	6
	8
	4
	4
	4
	6
	4
	6

	A/NN
	4
	0
	4
	8
	4
	6
	8
	6
	4
	4
	6
	4
	6
	4

	N/NA
	6
	4
	0
	4
	4
	8
	4
	4
	8
	6
	4
	4
	4
	4

	A/NA
	6
	8
	4
	0
	8
	4
	4
	4
	8
	4
	4
	4
	4
	6

	N/AN
	4
	4
	4
	8
	0
	8
	4
	6
	4
	8
	4
	6
	6
	4

	A/AN
	4
	6
	8
	4
	8
	0
	6
	6
	4
	4
	4
	4
	4
	6

	N/AA
	6
	8
	4
	4
	4
	6
	0
	4
	8
	8
	4
	4
	4
	6

	A/AA
	8
	6
	4
	4
	6
	6
	4
	0
	6
	4
	8
	4
	4
	4

	D/NN
	4
	4
	8
	8
	4
	4
	8
	6
	0
	4
	6
	8
	6
	4

	D/NA
	4
	4
	6
	4
	8
	4
	8
	4
	4
	0
	8
	6
	4
	6

	D/AN
	4
	6
	4
	4
	4
	4
	4
	8
	6
	8
	0
	4
	6
	4

	D/AA
	6
	4
	4
	4
	6
	4
	4
	4
	8
	6
	4
	0
	6
	4

	A/D
	4
	6
	4
	4
	6
	4
	4
	4
	6
	4
	6
	6
	0
	8

	N/D
	6
	4
	4
	6
	4
	6
	6
	4
	4
	6
	4
	4
	8
	0

	POST
	6
	6
	6
	4
	6
	4
	4
	4
	6
	4
	6
	4
	4
	8

	PRE
	6
	4
	4
	6
	4
	8
	6
	4
	4
	4
	8
	8
	4
	6


Table 9
: Pairwise distance between codewords for code group C.

	
	NN/N
	NN/A
	NA/N
	NA/A
	AN/N
	AN/A
	AA/N
	AA/A
	NN/D
	NA/D
	AN/D
	AA/D
	D/A
	D/N

	NN/N
	0
	4
	6
	6
	4
	4
	6
	8
	4
	6
	4
	4
	4
	6

	NN/A
	4
	0
	4
	8
	4
	6
	8
	6
	4
	4
	6
	4
	4
	4

	NA/N
	6
	4
	0
	4
	4
	8
	4
	4
	6
	6
	4
	4
	4
	6

	NA/A
	6
	8
	4
	0
	8
	4
	4
	4
	6
	4
	6
	6
	4
	8

	AN/N
	4
	4
	4
	8
	0
	8
	4
	6
	6
	6
	4
	4
	4
	4

	AN/A
	4
	6
	8
	4
	8
	0
	6
	6
	4
	4
	6
	6
	6
	4

	AA/N 
	6
	8
	4
	4
	4
	6
	0
	4
	6
	8
	4
	4
	6
	4

	AA/A
	8
	6
	4
	4
	6
	6
	4
	0
	8
	6
	6
	4
	4
	6

	NN/D
	4
	4
	6
	6
	6
	4
	6
	8
	0
	4
	4
	8
	8
	4

	NA/D
	6
	4
	6
	4
	6
	4
	8
	6
	4
	0
	8
	8
	4
	6

	AN/D
	4
	6
	4
	6
	4
	6
	4
	6
	4
	8
	0
	4
	8
	4

	AA/D
	4
	4
	4
	6
	4
	6
	4
	4
	8
	8
	4
	0
	4
	4

	D/A
	4
	4
	4
	4
	4
	6
	6
	4
	8
	4
	8
	4
	0
	8

	D/N
	6
	4
	6
	8
	4
	4
	4
	6
	4
	6
	4
	4
	8
	0


	POST
	6
	6
	6
	4
	6
	4
	4
	4
	4
	4
	8
	8
	4
	6

	PRE
	6
	4
	4
	6
	4
	8
	6
	4
	6
	6
	4
	4
	4
	6


Table 10
: Pairwise distance between codewords for code group D. 
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