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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 ‎[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; see ‎[2]-‎[4] for some recent contributions in this area.
In this contribution we present two codebook designs that rely on the fact that the probability that a single stream HS-SCCH is interpreted as a dual stream HS-SCCH (or vice versa) is very small. This is something that the NodeB can take advantage of when decoding the A/N response. In essence, depending on whether SISO/SISO, SISO/MIMO, MIMO/SISO or MIMO/MIMO is scheduled on the two carriers the NodeB may include different subsets of the codebook in its decoding procedure. By doing this the number of required distinguishable 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, by chosing the proper codewords to be associated with each scheduling desicion, we avoid the risk of having a mismatch between the Tx and Rx codebook due to, e.g., a missed HS-SCCH order.
One of the codebook designs takes all relevant legacy codebooks (e.g. Rel-7 MIMO, Rel-8 DC- HSDPA) into consideration, still achieving good minimum distance properties. The second codebook design disregards from any legacy concern, and achieves very good minimum distance properties.
2 Codebook design
In this contribution we present two different codebook designs for DC-MIMO operation. One design aims at maximizing the minimum distance property of the codebook, not taking any legacy ACK/NACK codebooks into consideration. The other design aims at maximizing the minimum distance property of the codebook while reusing legacy codewords, i.e. a subset of the DC-MIMO codebook consists of legacy codewords. Both of the designs build on the observation that the probability that a single stream HS-SCCH is interpreted as a dual stream HS-SCCH (or vice versa) is very small.
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 is something that the NodeB can take advantage of when decoding the A/N response. In essence the NodeB includes a subset of the total codebook in the  decoding process, where the subset depends on what was scheduled (four different modes): 
· Mode 1: The NodeB scheduled single stream transmissions on both carriers

· Mode 2: The NodeB scheduled single stream transmission on the first carrier and dual stream transmission on the second carrier.

· Mode 3: The NodeB scheduled dual stream transmission on the first carrier and single stream transmission on the second carrier.

· Mode 4: The NodeB scheduled dual stream transmission on both carriers.

· By chosing the proper codewords for each scheduling mode, we avoid the risk of having a mismatch between the Tx and Rx codebook due to a missed HS-SCCH order. 
· Given the constraints associated with the two codebook design approaches below we chose codewords such that the total codebook gets a minimum Hamming distance as large as possible. 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 between A/D and N/D.
2.1 Minimum distance codebook design

The objective with this codebook design is to get a DC-MIMO codebook with as small minimum distance properties as possible. We do not care about including legacy codebooks (e.g., DC-HSDPA and MIMO) as subsets of our DC-MIMO codebook. Still, however, the legacy PRE/POST codewords are supported. The proposed codebook can be found in Table 3. Please note that A corresponds to ACK, N represents NACK, and D stands for DTX. The UE signals the A/N response using the appropriate codeword based on the decoding result for each carrier. 
For each specific scheduling mode the NodeB only needs to include codewords according to Table 1 in its decoding decision.

Table 1
: Mapping between a scheduling mode and codewords for A/N decoding in the NodeB.

	Scheduling mode
	Relevant codewords from the codebook in Table 3

	1
	Codeword 1-4 and 13-16

	2
	Codewords 1-2, 9-12, and 17-24

	3
	Codewords 3-8, and 25-32

	4
	Codewords 5-12, and 33-48


Some important properties of the proposed DC-MIMO codebook:

· The minimum distance property of the codewords associated with scheduling mode 1 (single stream transmissions on both carriers) is 5 (4 if POST/PRE is configured). This is the optimal minimum distance property for a codebook of size 8.

· The minimum distance property of the codewords for all other scheduling modes equals 4. This also holds when POST/PRE is configured.

· The code properties discussed above are better than previously presented codebooks; see e.g., ‎[2]-‎[4].
· When the second carrier is deactivated the most robust approach is to use codewords 1-2 and 5-8 in Table 3.

· By including appropriate DTX (D) codewords in the different scheduling modes we avoid the risk of having a mismatch between the Tx and Rx codebook due to a missed HS-SCCH order.
Table 2
: Legacy PRE/POST codewords.

	
	Codewords

	PRE
	0   0   1   0   0   1   0   0   1   0

	POST
	0   1   0   0   1   0   0   1   0   0


Table 3
: Proposed Rel-9 DC-MIMO ACK/NACK codewords.

	Number
	Carrier 1
	Carrier 2
	Codewords

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

	2
	N
	D
	1     1     1     0     0     0     1     1     1     0

	3
	D
	A
	0     0     1     0     1     1     1     1     0     1

	4
	D
	N
	1     1     0     1     1     1     0     0     1     0

	5
	NN
	D
	1     0     1     0     1     0     0     1     1     0

	6
	NA
	D
	0     0     0     0     0     0     0     0     0     1

	7
	AN
	D
	0     1     0     1     0     0     1     1     0     1

	8
	AA
	D
	0     1     1     1     1     0     1     1     1     0

	9
	D
	NN
	1     0     0     1     1     0     1     1     0     0

	10
	D
	NA
	1     1     0     0     0     1     0     1     0     1

	11
	D
	AN
	1     0     1     1     1     1     1     0     1     0

	12
	D
	AA
	1     1     1     0     1     1     0     0     1     1

	13
	A
	A
	0     1     0     0     1     0     1     0     1     1

	14
	A
	N
	1     0     0     0     0     1     1     0     0     0

	15
	N
	A
	0     1     1     1     0     1     0     1     1     1

	16
	N
	N
	1     0     1     1     1     0     0     1     0     0

	17
	N
	NN
	0     0     1     0     1     1     0     1     0     1

	18
	A
	NN
	0     1     0     1     1     1     0     0     1     0

	19
	N
	NA
	0     0     1     0     1     0     1     0     1     1

	20
	A
	NA
	0     0     1     1     0     1     1     1     1     1

	21
	N
	AN
	1     0     0     0     1     1     0     0     0     0

	22
	A
	AN
	1     1     1     1     1     1     0     1     0     0

	23
	N
	AA
	1     0     1     0     0     1     1     0     0     1

	24
	A
	AA
	1     1     0     1     0     1     1     0     0     0

	25
	NN
	N
	1     1     1     0     0     1     1     1     1     0

	26
	NN
	A
	0     1     1     1     0     1     0     0     0     1

	27
	NA
	N
	0     1     0     0     0     1     1     0     1     1

	28
	NA
	A
	1     1     1     0     0     0     0     0     0     0

	29
	AN
	N
	0     0     0     1     0     0     1     0     1     0

	30
	AN
	A
	1     0     1     1     0     0     0     1     0     1

	31
	AA
	N
	1     0     0     0     0     0     1     1     1     1

	32
	AA
	A
	0     0     0     1     1     0     0     1     1     1

	33
	NN
	NN
	0     0     1     0     0     0     1     1     0     0

	34
	NN
	NA
	1     1     1     1     1     1     0     1     0     0

	35
	NN
	AN
	0     0     0     1     1     0     0     1     1     1

	36
	NN
	AA
	0     0     0     0     1     1     1     1     1     0

	37
	NA
	NN
	1     1     0     1     1     0     0     0     0     1

	38
	NA
	NA
	0     1     0     1     1     1     0     0     1     0

	39
	NA
	AN
	1     0     1     1     0     0     0     1     0     1

	40
	NA
	AA
	0     0     1     0     1     0     1     0     1     1

	41
	AN
	NN
	1     1     0     1     0     0     0     1     1     0

	42
	AN
	NA
	1     1     0     0     1     0     1     0     1     0

	43
	AN
	AN
	1     0     1     0     0     1     1     0     0     1

	44
	AN
	AA
	0     0     1     1     0     1     1     1     1     1

	45
	AA
	NN
	0     1     1     1     0     1     0     0     0     1

	46
	AA
	NA
	1     1     0     1     0     1     1     0     0     0

	47
	AA
	AN
	0     1     0     0     0     1     1     0     1     1

	48
	AA
	AA
	1     0     0     1     0     1     0     0     1     1


2.2 Legacy concerned codebook design

The objective with this codebook design is to get a DC-MIMO codebook that takes all legacy A/N codebooks into consideration. Hence, legacy codebooks (e.g., DC-HSDPA, MIMO and POST/PRE) are subsets of our DC-MIMO codebook. The legacy codewords that are considered are listed in Table 5-Table 7.  The proposed DC-MIMO codebook can be found in Table 8. Please note that A corresponds to ACK, N represents NACK, and D stands for DTX.
For each specific scheduling mode the NodeB needs to include codewords according to Table 4 in its decoding decision.

Table 4
: Mapping between a scheduling mode and codewords for A/N decoding in the NodeB.

	Scheduling mode
	Relevant codewords from the codebook in Table 8.

	1
	Codeword 1-4 and 13-16

	2
	Codewords 1-2, 9-12, and 17-24

	3
	Codewords 3-8, and 25-32

	4
	Codewords 5-12, and 33-48


Some important properties of the proposed DC-MIMO codebook:

· The minimum distance property of the codewords associated with scheduling mode 1 (single stream transmissions on both carriers) or mode 2 (single stream transmission on the first carrier and dual stream transmission on the second carrier) is 4 without PRE/POST, and 3 with PRE/POST. 

· The minimum distance property of the codewords for all other scheduling modes is 4 irrespectively of whether POST/PRE is configured.

· The code properties discussed above are better than previously presented codebooks; see e.g., ‎[2]-‎[4].
· When the second carrier is deactivated one would use codewords 1-2 and 5-8 in Table 8, which correspond to the legacy Rel-7 MIMO codewords. When deactivating MIMO operation one would use codewords 1-4 and 13-16 in Table 8, which corresponds to the DC-HSDPA codewords.
· By including appropriate DTX (D) codewords in the different scheduling modes we avoid the risk of having a mismatch between the Tx and Rx codebook due to a missed HS-SCCH order.
Table 5
: Legacy PRE/POST codewords.

	
	Codewords

	PRE
	0   0   1   0   0   1   0   0   1   0

	POST
	0   1   0   0   1   0   0   1   0   0


Table 6
: Legacy Rel-8 DC-HSDPA ACK/NACK codewords.
	Carrier 1
	Carrier 2
	Codewords

	A
	D
	1     1     1     1     1     1     1     1     1     1

	N
	D
	0     0     0     0     0     0     0     0     0     0

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

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

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

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

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

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


Table 7
: Legacy Rel-7 MIMO ACK/NACK codewords.

	Carrier 1
	Carrier 2
	Codewords

	A
	D
	1     1     1     1     1     1     1     1     1     1

	N
	D
	0     0     0     0     0     0     0     0     0     0

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

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

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

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


Table 8: Proposed Rel-9 DC-MIMO ACK/NACK codewords.

	Number
	Carrier 1
	Carrier 2
	Codewords

	1
	A
	D
	1     1     1     1     1     1     1     1     1     1

	2
	N
	D
	0     0     0     0     0     0     0     0     0     0

	3
	D
	A
	1     1     1     1     1     0     0     0     0     0

	4
	D
	N
	0     0     0     0     0     1     1     1     1     1

	5
	AA
	D
	1     0     1     0     1     1     1     1     0     1

	6
	AN
	D
	1     1     0     1     0     1     0     1     1     1

	7
	NA
	D
	0     1     1     1     1     0     1     0     1     1

	8
	NN
	D
	1     0     0     1     0     0     1     0     0     0

	9
	D
	NN
	1     0     1     0     1     0     0     1     1     0

	10
	D
	NA
	0     1     0     1     1     1     0     0     1     0

	11
	D
	AN
	1     0     1     1     0     0     0     1     0     1

	12
	D
	AA
	0     1     0     1     0     0     1     1     0     1

	13
	A
	A
	1     0     1     0     1     0     1     0     1     0

	14
	A
	N
	1     1     0     0     1     1     0     0     1     1

	15
	N
	A
	0     0     1     1     0     0     1     1     0     0

	16
	N
	N
	0     1     0     1     0     1     0     1     0     1

	17
	N
	NN
	0     0     1     0     1     1     0     1     0     1

	18
	A
	NN
	0     0     1     0     1     0     1     0     1     1

	19
	N
	NA
	1     1     0     1     0     0     0     1     1     0

	20
	A
	NA
	0     1     1     1     0     1     0     0     0     1

	21
	N
	AN
	1     0     0     1     1     0     1     1     0     0

	22
	A
	AN
	0     0     0     1     1     1     1     0     0     1

	23
	N
	AA
	1     1     0     0     0     1     0     1     0     1

	24
	A
	AA
	1     1     0     1     0     1     1     0     0     0

	25
	NN
	N
	1     0     1     0     1     0     0     1     1     0

	26
	NN
	A
	0     1     1     0     0     0     0     1     1     1

	27
	NA
	N
	1     1     0     0     1     0     1     0     1     0

	28
	NA
	A
	0     1     0     1     0     0     1     1     0     1

	29
	AN
	N
	1     0     0     0     1     1     0     0     0     0

	30
	AN
	A
	0     0     0     1     0     1     0     1     0     0

	31
	AA
	N
	0     0     0     1     1     1     1     0     0     1

	32
	AA
	A
	0     1     1     1     0     1     0     0     0     1

	33
	NN
	NN
	0     0     1     1     1     0     0     0     0     0

	34
	NN
	NA
	1     1     1     1     1     1     0     1     0     0

	35
	NN
	AN
	1     1     1     0     0     0     0     0     0     0

	36
	NN
	AA
	0     0     0     0     0     0     0     0     0     1

	37
	NA
	NN
	0     0     0     0     1     1     1     1     1     0

	38
	NA
	NA
	1     1     0     1     1     0     0     0     0     1

	39
	NA
	AN
	1     1     0     0     1     0     1     0     1     0

	40
	NA
	AA
	1     1     1     0     0     1     1     1     1     0

	41
	AN
	NN
	0     0     0     1     1     1     1     0     0     1

	42
	AN
	NA
	0     0     0     1     0     1     0     1     0     0

	43
	AN
	AN
	0     0     1     0     0     0     1     1     0     0

	44
	AN
	AA
	0     1     1     1     0     1     0     0     0     1

	45
	AA
	NN
	1     0     1     1     1     1     1     0     1     0

	46
	AA
	NA
	0     0     0     1     1     0     0     1     1     1

	47
	AA
	AN
	0     1     0     0     0     1     1     0     1     1

	48
	AA
	AA
	1     0     0     0     0     0     1     1     1     1


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 scheduling modes given in Table 1 (or Table 4) for codebook design ‎2.1 (codebook given in Table 3) and for codebook design ‎2.2 (codebook given in Table 8), respectively. Results for codebook design ‎2.1 are found in Figure 1 - Figure 4, and results for codebook design ‎2.2 are shown in Figure 6 - Figure 9. 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:

· For both codebook designs it is the detection performance that limits the overall ACK/NACK performance. Consequently, without POST/PRE operation, the total performance is roughly equal for both codebook designs.
· There is a small performance difference (in the order of 0.5dB) between scheduling mode 1 (G1) and scheduling mode 4 (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 roughly 1-1.5 dB.
· From Figure 3 and Figure 8, it is apparent that the codebook performance for scheduling mode 1 is better for code design ‎2.1 compared to code design ‎2.2.

· Table 9 - Table 12 show the pairwise distance between codewords for code design ‎2.1 and Table 13-Table 16 show the pairwise distance between codewords for code design ‎2.2. It is seen that the codeword distances range from 10 to 3, and that the largest distances are used for codeword combinations that cause RLC retransmissions when erroneously decoded.
Proposal 1: We propose that RAN1 discusses the pros and cons of the two proposed ACK/NACK codebooks and if possible agrees on one of them.
4 ACK/NACK power offset settings
In order to really reap the benefits from having different scheduling modes, one can optimize ACK/NACK power settings (∆ACK and ∆NACK, as specified in 25.214) for the different modes. Otherwise, one is forced to specify the power setting based on the codebook size associated with the mode that contains most codewords (mode 4). Some considerations:

· Codewords that include DTX (codewords 1-12) which are used in several scheduling modes should have the same power setting for all scheduling modes, and its value should be based on the requirement put by the scheduling mode containing the largest number of code words. Othwervise one may end up in situations where one has worse ACK/NACK detection performance than what was intended. For example, assume that a UE decodes A/D. Then it cannot be sure whether to use the power setting for scheduling mode 1 or mode 2, since the UE doesn’t know whether there actually was no HS-SCCH transmission in the secondary cell or whether it missed it.
· Compared to the legacy Rel-6 single carrier ACK/NACK solution the performance difference is in the order of 1-1.5 dB. This suggests that a DC-MIMO configuration requires the signalled ACK and NACK offset values to be increased by one step (a one-step value increase corresponds to +2 dB power increase). The performance difference between the different scheduling modes is rather small, in the order of 0.5 dB.
Proposal 2: As the performance difference between different scheduling modes is rather small and the HS-DPCCH power is small in relation to the total power, it is proposed to consider a simple solution where a common power offset setting is used for all modes. For robustness, we propose to signal +1 when operating in DC-MIMO.
5 Conclusions
In this contribution we have presented two ACK/NACK designs for the combination of DC-HSDPA and MIMO that contains several attractive properties. The proposed solutions use the fact that the probability that a single stream HS-SCCH is interpreted as a dual stream HS-SCCH (or vice versa) is very small. One of the solutions takes all relevant legacy codebooks into consideration, whereas one solution disregards from legacy concerns. We have also discussed the issue of the ACK/NACK power offset setting.
Proposal 1: We propose that RAN1 discusses the pros and cons of the two proposed ACK/NACK codebooks and if possible agrees on one of them.

Proposal 2: As the performance difference between different scheduling modes is rather small and the HS-DPCCH power is small in relation to the total power, it is proposed to consider a simple solution where a common power offset setting is used for all modes. For robustness, we propose to signal +1 when operating in DC-MIMO.
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7 Appendix
7.1 Figures associated with codebook design ‎2.1
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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.
7.2 Code distance properties for ‎2.1
Table 9: Pairwise distance between codewords for scheduling mode 1.
	
	A/D
	N/D
	D/A
	D/N
	A/A
	A/N
	N/A
	N/N

	A/D
	0
	8
	6
	6
	5
	5
	5
	5

	N/D
	8
	0
	6
	6
	5
	5
	5
	5

	D/A
	6
	6
	0
	8
	5
	5
	5
	5

	D/N
	6
	6
	8
	0
	5
	5
	5
	5

	A/A
	5
	5
	5
	5
	0
	6
	6
	8

	A/N
	5
	5
	5
	5
	6
	0
	8
	6

	N/A
	5
	5
	5
	5
	6
	8
	0
	6

	N/N
	5
	5
	5
	5
	8
	6
	6
	0

	POST
	5
	5
	5
	5
	4
	6
	6
	4

	PRE
	5
	5
	5
	5
	6
	4
	4
	6


Table 10: Pairwise distance between codewords for scheduling mode 2.

	
	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
	6
	4
	4
	4
	4
	4
	8
	6
	4
	6
	4
	5
	7

	A/NN
	6
	0
	6
	6
	4
	4
	8
	4
	6
	6
	4
	4
	5
	7

	N/NA
	4
	6
	0
	4
	6
	8
	4
	8
	6
	8
	4
	4
	5
	5

	A/NA
	4
	6
	4
	0
	8
	6
	4
	6
	6
	6
	4
	6
	5
	5

	N/AN
	4
	4
	6
	8
	0
	4
	4
	4
	4
	4
	4
	4
	5
	7

	A/AN
	4
	4
	8
	6
	4
	0
	6
	4
	4
	4
	4
	4
	7
	5

	N/AA
	4
	8
	4
	4
	4
	6
	0
	4
	6
	4
	4
	4
	5
	5

	A/AA
	8
	4
	8
	6
	4
	4
	4
	0
	4
	4
	4
	6
	5
	5

	D/NN
	6
	6
	6
	6
	4
	4
	6
	4
	0
	6
	4
	8
	5
	5

	D/NA
	4
	6
	8
	6
	4
	4
	4
	4
	6
	0
	8
	4
	5
	5

	D/AN
	6
	4
	4
	4
	4
	4
	4
	4
	4
	8
	0
	4
	7
	5

	D/AA
	4
	4
	4
	6
	4
	4
	4
	6
	8
	4
	4
	0
	7
	5

	A/D
	5
	5
	5
	5
	5
	7
	5
	5
	5
	5
	7
	7
	0
	8

	N/D
	7
	7
	5
	5
	7
	5
	5
	5
	5
	5
	5
	5
	8
	0

	POST
	4
	4
	6
	8
	4
	4
	8
	6
	4
	4
	8
	6
	5
	5

	PRE
	4
	4
	4
	4
	4
	6
	4
	6
	8
	6
	4
	4
	5
	5


Table 11: Pairwise distance between codewords for scheduling mode 3.

	
	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
	6
	4
	4
	6
	6
	4
	8
	4
	8
	6
	4
	5
	5

	NN/A
	6
	0
	4
	4
	6
	4
	8
	6
	8
	4
	4
	6
	5
	5

	NA/N
	4
	4
	0
	6
	4
	8
	4
	6
	8
	4
	4
	6
	5
	5

	NA/A
	4
	4
	6
	0
	6
	4
	6
	8
	4
	4
	6
	6
	7
	5

	AN/N
	6
	6
	4
	6
	0
	6
	4
	4
	6
	4
	4
	4
	7
	5

	AN/A
	6
	4
	8
	4
	6
	0
	4
	4
	4
	4
	4
	6
	5
	7

	AA/N 
	4
	8
	4
	6
	4
	4
	0
	4
	4
	4
	4
	6
	5
	7

	AA/A
	8
	6
	6
	8
	4
	4
	4
	0
	4
	4
	4
	4
	5
	5

	NN/D
	4
	8
	8
	4
	6
	4
	4
	4
	0
	6
	8
	4
	5
	5

	NA/D
	8
	4
	4
	4
	4
	4
	4
	4
	6
	0
	4
	8
	5
	7

	AN/D
	6
	4
	4
	6
	4
	4
	4
	4
	8
	4
	0
	4
	5
	7

	AA/D
	4
	6
	6
	6
	4
	6
	6
	4
	4
	8
	4
	0
	5
	5

	D/A
	5
	5
	5
	7
	7
	5
	5
	5
	5
	5
	5
	5
	0
	8

	D/N
	5
	5
	5
	5
	5
	7
	7
	5
	5
	7
	7
	5
	8
	0

	POST
	6
	6
	6
	4
	6
	6
	6
	4
	4
	4
	4
	4
	5
	5

	PRE
	4
	4
	4
	4
	4
	6
	6
	6
	4
	4
	8
	6
	5
	5


Table 12: Pairwise distance between codewords for scheduling mode 4. 
	
	NN

/

NN
	NN

/

NA
	NN

/

AN
	NN

/

AA
	NA

/

NN
	NA

/

NA
	NA

/

AN
	NA

/

AA
	AN

/

NN
	AN

/

NA
	AN

/

AN
	AN

/

AA
	AA

/

NN
	AA

/

NA
	AA

/

AN
	AA

/

AA
	NN

/

D
	NA

/

D
	AN

/

D
	AA

/

D
	D

/

NN
	D

/

NA
	D

/

AN
	D

/

AA

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

	NN/NA
	6
	0
	6
	6
	4
	4
	4
	8
	4
	6
	6
	6
	4
	4
	8
	6
	4
	8
	6
	4
	4
	4
	4
	4

	NN/AN
	6
	6
	0
	4
	4
	4
	4
	4
	4
	6
	8
	4
	6
	8
	6
	4
	4
	4
	4
	4
	4
	6
	6
	6

	NN/AA
	4
	6
	4
	0
	8
	4
	8
	4
	6
	4
	6
	4
	8
	6
	4
	6
	4
	6
	6
	4
	4
	6
	4
	6

	NA/NN
	8
	4
	4
	8
	0
	4
	4
	6
	4
	4
	6
	8
	4
	4
	6
	4
	6
	4
	4
	6
	4
	4
	6
	4

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

	NA/AN
	4
	4
	4
	8
	4
	8
	0
	6
	4
	8
	4
	4
	4
	6
	8
	4
	4
	4
	4
	6
	4
	4
	6
	6

	NA/AA
	4
	8
	4
	4
	6
	6
	6
	0
	8
	4
	4
	4
	6
	8
	4
	6
	4
	4
	6
	4
	6
	8
	4
	4

	AN/NN
	6
	4
	4
	6
	4
	4
	4
	8
	0
	4
	8
	6
	6
	4
	6
	4
	4
	6
	4
	4
	4
	4
	6
	6

	AN/NA
	6
	6
	6
	4
	4
	4
	8
	4
	4
	0
	6
	8
	8
	4
	4
	6
	4
	6
	6
	4
	4
	6
	4
	4

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

	AN/AA
	4
	6
	4
	4
	8
	6
	4
	4
	6
	8
	4
	0
	4
	6
	4
	4
	6
	6
	4
	4
	6
	6
	4
	6

	AA/NN
	6
	4
	6
	8
	4
	4
	4
	6
	6
	8
	4
	4
	0
	4
	4
	4
	8
	4
	4
	6
	8
	4
	6
	4

	AA/NA
	6
	4
	8
	6
	4
	4
	6
	8
	4
	4
	4
	6
	4
	0
	4
	4
	8
	6
	4
	6
	4
	4
	4
	6

	AA/AN
	6
	8
	6
	4
	6
	4
	8
	4
	6
	4
	4
	4
	4
	4
	0
	4
	8
	4
	4
	6
	8
	4
	6
	4

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

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

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

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

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

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

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

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

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

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

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


7.3 Figures associated with codebook design ‎2.2
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Figure 6: Missed detection.
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Figure 7: Total error probability.
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Figure 8: Error probabilities given detection.
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Figure 9: Codebook performance – error probability given that no DTX detection is used.

7.4 Code distance properties for ‎2.2
Table 13: Pairwise distance between codewords for scheduling mode 1.
	
	A/D
	N/D
	D/A
	D/N
	A/A
	A/N
	N/A
	N/N

	A/D
	0
	10
	5
	5
	5
	4
	6
	5

	N/D
	10
	0
	5
	5
	5
	6
	4
	5

	D/A
	5
	5
	0
	10
	4
	5
	5
	6

	D/N
	5
	5
	10
	0
	6
	5
	5
	4

	A/A
	5
	5
	4
	6
	0
	5
	5
	10

	A/N
	4
	6
	5
	5
	5
	0
	10
	5

	N/A
	6
	4
	5
	5
	5
	10
	0
	5

	N/N
	5
	5
	6
	4
	10
	5
	5
	0

	POST
	7
	3
	4
	6
	6
	5
	5
	4

	PRE
	7
	3
	6
	4
	4
	5
	5
	6


Table 14: Pairwise distance between codewords for scheduling mode 2.

	
	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
	8
	4
	6
	4
	4
	8
	4
	6
	4
	6
	5
	5

	A/NN
	4
	0
	8
	6
	6
	4
	8
	8
	4
	6
	6
	6
	5
	5

	N/NA
	8
	8
	0
	6
	4
	8
	4
	4
	4
	4
	4
	4
	5
	5

	A/NA
	4
	6
	6
	0
	8
	4
	4
	4
	8
	4
	4
	4
	5
	5

	N/AN
	6
	6
	4
	8
	0
	4
	6
	4
	4
	6
	4
	4
	5
	5

	A/AN
	4
	4
	8
	4
	4
	0
	6
	4
	8
	4
	6
	4
	5
	5

	N/AA
	4
	8
	4
	4
	6
	6
	0
	4
	6
	6
	4
	4
	5
	5

	A/AA
	8
	8
	4
	4
	4
	4
	4
	0
	8
	4
	6
	4
	5
	5

	D/NN
	4
	4
	4
	8
	4
	8
	6
	8
	0
	6
	4
	8
	5
	5

	D/NA
	6
	6
	4
	4
	6
	4
	6
	4
	6
	0
	8
	6
	5
	5

	D/AN
	4
	6
	4
	4
	4
	6
	4
	6
	4
	8
	0
	4
	5
	5

	D/AA
	6
	6
	4
	4
	4
	4
	4
	4
	8
	6
	4
	0
	5
	5

	A/D
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	0
	10

	N/D
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	10
	0

	POST
	4
	6
	4
	6
	4
	6
	4
	6
	4
	4
	6
	4
	7
	3

	PRE
	4
	4
	6
	4
	8
	6
	6
	6
	4
	4
	6
	8
	7
	3


Table 15: Pairwise distance between codewords for scheduling mode 3.

	
	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
	4
	8
	4
	6
	8
	8
	4
	6
	6
	6
	4
	6

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

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

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

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

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

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

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

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

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

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

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

	D/A
	4
	6
	4
	6
	4
	6
	6
	4
	6
	6
	4
	4
	0
	10

	D/N
	6
	4
	6
	4
	6
	4
	4
	6
	4
	4
	6
	6
	10
	0

	POST
	4
	4
	4
	4
	4
	4
	6
	6
	6
	6
	6
	6
	4
	6

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


Table 16: Pairwise distance between codewords for scheduling mode 4. 
	
	NN

/

NN
	NN

/

NA
	NN

/

AN
	NN

/

AA
	NA

/

NN
	NA

/

NA
	NA

/

AN
	NA

/

AA
	AN

/

NN
	AN

/

NA
	AN

/

AN
	AN

/

AA
	AA

/

NN
	AA

/

NA
	AA

/

AN
	AA

/

AA
	NN

/

D
	NA

/

D
	AN

/

D
	AA

/

D
	D

/

NN
	D

/

NA
	D

/

AN
	D

/

AA

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

	NN/NA
	4
	0
	4
	8
	6
	4
	6
	4
	6
	4
	6
	4
	4
	6
	8
	8
	4
	4
	6
	6
	4
	4
	4
	6

	NN/AN
	4
	4
	0
	4
	8
	4
	4
	4
	8
	6
	4
	4
	6
	8
	6
	6
	6
	6
	6
	4
	4
	6
	4
	6

	NN/AA
	4
	8
	4
	0
	6
	4
	6
	8
	4
	4
	4
	4
	8
	4
	4
	4
	6
	6
	6
	4
	6
	6
	4
	4

	NA/NN
	6
	6
	8
	6
	0
	8
	4
	4
	4
	4
	4
	8
	4
	4
	4
	4
	4
	6
	6
	6
	4
	4
	8
	6

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

	NA/AN
	6
	6
	4
	6
	4
	4
	0
	4
	6
	8
	6
	8
	4
	6
	4
	4
	6
	6
	4
	4
	4
	4
	8
	6

	NA/AA
	8
	4
	4
	8
	4
	8
	4
	0
	8
	6
	4
	6
	4
	8
	4
	4
	4
	4
	6
	6
	4
	6
	6
	6

	AN/NN
	4
	6
	8
	4
	4
	4
	6
	8
	0
	4
	6
	4
	4
	4
	4
	6
	4
	6
	4
	4
	8
	4
	6
	4

	AN/NA
	4
	4
	6
	4
	4
	6
	8
	6
	4
	0
	4
	4
	6
	4
	6
	6
	6
	4
	8
	4
	6
	4
	4
	4

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

	AN/AA
	4
	4
	4
	4
	8
	4
	8
	6
	4
	4
	6
	0
	6
	6
	4
	8
	6
	4
	4
	6
	8
	4
	4
	4

	AA/NN
	4
	4
	6
	8
	4
	6
	4
	4
	4
	6
	6
	6
	0
	6
	6
	6
	4
	6
	4
	4
	4
	4
	6
	8

	AA/NA
	4
	6
	8
	4
	4
	4
	6
	8
	4
	4
	6
	6
	6
	0
	6
	4
	6
	4
	4
	6
	4
	4
	4
	4

	AA/AN
	8
	8
	6
	4
	4
	6
	4
	4
	4
	6
	6
	4
	6
	6
	0
	4
	6
	4
	4
	6
	8
	4
	8
	4

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

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

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

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

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

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

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

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

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

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

	PRE
	4
	6
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