[image: image1.emf]g0 g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 g11 g12 g13 g14 g15 g16 g17 g18 g19 g20 g21 g22 g23

Q,0 Q,1 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 0,10 0,11 0,12 0,13 0,14 0,15 0,16 0,17 0,18 0,19 0,20 0,21

Q,0 Q,1 0,0 0,1 0,2 0,3 Q,0 Q,1 0,0 0,1 0,2 0,3 Q,0 Q,1 0,0 0,1 0,2 0,3

0,4 0,5 0,6 0,7 0,8 0,9 DFT 0,4 0,5 0,6 0,7 0,8 0,9

CW to Lyr Map

0,4 0,5 0,6 0,7 0,8 0,9

0,10 0,11 0,12 0,13 0,14 0,15 0,10 0,11 0,12 0,13 0,14 0,15 0,10 0,11 0,12 0,13 0,14 0,15

0,16 0,17 0,18 0,19 0,20 0,21 0,16 0,17 0,18 0,19 0,20 0,21 0,16 0,17 0,18 0,19 0,20 0,21
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1 Introduction
Currently in CR 36.212 (Rel-10), Section “5.2.2.8 Channel interleaver” has the following note:
“Note from the editor: this section presents the editor’s interpretation of the agreement of the channel interleaver as part of the UCI multiplexing discussions in RAN1 but is eligible of future changes if formal agreements in some other direction are made in RAN1.” 
Thus RAN1 needs to come to a formal agreement on the uplink channel interleaver design to make 36.212 complete.

In this contribution, we outline the interleaver choices possible based on the agreed way forward. In addition, we present a modification to the interleaver design that allows for improved Successive Interference Cancellation (SIC) performance with a modified uplink layer mapping [6]. A further discussion on the mechanism for codeword selection is discussed in [8]. It is proposed that the text of Section “5.2.2.8 Channel interleaver” be updated to reflect the Interleaver design B below.
2 Interleaver Design

2.1 Rel-8 Interleaver Design (rank-1 interleaver)
Consider a Release 8 uplink transmission, with Uplink Control Information (UCI) multiplexed with the PUSCH. In the example illustrated in Figure 1, it is assumed that the CQI/PMI  codeword (Q = {Q0, Q1})  is multiplexed with one Transport Block (TB) and mapped to a single layer, where the TB is composed of 1 data code block (C0={ c0,0, c0,1,…, c0,21}). Here each element Qi and ci,j contains Qm bits. The bits of CQI/PMI and the TB are organized in units of vectors gi, where each vector gi is of size Qm x 1, and Qm is the number of modulation bits (Qm = 2 for QPSK, Qm = 4 for 16-QAM, Qm = 6 for 64-QAM). In the interleaver specified in Section 5.2.2.8 of TS 36.212, the multiplexed data and control is written into an (Rmux×Cmux) interleaver matrix row by row and the output sequence is read out column by column. The output sequence becomes Q0, c0,4, c0,10, c0,16, Q1, c0,5, c0,11, c0,17, …, c0,21. Further processing such as codeword-to-layer mapping and DFT are then applied.  This is illustrated in Figure 1.
[image: image2.emf]g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 g11 g12 g13 g14 g15 g16 g17 g18 g19 g20 g21 g22 g23 g24

Q,0 Q,2 0,0 0,2 0,4 0,6 0,8 0,10 0,12 0,14 0,16 0,18 0,20 1,0 1,2 1,4 1,6 1,8 1,10 1,12 1,14 1,16 1,18 1,20

Q,1 Q,3 0,1 0,3 0,5 0,7 0,9 0,11 0,13 0,15 0,17 0,19 0,21 1,1 1,3 1,5 1,7 1,9 1,11 1,13 1,15 1,17 1,19 1,21

Q,0 Q,2 0,0 0,2 0,4 0,6 Q,0 Q,2 0,0 0,2 0,4 0,6

0,8 0,10 0,12 0,14 0,16 0,18 DFT 0,8 0,10 0,12 0,14 0,16 0,18 Q,0 Q,2 0,0 0,2 0,4 0,6

0,20 1,0 1,2 1,4 1,6 1,8 0,20 1,0 1,2 1,4 1,6 1,8 Q,1 Q,3 0,1 0,3 0,5 0,7

1,10 1,12 1,14 1,16 1,18 1,20 1,10 1,12 1,14 1,16 1,18 1,20 0,8 0,10 0,12 0,14 0,16 0,18

CW to Lyr Map

0,9 0,11 0,13 0,15 0,17 0,19

0,20 1,0 1,2 1,4 1,6 1,8

Q,1 Q,3 0,1 0,3 0,5 0,7 Q,1 Q,3 0,1 0,3 0,5 0,7 0,21 1,1 1,3 1,5 1,7 1,9

0,9 0,11 0,13 0,15 0,17 0,19 DFT 0,9 0,11 0,13 0,15 0,17 0,19 1,10 1,12 1,14 1,16 1,18 1,20

0,21 1,1 1,3 1,5 1,7 1,9 0,21 1,1 1,3 1,5 1,7 1,9 1,11 1,13 1,15 1,17 1,19 1,21

1,11 1,13 1,15 1,17 1,19 1,21 1,11 1,13 1,15 1,17 1,19 1,21
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g0 g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 g11 g12 g13 g14 g15 g16 g17 g18 g19 g20 g21 g22 g23

1st CB of TB1 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 0,10 0,11 0,12 0,13 0,14 0,15 0,16 0,17 0,18 0,19 0,20 0,21 0,22 0,23

0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5

0,6 0,7 0,8 0,9 0,10 0,11 DFT 0,6 0,7 0,8 0,9 0,10 0,11

CW to Lyr Map

0,6 0,7 0,8 0,9 0,10 0,11

0,12 0,13 0,14 0,15 0,16 0,17 0,12 0,13 0,14 0,15 0,16 0,17 0,12 0,13 0,14 0,15 0,16 0,17

0,18 0,19 0,20 0,21 0,22 0,23 0,18 0,19 0,20 0,21 0,22 0,23 0,18 0,19 0,20 0,21 0,22 0,23



time

Frequency

1

st

CB of TB2

2

nd

CB of TB2


Figure 1: Release 8 interleaving 
 
2.2 Interleaver Design A for Rel 10
To extend the Rel 8 interleaver to Rel 10, we reuse Rel-8 multiplexing and channel interleaving mechanisms with the data-control multiplexing output grouped into column vectors of length Qm x L where L is the number of layers the CW is mapped onto. This interleaver is combined with the layer mapping defined in Table 6.3.3.2-1 of [1].  

In the example illustrated in Figure 2, it is assumed that a CQI/PMI codeword (Q) is multiplexed with one TB (TB2) and then mapped into two layers. It is assumed that the CQI/PMI codeword Q = {Q0, Q1, Q2, Q3}, and the TB is composed of 2 CBs (C0, C1), C0={ c0,0, c0,1,…, c0,21} and C1={ c1,0, c1,1,…, c1,21}. Here, each element Qi and ci,j contains Qm bits.  The bits of CQI/PMI and the TB are organized into units of vector gi, where each vector gi is of size Qm x 2, where Qm is the number of modulation bits (Qm = 2 for QPSK, Qm = 4 for 16-QAM, Qm = 6 for 64 QAM). As before, vectors gi of the multiplexed data and control are written into the (Rmux×Cmux) interleaver matrix row by row and the output sequence is read out column by column. Due to the codeword-to-layer mapping used, the first element of each vector gi is assigned to the first layer and the 2nd element of each vector gi is assigned to the second layer. Therefore the sequence for the first layer becomes  Q0, c0,8, c0,20, c1,10, Q2, c0,10, …, and the sequence for the second layer becomes Q1, c0,9, c0,21, c1,11, Q3, c0,11, …. Both sequences are transformed separately by the DFT into SCFDMA signals.
Note that Figure 2 illustrates a 3-layer system with TB1 composed entirely of PUSCH data as the CQI/PMI is mapped to one CW only as agreed in [7] and with an even number of CBs. In the special case where the number of CBs in the TB mapped to the 2-layer transmission is odd, the interleaver is a natural extension of the even-layer case.  
[image: image3.emf]g0 g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 g11 g12 g13 g14 g15 g16 g17 g18 g19 g20 g21 g22 g23

1st CB of TB2 Q,0 Q,1 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 0,10 0,11 0,12 0,13 0,14 0,15 0,16 0,17 0,18 0,19 0,20 0,21

2nd CB of TB2 Q,2 Q,3 1,0 1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 1,10 1,11 1,12 1,13 1,14 1,15 1,16 1,17 1,18 1,19 1,20 1,21

Q,0 Q,1 0,0 0,1 0,2 0,3 Q,0 Q,1 0,0 0,1 0,2 0,3

0,4 0,5 0,6 0,7 0,8 0,9 DFT 0,4 0,5 0,6 0,7 0,8 0,9 Q,0 Q,1 0,0 0,1 0,2 0,3

0,10 0,11 0,12 0,13 0,14 0,15 0,10 0,11 0,12 0,13 0,14 0,15 Q,2 Q,3 1,0 1,1 1,2 1,3

0,16 0,17 0,18 0,19 0,20 0,21 0,16 0,17 0,18 0,19 0,20 0,21 0,4 0,5 0,6 0,7 0,8 0,9

CW to Lyr Map

1,4 1,5 1,6 1,7 1,8 1,9

0,10 0,11 0,12 0,13 0,14 0,15

Q,2 Q,3 1,0 1,1 1,2 1,3 Q,2 Q,3 1,0 1,1 1,2 1,3 1,10 1,11 1,12 1,13 1,14 1,15

1,4 1,5 1,6 1,7 1,8 1,9 DFT 1,4 1,5 1,6 1,7 1,8 1,9 0,16 0,17 0,18 0,19 0,20 0,21

1,10 1,11 1,12 1,13 1,14 1,15 1,10 1,11 1,12 1,13 1,14 1,15 1,16 1,17 1,18 1,19 1,20 1,21

1,16 1,17 1,18 1,19 1,20 1,21 1,16 1,17 1,18 1,19 1,20 1,21



4



mux

R

Interleaver

time

Frequency

time

Frequency

g0 g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 g11 g12 g13 g14 g15 g16 g17 g18 g19 g20 g21 g22 g23

1st CB of TB1 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 0,10 0,11 0,12 0,13 0,14 0,15 0,16 0,17 0,18 0,19 0,20 0,21 0,22 0,23

0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5

0,6 0,7 0,8 0,9 0,10 0,11 DFT 0,6 0,7 0,8 0,9 0,10 0,11

CW to Lyr Map

0,6 0,7 0,8 0,9 0,10 0,11

0,12 0,13 0,14 0,15 0,16 0,17 0,12 0,13 0,14 0,15 0,16 0,17 0,12 0,13 0,14 0,15 0,16 0,17

0,18 0,19 0,20 0,21 0,22 0,23 0,18 0,19 0,20 0,21 0,22 0,23 0,18 0,19 0,20 0,21 0,22 0,23



time

Frequency


 Figure 2. Design A: channel interleaver without SIC support for Rank-3 Transmission
Advantages:

· Each code block is distributed across all the layers resulting in additional spatial diversity. This leads to good Minimum Mean Square Error (MMSE) receiver performance.
· Design A has backwards compatibility with Rel. 8.
Disadvantage:

· Design A does not allow per-layer interference cancellation if desired. Interference cancellation is restricted to be per transport block. 
2.3 Interleaver Design B for Rel 10
While following the same principle as Rel-8 downlink spatial multiplexing, the uplink channel coding and codeword-to-layer mapping may be designed to facilitate the operation of an SIC receiver [5].  For Multi-Code Word (MCW) MIMO, the SIC receiver outperforms the MMSE receiver as it cancel inter-stream interference.  The basic SIC receiver carries the assumption that each layer has its own CRC.  If the codeword-to-layer mapping of Table 6.3.3.2-1 of [1] and interleaver design A are applied, only cancellation of TBs is possible.  
In the 2-layer MIMO case, if two codewords are transmitted, they are transmitted simultaneously.  Since each TB has its own TB-level CRC bits, there is implicit support for SIC receiver.  If one codeword is transmitted on 2 layers (such as in 3-layer or 4-layer transmission), SIC per layer cannot be supported with reliable (CRC-enhanced) cancellation.  In the 3-layer and 4-layer cases, the codeword-to-layer mapping of Rel-8 implies that post decoded cancellation can only be performed on a group of layers, with a group corresponding to a TB, rather than per-layer.   In both the DL and the UL of Rel-8, if the size of the TB including TB-level CRC bit is higher than 6144, one transport block is split into multiple code blocks and each CB has its own CB-level CRC bits. To improve performance, a mechanism that allows for per-layer SIC support using CB-level CRC bits may be included without increasing complexity by modifying the interleaver within the constraints of the way-forward while keeping the codeword-to-layer mapping constant.

Figure 3. Design B: channel interleaver with SIC support for Rank 3 transmission

To allow for per-layer SIC, while reusing Rel-8 multiplexing and channel interleaving mechanisms, the design effectively applies the Rel-8 channel interleaver separately on each layer. In this case, the mapping of the data-control multiplexing output to the grouped column vectors of length Qm x L is such that each column in the vector g is from a different code block as much as possible. 
In the example illustrated in Figure 3, it is assumed that a CQI/PMI codeword is multiplexed with one TB and then mapped to two layers, where the TB is composed of 2 CBs (C0, C1), and Q = {Q0, Q1, Q2, Q3}, C0={ c0,0, c0,1,…, c0,21} and C1={ c1,0, c1,1,…, c1,21}. Here each element Qi and ci,j contains Qm bits. The bits of CQI/PMI and the TB are organized into units of vector gi, where each vector gi is of size Qm x 2. In contrast to the design A in Section 2.2, the elements of a TB are assigned to the gi,1 first, then assigned to gi,2 after all gi,1 are filled. 

As before, vectors gi of the multiplexed data and control is written into the (Rmux×Cmux) interleaver matrix row by row and the output sequence is read out column by column. Due to the codeword-to-layer mapping, the first element of each vector gi is assigned to the first layer and the 2nd element of each vector gi is assigned to the second layer. Therefore the output sequence for the first layer  becomes Q0, c0,4, c0,10, c0,16, Q1, c0,5, …, while the output sequence for the second layer becomes Q2, c1,1, c1,10, c1,16, Q5, c1,5, …, and both sequences are eventually transformed by the DFT into the SCFDMA signals.  
As illustrated in Figure 3, symbols of C0 and C1 are mapped into the first layer and the second layer, respectively. As opposed to the interleaver in Section 2.2, all the modulation symbols to be mapped into one SC-FDMA symbol are from only one CB and the frequency-domain signal component of each CB is resolved.   As a result, SIC is facilitated per CB. Simulation results demonstrating the improvements based on this design can be found in [6]. In the special case where the number of CBs in the TB mapped to the 2-layer transmission is odd, one of the CBs is distributed across both layers and decoded with an MMSE receiver.
Advantages
· Design B improves SIC performance since the eNodeB can perform SIC per layer. 

· Design B also has backwards compatibility with Rel. 8.

Disadvantages
· Design B reduces spatial diversity for basic MMSE receivers.
2.4 Layer Mapping and Interleaving
In the table below, we show the interaction between the number of layers, the CW-to-layer mapping, the interleaving and the CW selection mechanism for spatial multiplexing in Rel 10 (discussed in detail in [8]). Note that all the Rel 10 designs are backwards compatible and reduce to Rel 8 in the case of a single layer. Since all instances of “Rel 8 interleaver” in the table corresponds to a CW mapped to a single layer, only one interleaver description is needed to cover all the scenarios. 
	Number of layers
	Number of code words
	Codeword-to-layer mapping, UCI interleaving



	1
	1
	CW 1 : Rel 8 interleaver
	UCI on CW 1

	2
	2
	CW 1 : Rel 8 interleaver
	UCI on CW with higher MCS level

	
	
	CW 2 : Rel 8 interleaver
	

	2
	1
	CW 1 : Rel 10 interleaver
	UCI on CW 1

	3
	2
	CW 1: Rel 8 interleaver
	UCI on CW with higher MCS level

	
	
	CW 2: Rel 10 interleaver
	

	4
	2
	CW1 : Rel 10 interleaver
	UCI on CW with higher MCS level

	
	
	CW2 : Rel 10 interleaver
	


3 Conclusions

In this contribution, we present two options of channel interleaver designs for Rel 10 based on the agreement made in RAN1 #61:
· Design A results in code blocks distributed spatially across all layers, providing spatial diversity but limiting inter-layer successive interference cancellation. 
· Design B limits the interleaving of each code block to a single layer and facilitates SIC. 
We also show the interaction between the number of layers, the CW-to-layer mapping, interleaving and the CW selection mechanism for spatial multiplexing in Rel 10.
It is suggested that Design B be adopted into CR 36.212 (Rel-10) to make it complete. 
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� Cmux is assumed to be 6 for illustration purposes. It is actually (12 – Nsrs).





