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1 Introduction
In the RAN1 #61 meeting, multiplexing schemes of PUSCH with HARQ-ACK and RI (rank indicator) were discussed for UL SU-MIMO, and the following agreement was achieved [1]:

· HARQ-ACK and RI:

· Replicated across all layers of both CWs 
· TDM multiplexed with data such that UCI symbols are time-aligned across all layers 
· FFS: How to determine the number of UCI symbols on each CW and each layer  
It was pointed out in [2] that the ambiguity of the expression “replica” has brought the diverse interpretations about HARQ-ACK and RI transmission design in UL SU-MIMO. From RAN1 #61bis, it was concluded that the meaning of “replica” exists in at least following three alternatives. 
· Alt 1: Replica before Channel Coding
· Alt 2: Replica after Channel Coding 

· Alt 3: Replica after Scrambling 
In this contribution, as one of efforts to clarify the problem, we construct several UL transmission chains based on three alternatives, and then discuss their pros and cons.
2 Channel Encoding for HARQ-ACK and RI in Rel-8 

In this section, we briefly review the channel encoding process for HARQ-ACK and RI in Rel-8, because it is basically assumed that Rel-8 channel coding schemes are reused for UL SU-MIMO transmission structures using three alternatives which we discuss in this contribution. For HARQ-ACK transmission, one-bit information 
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[3]. In Tables 1 and 2, the placeholders “x” and “y” are used to scramble the encoded HARQ-ACK bits in order to maximize the Euclidean distance of the modulation symbols carrying HARQ-ACK information. 
Table 1. Encoding of one-bit HARQ-ACK
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Table 2. Encoding of two-bit HARQ-ACK
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For encoding of HARQ-ACK information, 
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, where 
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denotes the total number of coded bits for all the encoded HARQ-ACK blocks, and 
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 represents the modulation order (e.g., 2, 4, or 6) for transmission of UL-SCH transport block and 
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indicates the number of coded symbols. When HARQ-ACK is composed of one or two bits information, the coded bit sequence 
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 is obtained by concatenation of multiple encoded HARQ-ACK blocks. Since the last concatenation of the encoded HARQ-ACK block may be partial, the total number of coded bits is equal to
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If HARQ-ACK is made of more than two bits information (i.e., 
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 is attained using 32-bit RM (Reed-Muller) code [3]. 

The encoding procedure for one or two bits RI information is nearly the same as that of HARQ-ACK.
3 Alternatives for Replication of HARQ-ACK and RI 
In this section, we discuss characteristics of several alternatives for interpretation of “replica”, in perspective of consistency with current agreements for UL SU-MIMO and required specification work. 
Alternative 1
In Alt. 1, HARQ-ACK information sequence is first replicated and then the channel encoding is performed using the replicated information bits.
Figure 1 illustrates the transmission structure with Alt. 1 in UL SU-MIMO, which is basically composed of Rel-8 UL transmission chain. Since we assume that Rel-8 channel encoder is reused in that transmission design, the replicated HARQ-ACK information bits are utilized as input of the encoder as shown in Figure 1. However, there are some obstacles to apply Alt. 1 to UL transmission chain. The Rel-8 channel encoding schemes for HARQ-ACK depend on the number of input bits of encoder (i.e., one bit, two bits or more), and thus the Rel-8 channel encoder in Alt. 1 will consider the number of replicated HARQ-ACK bits as that of information bits. For example, in Figure 1, although HARQ-ACK information consists of one bit (i.e.,
[image: image21.wmf]ACK

O

0

), the encoding operation will be performed for two bits (i.e.,
[image: image22.wmf]ACK

ACK

O

O

0

0

) since the replication block generates two bits. Recall that in Rel-8, the channel encoder executes the encoding for two-bit HARQ-ACK such as
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), and thus 32-bit RM code will be applied to this case. Therefore, we may have to ponder on whether Rel-8 channel encoding is appropriate to Alt. 1. Furthermore, one of Rel-8 encoding design principles for one or two-bit HARQ-ACK information is that HARQ-ACK modulation symbols are finally located at the outermost corners in any constellation. Therefore, much specification effort will be required to maintain this property in Alt. 1. That is, although the encoded bits 
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 include placeholder bits (i.e., “x” and “y” in Tables 1 and 2) to maximize the Euclidean distance of the modulation symbols carrying HARQ-ACK information, we have to specify how the encoded bits are distributed at each layer in order to preserve that property. In Figure 1, we assumed that the channel coding schemes for HARQ-ACK are different according to the modulation order 
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. On the other hand, an identical channel coding for HARQ-ACK will be applied to CW#0 and CW#1, if a common modulation order 
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 is selected for encoding for HARQ-ACK transmission. In the scrambling process of Figure 1, the scrambling sequence 
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indicates 0 or 1, the CW specific scrambling sequence provides layer specific scrambling sequence due to the CW to layer mapping. That is, if four layers are occupied for transmission, the scrambling sequence used for CW#0 is evenly distributed to layer#0 and layer#1, and that for CW#1 is equally allocated to layer#2 and layer#3 during the CW to layer mapping process [4]. After all, each layer employs distinctive scrambling sequence. 

[image: image36.emf]Channel interleaver

Scrambling

Modulation

Layer mapping

Precoding

HARQ-ACK

Channel coding

Channel interleaver

Scrambling

Modulation

Channel coding

Data &

control

MUX

Data &

control

MUX

Replication

CW#0

CW#1

ACK

O

0

ACK

O

0

ACK

O

0

ACK

O

0

ACK

O

0

ACK

O

0

ACK

O

0

Channel coding Channel coding

Replication

RI

RI O

0

RI

O

0

RI

O

0

RI

O

0

RI

O

0

RI

O

0

RI

O

0

ACK

Q

ACK

ACK

q q

1

0

)0(

, ,





RI

Q

RI

RI

q q

1

0 ) 0 (

, ,





ACK

Q

ACK

ACK

q q

1

0

)1(

, ,





RI

Q

RI

RI

q q

1

0

)1(

, ,






Figure 1. UL transmission chain using Alt. 1
Alternative 2
In Alt. 2, the HARQ-ACK information sequence is first encoded and then replication is performed using the encoded bits.  Based on this fundamental concept, two candidates are established for this alternative.
Alt. 2-1
Alt. 2-1 is to employ an identical channel coding scheme for HARQ-ACK information in CW#0 and CW#1. In that case, HARQ-ACK modulation symbols in all layers keep a modulation order (e.g., 
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In Figure 2, the HARQ-ACK information bit 
[image: image40.wmf]ACK

O

0

 is encoded to 
[image: image41.wmf]ACK

Q

ACK

ACK

ACK

q

q

q

1

1

0

,

,

,

-

L

by the channel encoder. The encoded bits are replicated and thus e.g., four identical sets of sequences (i.e.,
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) are generated in case of four layer transmission, since the same channel coding scheme is used in CW#0 and CW#1. The replicated encoded bits are written on to rows and columns assigned for each layer’s transmission in the matrix of UL channel interleaver. After channel interleaver, the layer specific scrambling and modulation processes are applied to the encoded bits such that HARQ-ACK symbols are time-aligned across all layers. Alt. 2-1 is well matched to the combination of Rel-8 DL and UL transmission chains for UL SU-MIMO. Also, since the common channel coding scheme is employed for HARQ-ACK, the computational complexity is lower than Alt. 2-2 with different channel coding schemes in CW#0 and CW#1. Another benefit of Alt. 2-1 is that the layer specific scrambling, which is provided by CW specific scrambling used in Rel-8 DL, works as the precoder randomization in HARQ-ACK transmission. For one of examples to demonstrate the merit of layer specific scrambling, it is assumed that the UL-SCH data are transmitted with identity matrix precoder in two Tx antennas configuration, and the identical HARQ-ACK modulation symbols without layer specific scrambling are transmitted in each layer. In this case, if the phases of the channels are added destructively and the composite channel gains are null out, the same HARQ-ACK modulation symbols will be completely punctured. There are two comparable solutions to prevent this catastrophe. First, precoder randomization technique is taken into account in order to avoid nulling by the fixed precoder. Second, layer specific scrambling sequences in Alt. 2-1 also can prevent this disaster. That is, the scrambler in Alt. 2-1 is equivalent to precoder randomization [2]. 
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Figure 2. UL transmission chain using Alt. 2-1
Figures 3 and 4 illustrate that the scrambler in Alt. 2-1 implicitly works as random precoder for HARQ-ACK transmission. For this analysis, it is assumed that the UL-SCH data are transmitted with identity matrix precoder in two Tx antennas configuration, and the identical HARQ-ACK modulation symbols with layer specific scrambling are transmitted in all layers. It is noted that the scrambling process of Figure 3 is simply expressed as multiplication of HARQ-ACK symbol and the scrambling sequence, although in the Rel-8 specification [4], that process is described with the placeholder bits (i.e., “x” and “y” in Tables 1 and 2) and modulo operation. However, in Figures 3 and 4, our intention is to conceptually demonstrate that layer specific scrambling is equivalently represented as random precoder. Therefore, we omit the detail scrambling process in this analysis. At the transmitter as shown in Figure 3, the kth HARQ-ACK symbol 
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is transmitted in the second Tx antenna. They experience the following channel, i.e., 
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from the transmitter to a receiver where noise models (e.g., AWGN) are not considered in here. Assumed that layer specific scrambling sequence is exploited (i.e.,
[image: image50.wmf]k

k

b

a

¹

) across all layers, the received signals in two Rx antennas are represented as below
                 
[image: image51.wmf]ACK

k

k

k

k

k

ACK

k

k

k

ACK

k

k

ACK

k

k

q

b

h

a

h

b

h

a

h

q

b

a

h

h

h

h

q

b

q

a

h

h

h

h

y

y

ú

û

ù

ê

ë

é

+

+

=

ú

û

ù

ê

ë

é

ú

û

ù

ê

ë

é

=

ú

ú

û

ù

ê

ê

ë

é

ú

û

ù

ê

ë

é

=

ú

û

ù

ê

ë

é

22

21

12

11

22

21

12

11

22

21

12

11

2

1

                  (1)

where 
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 is the received signal in the first Rx antenna and
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is that in the second Rx antenna. Although the phases of the channels are added destructively and the composite channel gains are null out, e.g., 
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can be recovered from the received signals because the scrambling sequence of each layer is different, i.e., 
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 in (1). Figure 4 shows that layer specific scrambling is equivalently regarded as random precoder. In (1), it is observed that the scrambled HARQ-symbols transmitted from each Tx antenna are expressed as
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. Figure 4 illustrates that the identical kth HARQ-ACK symbol 
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(i.e., rank 1 precoder).  After precoding, the signal 
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 is transmitted in the first Tx antenna of Figure 4, while 
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is transmitted in the second Tx antenna like the transmitter using layer specific scrambling in Figure 3. That is, layer specific scrambling in Alt. 2-1 works as random precoder. 
We believe that Alt. 2-1 is well suited to the current agreements for UL SU-MIMO and thus only small specification work is required.
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Figure 3. HARQ-ACK transmission using layer specific scrambling sequence

[image: image67.emf]11

h

21

h

12

h

22

h













k

k

b

a

ACK

k

k

q b

Precoding

Transmitter

Tx Ant. 1

Tx Ant. 2 Rx Ant. 2

Rx Ant. 1

Receiver

1

y

ACK

k

q

ACK

k

k

q a

2

y


Figure 4. HARQ-ACK transmission using random precoder
Alt. 2-2
Alt. 2-2 is to exploit the different channel encoders in CW#0 and CW#1, if the data modulation orders of UL-SCH CW#0 and CW#1 are different. Nevertheless, the fundamental idea of Alt. 2 sustains Alt. 2-2, i.e., HARQ-ACK information sequence is first encoded and then replication is performed using the encoded bits. 
As shown in Figure 5, one bit HARQ-ACK information 
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is provided as output of that encoder in CW#0, while the encoded bit sequence 
[image: image70.wmf]ACK

Q

ACK

ACK

ACK

q

q

q

1

1

0

)

1

(

,

,

,

-

L

 is generated as that in CW#1, where the total number of encoded HARQ-ACK bits in CW#0 is expressed as
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. Except for that distinction between Alt. 2-1 and 2-2, the remaining processes (i.e., channel interleaving, scrambling, and modulation) of Alt. 2-2 are the same as those of Alt. 2-1. However, the weakness of Alt. 2-2 is that the computational complexity is higher than that of Alt. 2-1, since the different channel coding schemes are working for HARQ-ACK information according to the modulation order of each CW. 

Alternative 3

In Alt. 3, common scrambling sequences are applied to the encoded HARQ-ACK bits and then the scrambled HARQ-ACK symbols are replicated. Therefore, the precoder randomization technique is additionally needed for transmission of identical HARQ-ACK symbols with common scrambling in all layers.

Figure 6 illustrates the operation of UL transmission chain using Alt. 3. One bit HARQ-ACK information 
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 is first encoded using the same channel encoding scheme without regard to modulation order of each CW. The first problem of Alt. 3 is that, after channel encoding, it seems not clear how the encoded HARQ-ACK bits are mapped to the resources which are allocated to different layers in channel interleaver, in order to maximize the Euclidean distance of the modulation symbols carrying HARQ-ACK information. Therefore, much specification work is required to resolve this ambiguity. In Alt. 3, since the common scrambling sequences are utilized for HARQ-ACK in all layers, identical HARQ-ACK modulation symbols are transmitted at the same time and frequency resources of all layers. On the other hand, distinctive scrambling sequences are exploited for UL-SCH data transmission of each layer. However, the critical drawback of Alt. 3 is that as explained above, common scrambled HARQ-ACK modulation symbols are completely punctured if composite channel gains are null out. For this analysis, assumed that common scrambling sequence is used (i.e.,
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Unfortunately, if the composite channel gains are null out, e.g., 
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 in (2). Therefore, in Alt. 3, precoder randomization technique (e.g., PVS) is necessary in order to avoid nulling by the fixed precoder [2] which is equivalent to common scrambling. That is, additional specification work is required due to common scrambling for HARQ-ACK transmission.
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Figure 5. UL transmission chain using Alt. 2-2
Comparison of Alternatives
Table 3 summarizes pros and cons of each alternative which we analyzed in this section.
Table 3. Pros and Cons of Alternatives
	Alternatives
	Pros
	Cons

	Alt. 1
	
	· Need careful investigation whether Rel-8 channel coder is appropriate to Alt. 1. 
· Much specification effort to preserve the property that HARQ-ACK modulation symbols are located at the outermost corners in any constellation.

	Alt. 2-1
	· Small specification work
· Well-suited to current agreements for UL SU-MIMO
	

	Alt. 2-2
	· Small specification work
· Well-matched to current agreements for UL SU-MIMO
	· Require higher computational complexity than Alt. 2-1, because different channel coding schemes are used according to modulation order of each CW.

	Alt. 3
	
	· Much specification effort to maximize the Euclidean distance of the modulation symbols carrying HARQ-ACK information. 

· Need random precoder (e.g., PVS) since common scrambling sequence for HARQ-ACK transmission is used in all layers.
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Figure 6. UL transmission chain using Alt. 3
4 Conclusion 
In this contribution, we discussed pros and cons of several alternatives in order to clarify which one is appropriate to the interpretation for HARQ-ACK and RI replication in UL SU-MIMO. In Alt. 2, the HARQ-ACK information sequence is first encoded and then replication is performed using the encoded bits. Furthermore, Alt. 2-1 is to employ an identical channel coding scheme for HARQ-ACK information in CW#0 and CW#1, and thus the computational complexity of Alt. 2-1 is lower than that of Alt. 2-2 with different channel coding schemes. Another benefit of Alt. 2-1 is that the layer specific scrambling works as the precoder randomization, which avoids nulling by the fixed precoder in HARQ-ACK transmission. Considering the consistency with the current agreements for UL SU-MIMO and the quantity of additional specification work, we conclude that Alt. 2-1 is proper for the meaning of “replica”.
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