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1 Introduction
During the TSG-RAN WG1 #62bis, there was significant progress with respect to the multiplexing of UCI on PUSCH where the overall functionality was agreed, but two remaining issues were identified: Firstly, it was concluded that the resource allocation for RI and HARQ-ACK need to be modified to ensure feasible spectral efficiencies/code rates of the UCI. This issue and our view are discussed in more detail in the associated contribution [1] on UCI resource allocation. The second remaining issue concerns the scrambling operation, where it remains to agree whether the scrambling operation should be layer-specific or codeword-specific—this is the topic focused on in this contribution. 
To avoid any confusion we define the two scrambling options as follows:

layer-specific scrambling: a separate scrambling sequence (PN generator) is used for each layer, initialized with different seeds
codeword-specific scrambling: there is only one sequence (PN generator) per codeword, but in case a codeword is mapped to two layers, the associated sequence will be twice as long as a single layer sequence.  

In should be noted that there is no link-performance difference between the two scrambling implementations, since each layer will be independently scrambled in any case, but as we conclude in the following a layer-specific scrambling operation has significant advantages from an implementation perspective by simplifying parallelism in the hardware.
In the following we discuss the implementation of a baseline receiver and some options on how to implement the transmit processing of the agreed UL SU-MIMO structure and UCI multiplexing, from which it will be clear that a layer-specific scrambling design has significant advantages.

2 Transmitter Implementation
In this section we discuss two alternate ways of implementing the transmit processing at the UE, one with one parallel processing branch per codeword, and one with one parallel processing branch per layer. 
2.1 Per-codeword Processing Implementation

The transmit processing at the UE has been captured in the current drafts of TS 36.211 and TS 36.212 using a per-codeword (or more rigorously, per data-codeword) processing schematic, as illustrated in Figure 1. 

To capture the agreed replication of RI and HARQ-ACK the processing of a data codeword has been modified primarily in two respects, relative the Rel-8 specification. Firstly, a “Layer Replication” operation has been inserted, that replicates each coded RI (or HARQ-ACK) symbol twice in case a codeword is mapped to two layers. Secondly, the channel interleaver of Rel-8 has been extended to be aware of the number of layers; that is, the interleaver groups 
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is the number of layers of a codeword) in the interleaving operation. More importantly, with a per-codeword processing the layers of a codeword are processed serially, and therefore the processing requirement (computational complexity) of each parallel branch is twice that of a Rel-8 implementation.
Note also that the scrambling operation must be aware of the operation of the channel interleaver since it must keep track of the positions of the HARQ-ACK and RI bits, since these UCI signal are encoded using special placeholder bits ‘x’ and ‘y’ that require special treatment by the scrambling operation. Hence, also the scrambling operation depends on the number of layers the codeword is mapped onto, and requires two different implementations used depending on the current codeword to layer mapping. Hence, with a per-codeword processing implementation, most blocks of the processing requires a special implementation for one and two layers of a codeword, respectively.
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Figure 1 Illustration of how to implement the UCI multiplexing on PUSCH with a per-codeword schematic. 
In summary we can conclude the following:

Observations: 

A per-codeword processing implementation is challenging primarily due to

· The processing requirement (computational complexity) of each parallel branch is twice that of a Rel-8 implementation

· Requires an extension of the Rel-8 channel interleaver (one implementation per layer mapping)

· Requires an additional “Layer Replication” operation

· Requires an extension of the Rel-8 scrambling implementation (one implementation per layer mapping)

2.2 Per-layer Processing Implementation

An alternate design, which facilitates parallel encoding of the layers, is depicted in Figure 2. With such a per-layer processing design each layer can be processed independently reusing the Rel-8 implementation. In short the codeword-to-layer mapping is applied in bit-level by mapping coded symbols (of 
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) bits onto the layers (using the same mapping as agreed for the per-codeword processing). Thereby, the subsequent processing is split into one parallel branch per layer which can be implemented identically as the Rel-8 processing. It should be emphasized that the output of the per-layer and per-codeword processing implementations are identical (assuming that the scrambling sequences are matched accordingly), see Appendix of [2] for detailed derivation of the equivalence of the output.
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Figure 2 Illustration of how to implement the UCI multiplexing on PUSCH with a per-layer schematic. Note that the Channel Coding operation for RI and HARQ-ACK can be shared by the layers of a codeword (since the output will be the same on all layers with the same modulation).
Observations:

The per-layer implementation of the agreed UCI on PUSCH implementation has many advantages, including

· Reuse of Rel-8 implementation blocks

· Facilitates parallel processing of each layer

· The processing branch of a layer is independent of the codeword-to-layer mapping (and presence of other layers)

· The processing requirement (computational complexity) of each parallel branch is the same as the Rel-8 implementation
With the difficulties of a per-codeword processing implementation and the attractive parallelism and implementation reuse of a per-layer processing implementation in mind, a layer-specific scrambling operation is favored, since otherwise the scrambling operation becomes coupled between the layers of a codeword. 

3 UCI Receiver Designs
For a computationally efficient receiver design, the UCI must necessarily be equalized along with the data by means of a frequency domain MIMO receiver, transformed back to the time domain, and next demodulated along with the data symbols.
A baseline receiver for the replicated UCI exploits that each layer sees a replica of the Rel-8 encoded signal, and the Rel-8 receiver implementation can therefore be reused for each layer, and the soft output can be combined to form a joint decision, see illustration in Figure 3.
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Figure 3 Illustration of a baseline receiver of RI and HARQ-ACK 
The receiver of a SU-MIMO transmission is naturally decoupled into layers by the MIMO Equalizer. Since each layer is interleaved exactly as a single layer Rel-8 transmission, the de-interleaver implementation can be reused. Moreover, the Rel-8 decoders of HARQ-ACK and RI can be applied on each layer, and the output combined to form an overall decision. To facilitate such a per-layer design, the scrambling operation should be such that each layer can be descrambled independently; that is, a layer-specific scrambling sequence should be used. 
4 Scrambling Sequence Initialization

To facilitate layer-specific scrambling one PN generator is required per layer. In Rel-8 the single layer is initialized with the seed 
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. To extend this to support initialization of up to four sequences, it is proposed that the sequence of layer l is initialized with the seed
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which yields a unique seed for each layer and yet remains within the 31 bit seed limitation.
Note also that the implementation of a PN generator is composed of 64 shift-registers, which is negligible in the context of an interleaver and the general scrambling operation (requiring special treatment of special bits), especially if these operations are made layer-mapping dependent.  
5 Conclusion

Herein we have discussed how to efficiently implement the UL SU-MIMO transmitter and receivers that fulfill the agreed signaling output. It was concluded that a per-layer processing architecture is superior from an implementation perspective, and therefore it is proposed that a per-layer scrambling sequence is agreed to better facilitate such an implementation design.

Proposal:
· Adopt a layer-specific scrambling sequence

· Initialize each PN generator with the seed, 
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is the layer index.
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