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1. Introduction
In Rel-8/9, data and control are multiplexed in the UL-SCH whenever a data transmission exists. Such multiplexing is intended to maintain the single-carrier property. The multiplexing rule is designed with single-layer transmission in mind. As Rel-10 LTE-A supports multi-antenna and multi-layer transmissions, the data and control multiplexing needs to be extended to this scenario. While separate data and control transmission may be possible in the realm of Rel-10 [1], being able to jointly multiplex data and control may be desirable in a number of scenarios. This issue was discussed in RAN1#60bis with the following outcome [1]:
· Continue discussion until next meeting

· Focus the discussion on

· Consider the aspects of simplicity, decoding latency, throughput loss, robustness of UCI

· Different UCI may have different robustness requirements

· It is possible that different UCIs could have different mapping rules

This contribution addresses the comparison among the existing proposals [2-8]. 
2. Discussion
Figure 1 depicts the UL physical channel processing which supports multi-antenna transmission on PUSCH. Prior to scrambling, data and control multiplexing followed by channel interleaving is performed as shown in [10] Figure 5.2.2-1.
· Data-control multiplexing concatenates CQI/PMI (control) bits with the data (UL-SCH) bits where CQI/PMI is placed before the data bits. In addition, it ensures that none of the control and data bits are mapped onto the same QAM symbol. 
· Channel interleaving combines the output of data-control multiplexing, HARQ-ACK, and RI to implement a time-first mapping in conjunction with the resource element (RE) mapping. The end result ensures that the QAM-modulated HARQ-ACK symbols are placed around the DMRS with the RI symbols placed around the HARQ-ACK symbols. 
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Figure 1 Uplink physical channel processing including multi-antenna transmission – anticipated based on the agreement to-date
Here, we use the term “control information” to encompass CQI/PMI, HARQ-ACK, and RI. Note that UCI (uplink control information) only includes CQI/PMI in the terminology of TS36.212 [10].
Based on the above description, the existing proposals [2-8] on control information mapping can be categorized as follows. A shorthand is assigned to each proposal for conciseness:
1. Mapped onto one codeword and all the layers (one or two – depending on the transmission rank) associated with the codeword [2, 4 – 7, 9]:
a. [OneCW] Control information is mapped onto all the layers in the same manner as data [4 – 7] 
b. [OneCWnew] Control information is mapped onto all the layers based on a modified layer mapping [2]
2. [AllCW] Mapped onto all the codewords and all the layers in the same manner as data [5]
3. [AllLayerRepeat] Replicated (in symbol level) across all the layers and mapped onto all the layers  [3]
4. [OneLayer] Mapped onto one layer regardless of the transmission rank [8]
Note that it is possible to employ different mapping/multiplexing schemes for different types of control information. For instance, CQI/PMI may be multiplexed differently compared to HARQ-ACK and RI. This may be motivated by the different error rate requirements. In the following comparison, we simply compare the five schemes based on a set of criteria established in RAN1#60bis. The decision should be made considering which set of criteria is more crucial to a particular type of control information. 
Table 1 Comparison among different multiplexing schemes
	Scheme
	Simplicity (Standardization impact & implementation)
	Throughput loss
	Robustness
	Decoding latency for control information

	OneCW
	Mapping scheme is the same for control and data.

Need to define a simple rule for CW selection. (4)
	Small
	Good with proper selection of MCS offset accompanied with smart link adaptation. (2)
	Same as data

	OneCWnew
	Different mapping for control and data need to be used.
Need to define a simple rule for CW selection. (4)
	Small
	Good with proper selection of MCS offset accompanied with smart link adaptation. (2)
	Same as data

	AllCW
	Mapping scheme is the same for control and data.
Need to define a simple rule for control info muxing across CWs.
	Small. Best in terms of balancing throughput loss per CW. (5)
	Good with proper selection of MCS offset accompanied with smart link adaptation. (2)
	Same as data

	AllLayerRepeat
	Different mapping for control and data need to be used due to repetition coding.
Rule for repetition coding needs to be defined to ensure proper and uniform replication across layers.
	Large due to repetition. It is assumed that the robustness gain from repetition is not used to reduce the throughput loss. (1)
	Better due to repetition and the potentially absent inter-layer interference. Coding gain is none, only Tx diversity gain is achieved. (1)
	Better than data since MIMO decoding (e.g. LMMSE or SIC) is not needed – at the expense of a different receiver implementation. (3)  

	OneLayer
	Different mapping for control and data need to be used when 1-CW-2-layer mapping occurs (rank-2 1CW, rank-3, rank-4).

Need to define a simple rule for layer selection.
	Small. Worst in terms of balancing throughput loss per CW as only one layer is used.
	Good with proper selection of MCS offset accompanied with smart link adaptation. (2)
	Same as data


The comparison is given in Table 1. To elaborate further on the above assessments:
1. For [AllLayerRepeat], it is assumed that the robustness gain from the repetition Tx diversity across layers (hence the absence of inter-layer or spatial interference) is not used to increase the MCS level used for control information transmission. Doing so would require some modification in the beta offset definition for control information MCS in [10]. Since this scheme uses a different transmission strategy for control information (repetition Tx diversity as opposed to spatial multiplexing), deriving a simple empirical relationship between the error rate expressions for control and data – if indeed possible – appears quite challenging. Hence, the robustness gain comes in terms of ensuring that the error rate requirement is met with some additional margin if the current beta offset rule (assuming the same transmission property between control and data) is used. 
2. For schemes other than [AllLayerRepeat], ensuring that the error rate requirement is consistently met is rather straightforward due to the same transmission property between control and data (spatial multiplexing). Here, inter-layer interference occurs between control and control as well as between control and data. In some corner cases (especially when significant imbalance in the number of control symbols across layers exists), it is likely that some discrepancy occurs, e.g. the error rate associated control symbols could be higher than that associated with data symbols. This can be fixed by a proper link adaptation strategy such as applying some additional SINR offset when such cases are encountered. 
3. Since the same control symbols are transmitted across layers in [AllLayerRepeat], it is possible to extract the control information separately from data. This is especially attractive when an advanced receiver such as SIC is used for MIMO decoding. In this case, the control information can be decoded faster than the data since the control transmission only employs repetition Tx diversity. On the other hand, the following should also be considered:

· It is unclear that being able to decode control information faster than data is highly instrumental in the real system. Typically, an eNodeB device is designed with a particular latency budget and constraints in mind which is typically limited by the received data processing. While being able to decode the control information faster may allow the eNodeB device to reduce the scheduling latency (CQI/PMI/RI is available sooner for scheduling and link adaptation), it is unclear how much gain this advantage can bring considering the typical use of DL MIMO transmission in terms of UE mobility. The reduced decoding latency may be more useful for HARQ-ACK as it may reduce the burden of the eNodeB in fulfilling the 3ms latency budget for DL retransmission [11]. 
· It should be kept in mind that the latency reduction comes at the expense of having to implement a separate receiver/decoder for control information. Depending on the type of implementation, this may or may not be an issue although it adds onto the overall receiver requirements.
4. Comparing [OneCW] and [OneCWnew], it seems that defining a new mapping rule solely for control information needs to be justified in terms of the possible robustness gain. First, balancing the number of control information symbols across the two layers associated with the same CW implicitly enforces the number of symbols to be a multiple of two. Second, it in unclear that such additional effort brings any significant advantage as same type of inter-layer interference (among QAM symbols with equal power) occurs either way.  
5. The only advantage of [AllCW] over [OneCW] is the possibility of balancing the number of QAM control symbols across layers/codewords when 2-CW transmission occurs. 
3. Recommendation
Based on the above comparison as well as the preliminary arguments given in [5], our recommendation remains the same. 
When only 1 TB is transmitted on PUSCH, there is no need to define any additional rules. In case of 2-TB transmission, the recommended rules for control information transmission can be summarized as follows:
· Only one TB is used to carry control information unless a significant imbalance (in terms of the number of symbols that can be used to carry data) between the two TBs can occur in a sufficient number of relevant scenarios. 
· If two TBs are used, the amount of REs used to carry control information per TB is proportional to the relative spectral efficiency (MCS) between the two TBs.

· After channel  interleaving, follow the layer and RE mapping rules defined for PUSCH (UL-SCH) as is
· For the TB mapped onto 2 layers, the control information is mapped onto both layers according to the layer mapping.

If the above rules are followed, the only significant specification work lies within defining the control information mapping rule on each TB. 
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