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1. Introduction

In [1] a multiplexing method based on puncturing of the data to accommodate control signaling was discussed.  Since control is multiplexed with data prior to the DFT, appropriate modulation and coding selection for control is required for reliable reception.  This contribution provides some details on the multiplexing between control and data.

2. Multiplexing of Control Signaling with Data
To preserve the single-carrier property of uplink transmission, L1/L2 control signaling must be multiplexed with data prior to the DFT when both data and control are to be transmitted in the same TTI.  For example, this may be performed as shown in Figure 1 where uplink data is punctured to provide room for control signaling.  
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Figure 1.  Multiplexing of Control Signalling with Data.
Several salient points can be made regarding the multiplexing structure –

· Multiplexing is done prior to the DFT: To preserve the single-carrier property and maintain low PAPR, control signaling must be multiplexed with data prior to the DFT.  Note that this is the working assumption from RAN1#46bis and restated here for completeness.
· Control and data are transmitted at the same power: To maintain low PAPR/CM, control and data should be transmitted at the same power.  As a result, the different performance requirements cannot be fulfilled by varying the transmit power of each portion, but instead must be addressed through appropriate modulation and coding selection.  An illustrative analysis of PAPR/CM for control and data multiplexing was shown in [2].  From the analysis, it is seen that PAPR/CM is increased when control is transmitted at higher power than data.  Although control may be transmitted at lower power than data, it should be transmitted at the same power to minimize the number of control symbols.  This also eliminates the need to specify the power offset between control and data.
· Separate coding for each control field: To minimize the amount of uplink resource required for control and to ensure performance requirements are met, each field should be separately coded as illustrated in Figure 3.  For example, in many instances only the ACK/NACK may be multiplexed with uplink data, which result in a small multiplexed control portion.  Since the eNB is aware of the uplink control information to be transmitted, there is no issue with separating the different control fields from data at the eNB.  Note that the example shows only CQI and ACK/NACK since they are the only agreed fields for PUCCH.  If PMI feedback is also supported via the PUCCH, this will result in another separate field.
· Control MCS selection is tied to data MCS: Due to the different performance requirements, control and data may have different modulation and coding, with the MCS’s of the control fields dependent on the data MCS.   For implementation, a mapping table between control and data MCS’s may be defined.  Obviously, in some cases, one control MCS may be associated with multiple data MCS’s.   This simple association together with separate coding allows the exact number REs used for control to be determined.   
· Symbol level multiplexing: As illustrated in Figure 3, control and data multiplexing is performed at the symbol level to allow different modulation and coding rate selections.

· Control/Data multiplexing method: To achieve frequency diversity when intra-TTI hopping is enabled, control must be distributed evenly between both slots [3]. In addition, there may be some benefits to place control signalling in SC-FDM symbols close to the demodulation reference signals to provide improved channel estimation. 
· Rate matching or data rate reduction: In [1], one-step rate matching is proposed as a way to accommodate control transmission with data.  In this method, rate matching will automatically account for the control fields to be inserted, resulting in coding rate reduction that may be compensated by power boosting.  However, as pointed out in [5]
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[6], for cell-edge (power limited) UE’s, puncturing lead to a coding loss that cannot be compensated for by boosting power.   An alternative proposal is then to perform data rate reduction instead of puncturing.  While data rate reduction may be useful for cell edge UEs, it cannot be used for packet re-transmission.  In addition, there may be no need to reduce the data rate when puncturing loss is generally small (due to the small size of the control fields) or when adequate power boosting can be done.  The two methods are discusses as follows –
· Rate matching:  One step rate matching is used to puncture encoded data packet to accommodate control plus compensatory power boosting.  This method is useful for UEs that are not power limited and is the only method available for re-transmission.  A conceptual illustration of this concept is shown in Figure 2.  In this case, a data packet of size 1296 bits is originally assigned an MCS of 16-QAM, R=3/4.  Due to control multiplexing, additional puncturing is automatically performed by the rate matching block to accommodate 10 control symbols, increasing the coding rate slightly from 0.75 to 0.77. 
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Figure 2. Example of one step rate matching.
· Data rate reduction: Data rate reduction may be useful for power-limited UEs since puncturing may result in a large increase in coding rate without an associated power boostings.  However, note that although power boosting cannot be done, this coding loss may be acceptable since HARQ is available for data. With data rate reduction, the UE automatically reduces the size of the data packet to be transmitted when control will be transmitted with data.  For example, with a data packet of size 96 bits to be transmitted at QPSK, R=1/3 in one RB, the UE can reduce the data packet size to 88 bits in order to accommodate 12 control modulation symbols.  No additional adjustment is made at rate matching stage and the data packet is transmitted at the original coding rate of 1/3.  
Based on the above discussion, it is recommended that only puncturing via one step rate matching plus power boosting should be supported.  For power-limited UE, power boosting will not be done but re-transmission is of course available.  However, if data rate reduction is to be supported, the choice of whether to use rate matching or data rate reduction may be implicitly made based on the selected MCS and number of RB assigned, so additional signalling is not required.

· Rate matching and code block segmentation: For very large packet, code block segmentation is performed and rate matching is done per segment.  In this case, puncturing may be performed only on the first code block segment to simplify the process.  Since the amount of puncturing will be quite small even at very high coding rate, it is expected that performance will still be approximately the same across all code blocks. 
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Figure 3.  Example of uplink control and data multiplexing.




























































































































































































































































