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1. Introduction
This contribution is an update of [1] and considers the multiplexing of the DL L1/L2 control channel codewords for DL and UL scheduling grants based on the current decided aspects of:

a) separate codewords for DL grants and UL grants,

b) multiple MCS regions,

c) L1/L2 control channel allowed to terminate at a fraction of an OFDM symbol and shared data transmission continues in the remaining of that OFDM symbol, and

d) L1/L2 control channel transmitted in the beginning of the DL sub-frame. 
Assuming Cat0 transmission per sub-frame (“sub-frame Cat0”) specifying the number of DL grants and UL grants in each MCS region, it will be shown that L1/L2 control channel multiplexing is a very simple matter and can simultaneously achieve all desirable properties of maximizing frequency diversity, allowing for maximum power sharing, avoiding wasting bandwidth, minimizing the number of blind decoding operations at the UE, allowing CDM of scheduling grants, and providing a flexible yet simple mapping regardless of the number of DL and UL grants and corresponding MCS.  

2. Multiplexing of L1/L2 Control Channels
Desirable properties for the L1/L2 control channel transmission and multiplexing include:

1) Transmission of each DL grant or UL grant should substantially exploit the available bandwidth (BW) to maximize frequency diversity which is very important to achieve low BLER (e.g. 1%).
2) Multiplexing should allow for seamless (without additional signaling) use of unoccupied RBs in the OFDM symbol L1/L2 control terminates for the shared data channel transmission.
3) Each UE should only perform the minimum possible number of blind decoding operations.
4) Maximum power sharing among DL grants and UL grants should be allowed. 
5) CDM of scheduling grants should be enabled (FFS if actually specified) as it reduces the power fluctuation per sub-carrier and the impact of interference.
6) Mapping should be both flexible and simple regardless of the total number of DL grants and UL grants and their distribution into the various MCS.

The multiplexing between DL and UL grants is first considered. Three options exist: multiplexing DL and UL grants together, transmitting UL grants prior to DL grants, and transmitting DL grants prior to UL grants. The first option allows for more efficient power balancing (fourth property). Another option is to transmit the UL grants first, in order to minimize the delay between CQI estimation and actual UL data transmission (there is no impact for the DL as data is anyway transmitted after L1/L2 control). Since the latency reduction for UL data transmission can be at most 2 OFDM symbols and the second RS in the slot should anyway be used to improve BLER, jointly multiplexing DL and UL grants to maximize power balancing is the better option. 
Since the sub-frame Cat0 is assumed to specify the number of DL and UL grants for each MCS, the L1/L2 control channel multiplexing and the corresponding decoding at the UE become very simple. Figure 1 shows a possible multiplexing of DL and UL grants assuming 3 MCS such as QPSK with code rates of 1/6, 1/3, and 2/3. With tail biting, the number of sub-carriers required for the lowest and middle MCS is 4 and 2 times, respectively, larger than the one for the highest MCS. However, such a condition is not necessary. Although a specific multiplexing order is shown for illustration purposes, the DL and UL grants may be interleaved, the MCS may be in any order, and even the sub-carriers of individual codewords may be interleaved in a predetermined manner. For example, the multiplexing may be cell-specific (e.g. derived from the cell ID) in order to randomize interference among grants of a particular MCS. Notice however that interference is additionally randomized due to the varying number of grants per MCS per sub-frame. 

[image: image1]
Figure 1: Transmission of DL and UL grants in Successive Sub-carriers of an OFDM Symbol.
The L1/L2 control channel transmission is assumed to occur over RBs to simplify allocation of unused RBs to data. The RB allocation to an OFDM symbol should maximize frequency diversity. The RBs of an OFDM symbol can be progressively filled in a predetermined manner that is known to the UE. Figure 2 shows an example for progressively filling an OFDM symbol comprising of 25 RBs (5 MHz). 
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Figure 2: Assignment of RBs in an OFDM Symbol for Various Sizes of the L1/L2 Control Channel.
Because of sub-frame Cat0, each scheduled UE knows the L1/L2 control channel size and can therefore determine how many OFDM symbols are required for its transmission. Having 3 MCS as an example, if the sub-frame Cat0 specifies N1, N2, and N3 DL grants and M1, M2, and M3 UL grants in each of the three MCS, the L1/L2 control channel size is simply (D1N1 + D2N2 + D3N3) + (U1M1 + U2M2 + U3M3) where D1, D2, D3 and U1, U2, U3 are respectively the required number of sub-carriers for each DL and UL grant in each of the three MCS. As each RB comprises of 12 sub-carriers, when an RB is filled with 12 L1/L2 control channel sub-carriers, that may be multiplexed as for example shown in Figure 1, the transmission continues at another RB whose position is determined according to the number of occupied RBs in the current OFDM symbol. For OFDM symbols that are completely filled with L1/L2 control, the transmission in sub-carriers may also be successive. However, if the OFDM symbol is partially filled by the L1/L2 control channel, it is important to maximize the frequency diversity of the transmission and the RBs may be selected as in Figure 2 in order to maximize their separation in the frequency domain. 
Therefore, after determining the size of the L1/L2 control channel, the number of RBs in the first and possibly the second and third OFDM symbols can be immediately obtained. The process of filling up the RBs of an OFDM symbol with the control channel to maximize frequency diversity is straightforward by selecting RBs with maximum spacing in frequency. In many instances, the mapping is not unique but nevertheless a predetermined one can be defined so that the UE knows in advance the RBs carrying the L1/L2 control channel. Figure 2 shows the progressive filling of an OFDM symbol where equally spaced RBs are selected and whenever multiple possible positions exist, a small bias is towards the band edges. Notice that the L1/L2 control channel mapping with Cat0 in the BCH will have to trade off having a very large number of UE blind decoding operations with some wasted BW [2].  
The RS, the ACK/NAK and other control information such as paging can be in predetermined sub-carriers that the L1/L2 control mapping and the corresponding decoding at the UE may seamlessly skip. 
3. Conclusions
This contribution described a L1/L2 control channel multiplexing and mapping method based on sub-frame Cat0 transmission and consisting of the following aspects: 

a) Transmission of UL and DL grants is in RBs. The RB assignment maximizes frequency diversity. Any unused RBs for L1/L2 control signaling are seamlessly allocated to data.
b) Each UE knows exactly the position and number of DL and UL grants and performs the absolute minimum number of blind decoding operations without wasting any bandwidth. 
c) Maximum power sharing of DL and UL grants is achieved by multiplexing their transmission.
Cat0 transmission in every sub-frame results to transparent and efficient mapping for the L1/L2 control channel and to the simplest UE decoding functionality while avoiding any waste in bandwidth.
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