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1. 
Introduction 
In the 3GPP RAN1#48bis in March, it was agreed that a way forward on Cat0 bits are [1]:

Way forward: Dynamic signalling of Cat0 with a low number of bits (max 2 bits).
In this contribution, we first propose a simple and effective approach for the resource mapping and transmit diversity of the Cat0 bits, assuming a 2-bit dynamic Cat0 payload is separately transmitted every subframe.  In addition, we also propose an alternative approach where the Cat0 bits are included in the PDCCH channel intended for the worst UE within the subframe.
 2. Alternative 1: Separate Transmission of Cat0 Bits
We propose the following approach for the transmission of Cat0 bits. 
1. The Cat0 bits are always transmitted in the first OFDM symbol within a sub-frame.  This is to shorten the delay of decoding Cat0 bits, and to eliminate the need of hypothesis testing at the UE for Cat0 decoding.

2. A (3,2) code with minimum Hamming distance of 2  is applied to map the 2 Cat0 information bits to a 3 bit codeword. One example of such a codebook C is 
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3. Once the 3-bit codeword is specified, it will be repeated and rate-matched to fit the 2K channel symbols that are assigned for the Cat0 bits.  Each channel symbol is QPSK modulated, and the 2K symbols are mapped to K resource units (RU).  Each RU is of size 1x2, meaning that it includes two neighboring subcarriers in one OFDM symbol.  The reason for this 1x2 RU granularity is to allow the Cat0 resource mapping to easily fit the overall framework of CCE to RE mapping. 
4. SFBC is applied on each pair of QPSK symbols mapped in the same 1x2 RU. 

This proposed method is clearly illustrated in Figure 1 below. Note that the RUs  assigned for Cat0 should be spread out in the frequency dimension to obtain maximum frequency diversity gain.   In this example, K=6 RUs are used, and the codeword 
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 is repeated 8 times to form 24 channel bits, which is mapped to 2K=12 QPSK modulated channel symbols denoted by 
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Figure 1: An example of mapping the modulated Cat0 symbols to the RE, using SFBC. In this example, K=6. Note that only the first OFDM symbol in the subframe is shown in this Figure. 
We also note that the Cat0 channel to RE mapping should fit in the general framework of CCE to RE mapping. This is FFS since the general CCE to RE mapping has not been finalized.
2.1 Cell-specific Hopping of RUs 
In a multi-cell environment, one would like to avoid the case where all 2K channel symbols of the Cat0 from Cell A  collide  consistently with all 2K channel symbols of the Cat0 from Cell B.  Avoiding these collisions lead to so-called interference averaging gain in a multi-cell environment.  Cell-specific hopping is one approach to avoid such consistent collision and to ensure interference averaging gain. 
Since we are mapping the Cat0 RUs only to the first OFDM control symbol, the simplest scheme is to perform  random hopping across all the frequency resources within the first OFDM control symbol, provided that the 1x2 granularity of RU is preserved in the hopping process.  However, this global hopping scheme is not optimal for the purpose of  frequency diversity gain, and we propose a simple yet efficient scheme where we divide the frequency resource into several segments, and each 1x2 Cat0 RU only hops in a given resource segment. A properly selected set of hopping sequences will ensure interference averaging benefit while preserving frequency diversity gain.  This idea is illustrated in Figure 2 below, where 3 Cat0 RUs are mapped to the three resource segments, and the hopping sequence changes from one subframe to the next in a time-varying fashion. 
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Figure 2: A segmentation-based hopping scheme illustrated. K=3 repetitions of Cat0 RUs is assumed.
2.2. Estimating  the Number of Channel Symbols 2K 
One important parameter we need to determine is the number of channel symbols needed for Cat0 bits, which is called 2K in the previous sections.  To this end, we need to evaluate the “worst-case” scenario performance for the Cat0, where 98% coverage with a certain BLER target (for example 1%) is required for the LTE Case 3 network configuration.  In this section we provide a very rough estimate of the required number of channel symbols. We first neglect the (3,2) coding gain, the channel estimation error,  the difference between BER and BLER, and then use a very simple uncoded BER analysis to provide some insight on the range of this parameter 2K. More accurate simulation is needed to finalize this parameter choice. 
It is known that the geometry value (Ior/Ioc) at the 98% coverage point is around -6.7dB for LTE case 3. Now, let us look at the un-coded  BER for diversity reception in the figure below (extracted from [2]).  Assuming a target diversity of 8,  a 1% BER is achieved with an Eb/No of  5 dB, which translates to 8 dB Es/No for QPSK-modulated symbols. Now the gap between the supported 98% geometry and this Es/No is  8+6.7 = 14.7dB. To bridge this gap, a combination of power boosting and repetition is needed.   If we choose the number of repetition to be 2K=12, then the repetition gain is 10log10(12) = 10.8 dB, which leaves about a 3.9dB gap to be filled by power boosting.   If we increase the number of repetitions to 2K=16, then the repletion gain is 12dB and the power boost required is 2.7 dB.   Note that this analysis does not account for the loss in channel estimation and an additional margin of 2-3 dB is needed depending on the channel estimation algorithm. In conclusion, a repetition of 2K=12 to 2K=16 is likely needed ensure the “worst case” BER performance.
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Figure 3: Uncoded BER performance with diversity.
3. Alternative 2: Cat0 on PDCCH 
Another way of conveying the Cat0 bits is to carry the Cat0 bits on the PDCCH intended for the UE that has the worst CQI.  The idea is that in each subframe,  the Cat0 bits only need to reach the worst UE within that subframe and therefore it is natural to carry it on the PDCCH intended for the worst UE. For example, one possible PDCCH format to accommodate the Cat0 is shown in Figure 4 below, where
1. The CRC and UE ID are separately present in the PDCCH. In LTE, the UE would need to monitor multiple UE IDs, such as RA-RNTI (i.e. random access ID), an ID for paging channel, an ID for D-BCH, an ID for MBMS, and its own UE ID etc. If UE ID specific CRC is used, performing multiple CRC check operations may introduce additional complexity. Therefore, it may be straightforward to carry UE ID and CRC separately in the PDCCH, this way each UE can decode this special PDCCH properly without check the UE ID field;
2. In addition, since UE ID field in the message body is the UE ID of the worst user, the worst user can get information such as payload size, modulation and HARQ in the control message that was intended for this UE;
3. This special PDCCH is mapped according to a pre-determined set of CCH to CCE mapping formats. For example, it could be mapped to one CCE in the first OFDM symbol if all UEs experience good channels; and it could be mapped to several CCEs across the first three OFDM symbols if the worst UE is a cell edge user.  Blind decoding at each UE is required to figure out which CCH to CCE mapping format is used;
4. It is also possible that Cat0 bits are not explicitly carried in the special PDCCH. For example, we can fix the MCS as well the number of CCEs to carry this special PDCCH, and then assume 4 different CCE to RE mappings for this PDCCH, each indicating one possible state of the 2 Cat0 bits. Afterward, it is easy to observe that the maximum number of blind decodings for the special PDCCH is 4  in this case. 
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 Figure 4: Cat0 information transmission within the PDCCH. Note that it is also possible to design this PDCCH without Cat0 bits, as discussed in bullet point 4 above.
4. Conclusion 

In this contribution, we first propose a simple and effective approach for the resource mapping and transmit diversity of the Cat0 bits, assuming a 2-bit dynamic Cat0 payload is transmitted separately every subframe. In addition, we also propose an alternative approach where the Cat0 bits are included in the PDCCH channel intended for the worst UE within the subframe. We note that both approaches are feasible, and more study is needed before the final choice between these two approaches can be made. 
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