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1 Introduction

The WID [1] for Low Complexity (LC) UEs shows some potential for cost savings by reducing the amount of post FFT buffer memory when the number of PRBs that a UE needs to receive is reduced. If the legacy PDCCH timing and scheduling is maintained for LC UE and the PDCCH blind decoding is not completed until the end of the subframe, there is no opportunity to save post FFT buffer memory.  However, if the PDCCH blind decoding can be completed before the end of the subframe, some saving of the post FFT buffer can be achieved (this is explained in more detail in the next section). This tdoc discusses possible methods to reduce blind decoding options which will not only simplify the PDCCH decoder (and save cost) but also allows the PDCCH blind decoding to finish earlier and thus save post FFT buffer memory. Using these possible methods, the blind decoding options can be reduced from 44 to ~12 and thus a majority of the post FFT buffer can still be saved even if the legacy PDCCH timing and scheduling methods are maintained for LC UEs.
2 Reducing blind decoding to save Post FFT Buffer memory 
Each subframe contains PDCCH information that is decoded by a UE to discover assignments of data within the PDSCH part of the same subframe. For legacy categories of UEs all PRBs may contain data that the UE must receive thus the legacy UE must be provisioned with enough post FFT buffer memory to accommodate all of this potential data destined for it (i.e. up to 100 PRBs worth). 
A LC UE must still receive and decode all PDCCH resource elements in a subframe across the full system bandwidth. The expected memory savings in the LC UE is based on NOT having to buffer all of the post FFT data from all PDSCH resource elements. This is possible because the maximum number of PRBs that can contain data for the UE will be limited to 6. A LC UE must buffer all PDSCH resources across all PRBs until it knows which 6 PDSCH PRBs contain data for it. Only then will the UE know which PDSCH PRBs it needs to continue to buffer. If the location of 6 PDSCH PRBs are known before the PDCCH decoding (e.g. via new cross subframe scheduling, pre-defining, or semi-statically defined the 6 PDSCH PRBs), then the LC UE only needs to buffer these 6 known PDSCH PRBs.  In this case, ~12.4K (11syms*12tones*94PRBs) RE’s worth of post FFT-Buffering could be saved (see diagram below).
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However, it is desirable to maintain the current PDCCH timing and scheduling for LC UEs but then less post FFT buffering saving can be achieved by the LC UE. If a UE is incapable of decoding the PDCCH before the end of the subframe, it must have the same post FFT memory size as legacy categories of UEs, and the UE cost savings associated with defining a smaller number of PRBs will be unrealized (see diagram below).
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If the PDCCH can be decoded earlier, then some post FFT memory savings can be achieved. Once the location of the 6 PDSCH PRBs are known to the LC UE, it can stop buffering all the PRBs and only buffer the 6 PDSCH PRBs assigned to it (see diagram below). 
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Depending on UE implementation, the PDCCH decoding timing is proportional to the number of blind decoding options, thus reducing the blind decoding options reduces the PDCCH decoding time and thus saves more post FFT buffering.  
Observation:  When using legacy PDCCH timing, additional Post FFT Buffer memory in a LC UE can be saved by reducing PDCCH blind decoding options.

3 Possible methods to reduce blind decoding options
3.1 Reduce blind decoding options for USS
Legacy UE’s are required to carry out 44 PDCCH blind decodes [2] in any subframe, namely 12 in the common search space (CSS) and 32 in the UE-specific search space (USS). Reducing the number of blind decodes in the CSS will likely have a negative effect on spectral efficiency and is thus not considered in this tdoc.  Some possible ways to reduce blind decoding options for the USS include:

1. Remove Aggregation Level (AL) 1. This would remove 6 candidates and leave only 10 AL candidates.  This would only reduce spectral efficiency when the LC UE is in very good coverage.

2. Reduce the USS DCI options. For example an LC UE may not need to decode format 1 and only need to decode format 1A

Combining these two reductions techniques yields a reduction in blind decoding options for USS from 32 to 10. 

Observation: Reducing ALs and DCI options are possible techniques to reduce USS blind decoding options for LC UE
3.2 LC UE decodes either USS or CSS when in connected mode
When in idle mode, a UE only decodes the CSS, but in connected mode, legacy UEs decode both the CSS and USS for a total of 44 blind decodes. Blind decoding options can be reduced if the LC UE would only need to decode either the USS or the CSS in one subframe when in connected mode. 
Observation: Blind decoding options can be reduced if the LC UE would only need to decode either the USS or the CSS in one subframe when in connected mode.

In general the LC UE would only decode the USS when in connected mode but since RARs, SIBs, and Pages can be sent in the CSS, alternate methods to receive these messages need to be defined. 
RARs: An LC UE in connected mode would not expect to receive a RAR message so this doesn’t need to be considered.  
Pages: For example, one solution to receive pages could be to have the LC UE decode CSS for one SF (subframe) when it knows a page could be sent by eNB. The LC UE would only need to decode CSS for one SF every DRX cycle (e.g. 2.5sec). The LC UE may still miss USS messages during that SF but this could be minimized by standardizing in which SF in the DRX cycle the LC UE would decode CSS and the eNB would then not schedule USS messages to the LC UE during that SF. 

SIBs: For example, one solution to receive SIBs could be that the LC UE could indicate via higher layer signalling that it needs to refresh its SIBs and eNB then sends only the changed SIBs via higher layer signalling. Since SIBs only need to be refreshed rarely (i.e. every 3 hours [3], and this only occurs if LC UE is in connected mode, this should not be often. Since only the changed SIBs need to be sent, this should not be a lot of data if the SIBs changes infrequently. 
3.3 Combination of the above two solutions
When combining these two solutions, the LC UE blind decoding options can be fairly easily reduced from 44 to 12. In this case, there is no advantage to reduce the USS options to less than 12 since the CSS has 12 blind decoding options and is thus the limiting factor.  
Observation: When reducing USS blind decoding options and having the LC UE only decode CSS or USS in connected mode, the LC UE blind decoding options can be reduced from 44 to 12.

3.4 Potential Savings
As mentioned above, if the location of the 6 PRBs is known before PDDCH decoding (e.g. via pre-defined, semi-static, or cross subframe PDCCH scheduling),  ~12.4K  RE’s (11syms*12tone*94prbs)  worth of post FFT-Buffering could be saved.

If the PDCCH blind decoding was reduced from 44 to 12, the PDCCH decoding should finish 73% (44-12)/44 faster so should finish 8 symbols (fix(11*(73%)) before the end of the frame which should yield a saving of  9.0K RE’s ((8syms*12tone*94prbs) . 

In some implementation, it may be required to decode the pilot symbols in the 1st slot before starting the PDCCH decoding so PDCCH Decoding would not start until the end of the 1st slot (see diagram below). 
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In this case, the PDCCH should finish 5 symbols (fix(7*73%) ) before the end of the SF so 5.6K RE’s (5syms*12tone*94prbs)  worth of the cost savings associated with the LC UE’s 6 PRB limit should be possible. 

4 Conclusions

Observation:  When using legacy PDCCH timing, additional Post FFT Buffer memory in a LC UE can be saved by reducing PDCCH blind decoding options.
Observation: Reducing ALs and DCI options are possible techniques to reduce USS blind decoding options for LC UE
Observation: Blind decoding options can be reduced if the LC UE would only need to decode either the USS or the CSS in one subframe when in connected mode.

Proposal: To reduce LC UE complexity, RAN1 should study and define methods to reduce the number of PDCCH blind decoding options for a LC UE.
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