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1. Introduction
A way forward for minimizing PDCCH blind detections is proposed based on splitting a 8 control channel element (CCE) search space (or region) into two smaller spaces where L1/L2 or L3 signaling is used to switch a UE between the two search regions.  Layer 3 signaling can be used for switching but the overhead may be excessive in a mobile environment if the search regions are made too small which also might result in a trunking efficiency loss.
2. Search Regions and System Bandwidth
To keep the number of UE blind detections invariant to system bandwidth it is suggested that UE’s be assigned to separate downlink and uplink PDCCH search regions with no more than 8 CCEs each.  For control channel configurations (as determined by control region size (L) and #TX Antennas) and system bandwidths resulting in fewer than 8 CCEs it is beneficial to have a single or heavily overlapped downlink and uplink search region.

The maximum number of PDCCH blind detections (BDs) for finding uplink (UL) scheduling grants and downlink (DL) scheduling assignments depends on the different number of PDCCH CCEs aggregated.  Given the PDCCH aggregation (MCS) set {1,2,3,4,8} the number of blind detections for an 8CCE PDCCH search region is 17 as shown in Figure 1.  Hence, for both DL and UL search region of size 8 CCEs there are at most 34 UE blind detections.  This number can be reduced by splitting the search region as discussed in the next section.
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Figure 1 – PDCCH Search Space with 17 Hypothesis for MCS set {1,2,3,4,8}
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3. Split Search Region
As discussed in section 2, a total of 34 BDs are performed per subframe by each UE in LTE_ACTIVE state resulting in reasonable UE complexity and good PDCCH/system performance. However, it still may be possible to further reduce #BDs in a reliable way without degrading performance.  Such a reduction may be used to reduce UE complexity or to allow BD margn to be used for the detection of other grants such as a grant to enhance coverage or other grant formats to persistently schedule PUCCHs or a compact grant size used for scheduling D-BCH, Paging message, or RACH response.  One way to reduce CCEs needed for UL and DL scheduling grants is to split a UL and/or DL PDCCH search region into two smaller regions with fewer CCEs so a given UE only has to search one of the split regions or the other which then results in fewer required blind detections.  Both a mechanism for driving the switching of each UE between the two regions as well as reliable signaling to indicate the switching are needed.
By having two switchable PDCCH candidate sets for DL and two for UL then: 
· the maximum #BDs (UL and DL) is reduced from 34 to 20 (10DL+10UL) which is significant
· PDCCH Search Set 1: 1-8CCE, 2-4CCE, 2-3CCE, 4-2CCE, 1-1CCE

· (8, 9, 10, 11, 12, 13, 14, 15, 16, 17) from Figure 1
· PDCCH Search Set 2: 8-1CCE, 2-2CCE

· (1, 2, 3, 4, 5, 6, 7, 8, 9, 10) from Figure 1
· dynamic switching via L1/L2 signaling or semi-static swithcing via L3 signaling is possible
· a 18-bit CRC size may then be adequate (vs. a 20-bit CRC) due to fewer blind detections 
· overly restrictive search space is avoided (e.g. compared to only a single PDCCH candidate) which reduces any statistical multplexing benefit and limits the number of UEs schedulable in a subframe and therefore hurts system performance.
4. Additional Grants & Total #BDs
Other grants that could be transported (for UE’s in LTE_ACTIVE state) using the uplink or downlink PDCCH format or a compact (24-bit) format [] include:

· Coverage Grant: Additional 8 CCE PDCCH blind detection in other search region using normal UL or DL formats to allow multiple coverage limited UEs to be scheduled in the same subframe.
· D-BCH Grant: Search for special compact 24-bit grant format in two known search region locations for size 4 or 8 CCE PDCCH candidate
· PUCCH Grant: Two more BDs or just two CRC masking operations in known locations using UL (or the smaller) grant format of size 3 or 8 CCEs to enable persistent scheduling of PUCCHs.
If we assign UEs to monitor at most K=8 CCEs for DL SG format and another 8 CCEs for UL SG format and make use of split UL and DL search regions as described above then only 20 BDs (=10 UL + 10 DL PDCCH candidates) are needed.  Additionally another 6 BDs may be used, each examining a candidate CCH of a known location. For example, two of the four BDs are to maximize coverage (as explained above) and another two BDs (or instead just perform a SG CRC masking operation) to allow for persistently scheduling PUCCH for CQI/PMI reporting [7] (e.g. 1 BD of 3 CCEs and 1 BD of 8 CCEs in a known location in a candidate search space).  The final 2 BDs are used for the D-BCH grant.  Hence, at most a total of 26 BDs(10UL + 10DL + 6) are needed (compared to 40 BDs (=34+6) if no search space splitting is used). 

As described above and shown in Figure 2 below, PDCCH candidates of a UE’s downlink search space would use the DL SG format but also might contain a small number PDCCH candidates with other formats.  For example, a primarily DL SG search area might also contain a single 8 CCE UL SG PDCCH candidate (with known CCE locations so only a single additional blind detection (BD) is needed) to allow for better UL coverage in case two cell edge UEs having the same primary UL search area are scheduled to transmit an UL packet in the same subframe.  Similarly, a UE’s primary UL search space might contain a single 8 CCE DL SG PDCCH candidate location in this case to aide DL coverage given two cell edge UEs of the same primary DL search space are scheduled in the same subframe.  Hence, the hashing assignment function would allow for secondary search space assignments as well as the primary search space assignments.  It is also possible to hop between search spaces or split search spaces to reduce likelihood of CCE resource starvation.
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Figure 3 – Primary and Secondary Search Space Mapping for different L

5. Conclusions
This contribution proposed a method of splitting a 8 CCE DL or 8 CCE UL PDCCH search space to reduce the number of total PDCCH candidate blind detections from 34 to 20 (10 DL + 10 UL).  Switching between regions of a split search space is based on UE reported CQI and is enabled by a layer 3 message. 
Alternatively a bit (CQI_LVL) sent on the DL and UL SG and/or piggy backed on DL and UL packet transmissions themselves can be used to coordinate switching events.  Given additional SG BDs are needed for coverage (2), PUCCH persistent scheduling (2), and D-BCH (2) then at most a total of 26 BDs are needed which is considered acceptable. 
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ANNEX A

FURTHER DETAILED DESCRIPTION:
· CQI LVL is bit in DL and UL scheduling grant transported on a PDCCH of corresponding format
· CQI LVL indicates to a UE whether subsequent PDCCH searches will use one of two PDCCH search sets each with different concatenated CCE hypothesis (e.g. one set could have all possible 2,3,4, or 8 CCE PDCCHs and the other set could have all possible 1or 2 CCE PDCCHs for a given PDCCH search area)
· CQI_LVL state change can only occur at the beginning of every 2N subframe interval based on the valid CQI LVL state changes collected in the previous 2N subframe interval where N corresponds the number of channels in the N-channel stop-&-wait protocol used (e.g. N=8).

· CQI LVL state is considered valid at UE if PDCCH CRC passes and DL ACK or NACK is received (uplink packet tx) or corresponding DL packet CRC passes (downlink packet tx).  For eNB the CQI LVL state change is considered valid if for a SG transmitted an UL ACK/NACK is detected (downlnk packet tx) or the corresponding UL packet CRC passes (uplink packet tx).

· If the valid CQI LVL values received during each 2N subframe interval are not consistent (e.g. false detection of SG occurs (2^-16) at UE and either DL ACK or NACK erroneously detected (2^-3) or DL packet erroneously detected (2^-24) ) then UE votes with valid CQI LVL values to determine the CQI LVL state to use. In case of tie UE uses default PDCCH candidate set.

· CQI_LVL state change can also be piggy backed on downlink packets for further confirmation or instead of sending CQI_LVL on DL scheduling grants (would still send on UL SGs however).  In fact only sending CQI_LVL on UL SGs and piggy backing CQI_LVL on DL packets would improve reliability of state change. (UL SG would be weakest link at UE with 2^-16 x 2^-3 falsing probability)

· If CQI LVL state is unkown or cannot be determined by UE then default to default PDCCH search set.

· If no CQI_LVL bit received use default PDCCH search set (beginning of call for e.g. or on waking up after DRX)
· Start timer at UE every time a SG is received (PDCCH CRC check passes) and either the corresponding DL packet CRC passes or the DL ACK/NACK is detected and start timer at the eNB every time a SG is transmitted and either the corresponding UL packet CRC passes or the UL ACK/NACK is detected.
· If timer expires then resort to default PDCCH search set.
· Splitting #CCEs for detecting PDCCH into two groups (1,2,3,4,8) and (1,2) reduces blind detections to from 34 to 20 BDs and helps mimimize PDCCH CRC size. Example search sets are (see Figure 1)
· PDCCH Search Set 1: 1-8CCE, 2-4CCE, 2-3CCE, 4-2CCE, 1-1CCE
· (8,9,10,11,12,13,14,15,16,17)
· PDCCH Search Set 2: 8-1CCE, 2-2CCE
· (1,2,3,4,5,6,7,8,9,10)
· A PDCCH search area for UL SG has separate but possibly overlapping set of CCEs with DL SG PDCCH search area
· Hence each search set has 10 PDCCH detection hypothesis for downlink and 10 for uplink
· Reduces number of blind PDCCH detections from 17 to 10 per UL and DL such that the total # of BDs is reduced by 14 (34 vs 20).  Avoids Layer 3 signaling overhead for assigning control channel search set which can be excessive given mobility.  Otherwise restricting the PDCCH search set too much reduces any statistical mutiplexing benefit and reduces number of UEs that can be reliably signaled (via PDCCH) per subframe.  
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