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1. Introduction
At most a total of 40 to 50 blind detections for PDCCH candidates are considered desireable due to UE complexity and CRC falsing [2].  However, many more than 40 PDCCH candidates may be present given the large number of control channel elements (nCCE) for an L=2 or 3 OFDM symbol control region (where L is sent on the PCFICH [1]) with 10 or 20 MHz carriers. For example, 44 CCEs (nCCE=44) are available for the 20 MHz carrier bandwidth with L=3 [3], leading to approximately 44(4=176 blind detections for UL and DL for a UE. This does not only lead to higher UE implementation complexity and power consumption, more importantly it leads to an increase in CRC falsing given the 16-bit CRC size used for scheduling grants [2]. High probability of CRC falsing is unacceptable. For example, if a UL scheduling grant is falsely detected, an UE may mistakenly transmit in regions assigned to other UEs, causing substantial inter-user interference.
This indicates that some limitation should be defined in the scope a UE examines. This contribution describes a simple way to limit the search scope without sacrificing system performance. The CCEs of a control region can be formed into smaller sets of maximum size K CCEs each where the sets are designated as PDCCH candidate search spaces with some amount of overlapping possible between two search spaces.  By choosing K appropriately (e.g. K=8) and having a UE primarily monitor one PDCCH search space for the downlink scheduling grant (SG) format and another for the uplink scheduling grant format then the maximum number of PDCCH blind detections required can be constrained to be no more than 40.  Given there can be multiple candidate PDCCH search areas with the downlink or uplink SG format then some management is necessary to keep the maximum UEs per search area from growing too large and to maintain uniform UE allocation over the search areas to allow minimization of L.  The currently unused 4th PCFICH state (‘11’) can also be used along with the 3rd state (‘10’) to signal how many downlink (DL) and uplink (UL) PDCCH candidate search spaces are available in a size L control region for a given bandwidth (BW) to help handle differences in UL and DL data traffic given heavy loading.
2. Candidate PDCCH search space management and UE assignment

Assuming a maximum size of K CCEs, each PDCCH candidate search space in a size L control region is composed of some number of CCEs up to k=min(K, nCCE). Also K determines the number of search spaces (S) where the minimum number is given by Smin= (nCCE/K( as shown in Table 1.  By using a hashing function (e.g. UEID modulo S) based on e.g. C-RNTI each UE can be assigned to a DL format and a UL format PDCCH candidate search space without use of explicit signaling.  These would be the primary search areas for the UE.  
Table 1 – Number of Search Areas (S) for K=8 and #CCEs (nCCE) available given bandwidth and different Control Configuration (CC) & Control Region Sizes (L)

	PCFICH
	Control
	Ctl Region Size
	#CCEs
	S – number of search spaces

	State
	Config.
	(#ofdm symbols)
	(5/10/20MHz)
	5 MHz
	10 MHz
	20 MHz

	‘00’
	1
	1
	4/6/10
	1
	1
	2

	‘01’
	2
	2 (4Tx Ant)
	9/14/24
	2
	2
	3

	‘01’
	3
	2 (2Tx Ant)
	12/19/30
	2
	3
	4

	‘10’
	4
	3
	18/27/44
	3 (2/1)
	4 (2/2)
	6 (3/3)

	‘11’
	4
	3
	18/27/44
	3 (3/0)
	4 (3/1)
	6 (4/2)


CC2, CC4 – eNB TX Antenna 2,3 RE locations are occupied with RS or punctured;  CC1 – eNB TX Antenna 1 RE location is occupied with TX Ant0 RS or punctured;  CC3 – Antenna 2,3 RE locations are used for CCEs. Notation (Sdl /Sul) is used to indicate Sdl DL search spaces, and Sul UL search spaces.
Assignment can also be based on a PUCCH number.  This would allow some flexibility in that the scheduler could change its search area assignment by changing the assigned PUCCH.  Alternatively search space assignment could be set by assigning a SP-RNTI or search space index to a UE via a layer 3 message at call setup, handoff, or anytime there is a need (e.g. for load leveling the search areas). See Figure 1.
In the primary PDCCH candidate search areas a UE will perform detection using all potential PDCCH candidates for each format until a candidate with each format is successfully decoded or until all candidates have been exhausted without a successful detection.  The number of candidates as shown in Table 2 (see [4]) for different search structure assumptions depends on the actual number of CCEs (k) in the search space where k<=K.  
Table 2 – Total number of blind detections for tree structure [5] and other structures [4],[6]
	K
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13

	NCCH [5]
	7
	8
	10
	11
	14
	15
	17
	18
	21
	22

	NCCH using (1) in [4]
	8
	10
	12
	13
	18
	19
	21
	23
	26
	27

	NCCH using (3) based on [6] & MCS1,2,3,4,8
	8
	11
	14
	17
	20
	23
	26
	29
	33
	36


3. Coverage issues and PUCCH persistent grants and Search Space Size
The PDCCH candidates of a UE’s downlink search area would use the downlink 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.  
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Figure 1 – Primary and Secondary Search Space Mapping for different L

If we assign UEs to monitor at most K=8 CCEs for DL SG format and another 8 CCEs for UL SG format then from Table 2 that corresponds to about 36 BDs (=2(18BDs = 36 UL + DL PDCCH candidates).  Additionally another 4 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 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).

In the discussion above, the maximum allowed search space size was carefully selected to be K =8 CCEs. K close to 8 is a good compromise for limiting number of BDs below 40: 

· On one hand, if K is too high, number of BDs would increase, which is approximately equal to 4( K for UL and DL due to their different SG formats. 

· On the other hand, a small K is not efficient. The benefit of a larger K is more trunking efficiency and fewer search spaces to manage or map. 

The search spaces may overlap from 0 to 100% depending on the number of CCEs available and the chosen K. 
For simplicity, the discussions above assumed that the same K is used for both UL and DL. Further improvement is possible by identifying the differences between DL and UL. To compensate for DL SG payload size being larger than UL SG payload size, the DL search space may have more CCEs than the UL search space so that DL and UL coverage distances are approximately the same. For example, Kdl =10 CCEs are used for DL, and Kul=6 CCEs are used for UL, respectively, resulting in a total of 33 BDs according to 3rd row of Table 2. In this case there is a need to define Kul and Kdl for UL and DL, respectively.  For instance, to get back to 36 BDs we could support Kdl =11 CCE downlink search space and Kul =7 CCE uplink search space (see 3rd row of Table 2 for #BD information).
Similarly, the number of search spaces defined for DL and UL may be different. For example, define Sul search spaces for UL, Sdl search spaces for DL, where Sdl (Sul.
Figure 2 below shows an example of map of search spaces in terms of logical CCEs. It is assumed that a fixed K=13 is used for the 20 MHz carrier bandwidth case with L=3 (thus 44 CCEs). Figure 2 illustrates Sdl =3 search spaces for DL, Sul =1 search spaces for UL. Some search space overlap exists between search space 2 and 3.
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Figure 2 –Search Space allocation example with BW=20MHz, K=13, L=3, s=4, sd=3, su=1.
4. Determination of uplink and downlink Search Spaces

More details are provided in this section to illustrate how the search spaces may be defined assuming the search spaces have equal sizes of K CCEs.

· If the number of available CCEs is less than K i.e., nCCE<=K, (where K=13 e.g.) then only one search space is used for uplink and downlink scheduling grants.  

· If the K<nCCE<=2K, then two possibly overlapping search spaces of size K are employed, one for DL, one for UL. The overlap can be minimized by making search space 0 be the first K CCEs, and search space 1 be the last K CCEs. Specifically, search space 0 is CCH candidate set {CCE0, CCE1, …, CCEk-1}, and search space 1 is CCH candidate set { CCEnCCE-k, CCEnCCE-k-2, …, CCEnCCE-1}. The amount of overlap is equal to nCCE-2×(nCCE-K)=2K-nCCE. DL and UL search spaces do not overlap if nCCE=2K. Maximum overlap of K-1 occurs if nCCE=K+1. The search spaces can be assigned to DL/UL with either (search space 0->DL, search space 1->UL) or (search space 1->DL, search space 0->UL).

· Example. If there were nCCE=18 CCEs then the first K=13 CCEs are allocated to the DL search space and the last K=13 CCEs are allocated to the UL search space. Due to overlap, 2×13-18=8 CEs are common to both the DL and UL search spaces.  

In the case the nCCEs exceeds 2K, i.e., nCCE>2K, (e.g., 26 if K=13) then the CCFI will indicate whether there are s1 or s2 search spaces.  For the s1 (or s2) search spaces, s1,d (s2,d) search spaces are for DL, and s1,u (s2,u) search spaces are for UL, where s1=s1,d+s1,u, s2=s2,d+s2,u. For example, s1=3 (s1,d=2, s1,u=1) or s2=4 (s2,d =2, s2,u =2) search spaces are possible, where each search space corresponds to a CCH candidate set of size K CCEs.    Note that whether (s1,d, s1,u) combination or  (s2,d, s2,u) combination is used can be (a) static or semi-static if signalled via BCH or (b) dynamic if implicitly signaled via the PCFICH (physical control format indicator channel).  
Clearly, the search space definition is more complicated when there are more than two search spaces (nCCE>2K). Assuming each search space is a candidate set composed of K CCEs, then the minimum number of search spaces is smin=(nCCE/K(. More search spaces can be defined overlapping other search spaces. The DL search spaces are defined by sequentially taking CCEs starting from the first CCEs, i.e., {CCE0, CCE1, …, CCEk-1}, {CCEk, CCEk+1, …, CCE2k-1}, ….. The UL search spaces are defined by sequentially taking CCEs starting from the last CCE, i.e., {CCEnCCE-k, CCEnCCE-k-2, …, CCEnCCE-1}, { CCEnCCE-2k, CCEnCCE-2k-3, …, CCEnCCE-k-1}, …

Using BW=10 MHz, L=3 as an example, there may be nCCE=27 CCEs, with each CCE composed of 48 REs [3], i.e., nCCE=27. If each search space is composed of K=13 CCEs, then the minimum number of search spaces is smin = (27/13(=3. Figure 3 illustrates how the search space may be allocated for DL and UL if s1=3 search spaces are used, with s1,d=2, s1,u=1. Alternatively, Figure 4 illustrates how the search space may be allocated for DL and UL if s2=4 search spaces are used, with s2,d=2, s2,u=2. Note that search space 3 overlaps with search space 0 and 1.

For BW=20 MHz, L=3, there are even more CCEs, e.g., 44 CCEs, with each CCE composed of 60 REs [3]. In this case, smin = (44/13(=4. Figure 5 and Figure 6 illustrates two ways to assign the search spaces.
For certain control channels, a fixed search space may be defined to minimize the number of BDs. For example, PICH/AICH are always in the first search space of DL.
As discussed in Section 3, the search space sizes may have Kul ( Kdl. In this case, the search spaces definition shown above can be modified accordingly.
5. Use of PCFICH ‘fourth state’ to indicate #DL and #UL Search Spaces

With the search spaces defined for both DL and UL, which search spaces are used for a given subframe need to be signaled. The two bits of information signaled via the PCFICH in the control region of each subframe are used to signal the three control region size (in terms of number OFDM symbols L, where L=1,2,3). It t is proposed that its fourth state be used to signal the number of DL/UL search spaces for each subframe. It is illustrated below how the two bits of PCFICH are interpreted in such a case, assuming both DL and UL use the search spaces of size K.
1. '00' means the control region has L=1 OFDM symbol.  

· If nCCE < K, there is only one search space, which is used for both DL and UL.

· If K<nCCE<=2K, there are two search spaces. Search space 0 is CCH candidate set {CCE0, CCE1, …, CCEk-1 } and is used for DL.  Search space 1 is CCH candidate set { CCEnCCE-k, CCEnCCE-k-2, …, CCEnCCE-1}, and is used for UL.

· It is not expected to have nCCE >2K for L =1. 

2. '01' means the control region has L=2 OFDM symbols.

· If nCCE < K, there is only one search space, which is used for both DL and UL.

· If K<nCCE<=2K, there are two search spaces. Search space 0 is CCH candidate set {CCE0, CCE1, …, CCEk-1 } and is used for DL.  Search space 1 is CCH candidate set { CCEnCCE-k, CCEnCCE-k-2, …, CCEnCCE-1}, and is used for UL.

· It is not expected to have nCCE >2K for L=2. 

3. '10' means the control region has L=3 OFDM symbols.

· For carrier bandwidth 5 MHz or less (BW<=5 MHz):

· If nCCE < K, there is only one search space, which is used for both DL and UL.

· If K<nCCE<=2K, there are two search spaces. Search space 0 is CCH candidate set {CCE0, CCE1, …, CCEk-1 } and is used for DL.  Search space 1 is CCH candidate set { CCEnCCE-k, CCEnCCE-k-2, …, CCEnCCE-1}, and is used for UL.

· It is not expected to have nCCE >2K for L =3 and BW<=5 MHz. 

· For carrier bandwidth of 10 or 20 MHz (i.e., BW>5 MHz), there are s1(10) or s1(20) search spaces, respectively. Out of s1(10) search spaces, s1,d(10) are used for DL and s1,u(10) for UL control channel candidates, where s1(10)= s1,d(10)+s1,u(10). Similar allocation is defined for s1(20). The number of CCEs in each search space is K. 

4. '11' means the control region has L=3 OFDM symbols.

· For carrier bandwith 5 MHz or less (BW<=5 MHz), the search spaces are defined the same as for ‘10’. 

· For carrier bandwidth 10 or 20 MHz (BW>5 MHz), there are s2(10) or s2(20) search spaces respectively. Out of s2(10) search spaces, s2,d(10) are used for DL and s2,u(10) for UL control channel candidates, where s2(10)= s2,d(10)+s2,u(10). Similar allocation is defined for s2(20). The number of CCEs in each search space is K. 

The discussions above can be further refined. For example, in Table 1, the meaning of ‘10’ is different depending on if the Antenna 2,3 reference signal REs are used for CCEs or not.
6. Conclusions
This contribution proposed a method of defining and mapping PDCCH search spaces for different format as a function of carrier BW, control region size (L), and the maximum number of CCEs allowed per search space (K).  UEs can be primarily assigned to appropriate uplink and downlink search spaces by using a hashing function, known at the UE and eNB, based on a unique UE ID where the UE ID could be the C-RNTI, unique channel ID of assigned PUCCH, assigned search space ID (e.g. SP-RNTI) or other basis.  The number of blind detections is constrained to be less than 40 which means a maximum search space size (K) in CCEs to be roughly 8.  Also proposed is to use the PCFICH’s ‘3rd’ and ‘4th’ state to indicate how many search spaces in a control region use primarily uplink PDCCH formats and how many use primarily downlink PDCCH formats when L=3.
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Figure 3.  Search space allocation example with BW=10 MHz, L=3. s1=smin=3, s1,d=2, s1,u=1.
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Figure 4.  Search space allocation example with BW=10 MHz, L=3. s2=4, s2,d=2, s2,u=2.
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Figure 5.  Search space allocation example with BW=20 MHz, L=3. s1=4, s1,d=2, s1,u=2.
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Figure 6.  Search space allocation example with BW=20 MHz, L=3. s2=4, s2,d=3, s2,u=1.

ANNEX A

EMBMS and Search Spaces
For a EMBMS sub-frame L=1 or 2 (one or two OFDM symbols for the control region) is sufficient since no downlink scheduling grants need be supported (only ACK/NACKs, PCFICH, and uplink scheduling grants).  In that case as long as the size of the uplink search space encompasses the entire control region (all CCEs) then there is no significant problem if the UE treats the control space also as downlink and searches it for downlink as well.  There may be false detections resulting in potential soft buffer corruption (which is anyway also the case for unicast control regions), however, the soft buffer will be flushed when an actual scheduling grant is detected on a subsequent subframe for a scheduled packet such that false detections have no impact on performance.  This requires a new data indicator bit is supported explicitly or implicitly by uplink and downlink scheduling grants (which currenlty is the case).  Of course if the UE knows which sub-frames are EMBMS then it could by default not check for downlink cch candidates at all.  For 10 and 20 MHz L=1 will typically be sufficient.  If L=2 is used then there may be some CCEs that go unused given Smin= (nCCE/K( > 1 and some of the search spaces are indicated as downlink.  If the UE knows which subframes are MBMS then it could assume all search spaces are for uplink.

ANNEX B
FDD Subframe Layout and PDCCH Control Region
Figure B1 below shows the E-UTRA FDD downlink subframe consisting of 14 ofdm symbols and spanning 72 (=6x12) reference elements (also called subcarriers).  The control channel region spans the first L=3 ofdm symbols although the cch region may also be only the first 1 or 2 ofdm symbols which is signalled dynamically by the physical control format indicator channel (PCFICH) located in the first ofdm symbol in the control channel region.  Data for a given UE is allocated to some integer number of physical resource blocks (PRBs) where a resource block spans 11 ofdm symbols and 12 REs for L=3.  Each PDCCH is composed of 1,2,[3],4 or 8 control channel elements (CCEs).  Each CCE is composed of j REs and j/4 mini-CEs. Each mini-CE includes 4 control channel REs and can additionally include 2 reference symbols.  
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Figure B1 – FDD downlink sub-frame for 1.25 MHz carrier
ANNEX C
Control Channel Candidate Search Space Determination & UE assignment
1. K,Kdl,Kul,Sdl,Sul are signaled (SU-1 via D-BCH) or predetermined for each L

2. One constraint in determining Kdl and Kul is that #BDs(K)<18 where K=max(Kdl,Kul)

3. Another constraint in determining Kdl and Kul is that Kdl>Kul given larger payload size of DL SG compared to UL SG 
4. Hence, e.g. Kdl=8, Kul=6 are chosen for coverage (DS Case 3), max #BD and CRC falsing issues
5. L is signaled (PCFICH indicates at least L and is broadcast in 1st ofdm symbol of each subframe)

6. A list of size nCCEs contains all CCEs of a control region logically mapped in sequential order

7. nCCEs and CCE location (in logically mapped list from 5.) is determined from L, BW, CCH_config

a. BW is signaled via P-BCH

b. CCH_config is determined from #TX antennas used in control region, L, DL A/N RE size, PCFICH RE Size, DL RS format (included whether unused antenna RS REs are punctured or used for CCEs) including DL RS hopping/shifting patterns.
8. If nCCE <=K then only one SP in control region and it is used for both UL and DL formats
a. i.e. UL and DL SP are 100% overlapped

9. If nCCE > K then at least one size Kul SP of primarily UL format & one size Kdl SP of DL format.
a. i.e. UL & DL SP < 100% overlapped
10. S = ceiling(nCCE/K) and Sdl+Sul =S, 
11. DL SP of Kdl CCEs start at top of logically mapped CCE list and go down

a. there is no overlap of DL SP since Kdl and Sdl are chosen such that Kdl*Sdl < nCCE

12. UL SP of size Kul CCEs start at bottom of logically mapped CCE list and go up

a. there is no overlap of UL SPs since Kul and Sul are chosen such that Kul*Sul < nCCE

b. the amount of overlap of DL and UL SP regions is given by Kdl*Sdl+ Kul*Sul - nCCE

13. All UEs know the RE locations for each CCE, PCFICH, DL A/N, as well as each RS and know which CCEs map to which SPs

14. A UE is assigned to one of each of a DL format SP and a UL format SP. If more than one SP of a given format exists then a UE is assigned to primarily one of them using a common hashing function known at the UE and eNB based on its assigned unique identity (UEID) such as C-RNTI, PUCCH#, etc.

15. A simple hashing function based on UEID could be: e.g. SP number = UEID modulo Sdl or UEID modulo Sul

· SP - control channel candidate search space

· Kdl - number of CCEs in each SP of primarily downlink (PDCCH) format

· Kul - number of CCEs in each SP of primarily uplink (PDCCH) format

· Sdl - number of SPs of primarily downlink format

· Sul - number of SPs of primarily uplink format

· L - #ofdm symbols in control region; L can index into different {Kdl,Kul,Sdl,Sul} sets

· nCCEs – total number of CCEs in a control region.  

· CCEs in a SP are aggregated {1,2,[3],4,8} to from PDCCHs

· BW - carrier bandwidth signaled via P-BCH

· CCH_config - control channel configuration determined by #TX antennas used in control region, L, DL A/N RE size, PCFICH RE size, and DL RS format used including hopping/shifting patterns
· K - max(Kdl,Kul), Used to determine S
· S = Sdl + Sul = ceiling (nCCE/K) - total number of SPs
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