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1. Introduction

In the RAN WG1#49 meeting in Kobe Japan an invariant control channel design regarding the mapping control channel elements (CCEs) to resource element (RE) was selected for E-UTRA [8].  The benefits of invariant designs had been described in [1][2][7].  Also discussed in Kobe was the mapping of the physical control format indicator channel (PCFICH) to 16 REs.  The number of control channel configurations (in terms of #CCH REs and their locations for a given value of n) were reduced from 8 to 5 given the working assumption [8] below on #Tx Antennas and RS formats:
· 1 or 2 Tx antennas

· Assume there are two RS present (for Antenna 1 and 2 RS locations), map control to the rest of REs, leave second RS empty (power can be used) in case of 1 Tx

· 4 Tx antennas

· Assume there are 4 RS present, map control to remaining REs
The control channel configurations are given in Table 1 below and are uniquely identified by #Tx Ant & n.
Table 1 – Control Channel Configuration (#Tx Ant and ‘n’) in terms of RS occupancy

	CCH
	#Tx Ant
	n – ctl region size
	DL RS Locations by Tx Ant

	Configuration
	
	(#ofdm symbols)
	1
	2
	3
	4

	1
	1
	1
	RS
	Punctured
	Data
	Data

	2
	1
	2
	RS
	Punctured
	Control
	Control

	3
	1
	3
	RS
	Punctured
	Control
	Control

	4
	2
	1
	RS
	RS
	Data
	Data

	5
	2
	2
	RS
	RS
	Control
	Control

	6
	2
	3
	RS
	RS
	Control
	Control

	7
	4
	2
	RS
	RS
	RS
	RS

	8
	4
	3
	RS
	RS
	RS
	RS


From Table 1 it is seen that:

· #Tx Ant =1 and #Tx Ant =2 CCH configurations have same #CCH REs and RE locations wrt n
· Only 4 instead of 5 distinct CCH configurations occur if configurations 3 and 6 can occupy Ant 3,4 locations with Ant 1,2 RS since configs 3,6,8 would then have same #CCH REs and RE locations.  Issues regarding mapping Ant 1,2 RS to Ant 3,4 locations are:
· Requirement of another channel estimation mode
· Benefit of improved channel estimation performance while maintaining low latency 
· Channel estimation benefit out weighs CCE reduction from additional RS
Other agreements for the way forward were:

· CCE-to-RE mapping to allow for interference randomization

· Interleaving of groups of k QPSK symbols from CCEs  (referred to as mini-CEs)
· k=4 (current assumption, 6 or 8 is FFS)

· Common interleaving

· Cell-specific shift

· l= {multiple of k}

· Other cell-specific randomization mechanisms FFS

· Map to n OFDM symbols, start in frequency domain

· Interleaver designed such that a CCE spans n OFDM symbols

2. k=4 RE control groups and mini-CEs
The benefit of intereleaving wih groups of k=4 QPSK symbols is that:
(1) – position of k=4 group is invariant to the #eNB Tx Antennas and n for control ofdm symbol 1

(2) – position of k=4 group is invariant to #eNB Tx Antennas=1 or 2 and n for control ofdm symbol 2

(3) – are a useful size for 4 TX antenna diversity

(4) – given a UE must determine #eNB TX antennas used in control region, hopping/shift sequence, and n (PCFICH) before blind detection of PDCCH then UE always knows locations of k=4 RE groups in each ofdm symbol of the control region.
Each mini-CE has 4 REs and therefore is composed of a single ‘k=4’ RE control group.  The mini-CE size is 6 REs with 2 REs reserved for reference symbols (RS) if located in ofdm symbols 0 and 4 REs if located in ofdm symbol 2.  Either 6RE or 4RE mini-CEs may occupy ofdm symbol 1 depending on the control channel configuration which is determined by ‘n’ and #eNB TX antennas. Mini-CE locations are invariant to hopping/shift patterns.
For a given control channel configuration the mini-CE position is invariant to RS shifting/hopping patterns where the RS and control locations in a mini-CE vary as shown below Figure 1.  Alternate RS formats allow for significantly improved control channel SINR vs BLER performance due to improved channel estimation especially at low SINR since the RS positions corresponding to antenna 2 for the 1x2 case is punctured allowing more power for RS in antenna 1.  Such performance improvement is possible for the 2x2 case if the RS positions for antenna 3,4 are occupied with antenna 1,2 RSs to improve control channel estimation.  Puncturing cannot be used to improve control channel estimation performance for the 2x2 case.
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Figure 1 – Possible RS Hopping/Shift Patterns as seen by 6RE mini-CE in ofdm symbol 0 or 1
3. Subframe and Control Channel Layout
Figure 2 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 n=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 n=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 (i.e. a single k=4 QPSK control group) and can additionally include 2 reference symbols (RSs) or one RS and one punctured RS location.  
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Figure 2 – FDD downlink subframe for 1.25 MHz carrier for n=3
4. Downlink L1/L2 Control Channel Invariant Configurations
Figure 3 for the 5 MHz LTE carrier case shows four of the five possible control channel configurations based on using k=4 QPSK control groups (same as mini-CEs).  The mini-CE locations in the first three configurations shown are invariant to changes in the number of antennas and changes in n the number of OFDM symbols allocated to the control region. Control channel elements (CCEs) are constructed from m mini-CEs.  For a CCE of size 36 REs then  m=9 is needed.
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#RS/mCE 2 #RS/mCE 2 2 #RS/mCE 2 2 0 #RS/mCE 2 0

mini-CE #mini-CEs mini-CE mini-CE RE

Type ofdm1 Type ofdm1 ofdm2 Type ofdm1 ofdm2 ofdm3 Type ofdm1 ofdm2

A/N 9 A/N 9 0 A/N 9 0 0 A/N 9 0

CCFI 4 CCFI 4 0 CCFI 4 0 0 CCFI 4 0

Unassign. 1 Unassign. 1 5 Unassign. 0 0 0 Unassig. 1 3

CCE CCE CCE CCE

1 9 1 4 5 1 2 3 4 1 3 6

2 9 2 4 5 2 2 3 4 2 3 6

3 9 3 4 5 3 2 3 4 3 3 6

4 9 4 4 5 4 2 3 4 4 3 6

5 4 5 5 2 3 4 5 3 6

#REs total 300 6 4 5 6 2 3 4 6 3 6

7 4 5 7 2 3 4 7 3 6

8 4 5 8 2 3 4 8 3 6

9 4 5 9 2 3 4 9 3 6

10 2 3 4 10 3 6

11 2 3 4 11 3 6

#REs total 300 300 12 2 3 4 12 3 6

13 2 3 4

14 2 3 4

15 3 2 4

16 2 2 5 #REs total 300 300

17 2 2 5

18 2 2 5

#REs total 300 300 300

#mini-CEs #mini-CEs #mini-CEs


Figure 3 – Three CCH configuration design for 5 MHz carrier using mini-CE for CCE of size 36 REs
Figure 4 below shows the control channel configurations for the 10 MHz case where m=12 for a CCE size of 48 REs.  As for the 10 MHz example the first three control channel configurations correspond to n=1, 2, or 3 with RS positions occupied for antennas 1 and 2 (for 1x2 eNB-UE tx/rx antenna configuration) or RS positions occupied for antennas 1,2,3,4 (for 1x2 or 2x2 eNB-UE tx/rx antenna  configuration).  While the mini-CEs that are aggregated to construct the CCE can be different depending on n the mini-CE positions themselves are invariant to n and invariant to the number of eNB transmit antennas used. 
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#RS/mCE 2 #RS/mCE 2 2 #RS/mCE 2 2 0 #RS/mCE 2 0

mini-CE #mini-CEs mini-CE mini-CE mini-CE

Type ofdm1 Type ofdm1 ofdm2 Type ofdm1 ofdm2 ofdm3 Type ofdm1 ofdm2

A/N 18 A/N 18 0 A/N 18 0 0 A/N 18 0

CCFI 4 CCFI 4 0 CCFI 4 0 0 CCFI 4 0

Unassign. 6 Unassign. 8 2 Unassign. 1 3 0 Unassign. 0 0

CCE CCE CCE CCE

1 12 1 5 7 1 3 3 6 1 4 8

2 12 2 5 7 2 3 3 6 2 4 8

3 12 3 5 7 3 3 3 6 3 4 8

4 12 4 5 7 4 3 3 6 4 4 8

5 12 5 5 7 5 3 3 6 5 4 8

6 12 6 5 7 6 3 3 6 6 4 8

7 5 7 7 3 3 6 7 4 8

#REs total 600 8 5 7 8 3 3 6 8 4 8

9 5 7 9 3 3 6 9 4 8

10 5 7 10 3 3 6 10 4 8

11 5 7 11 3 3 6 11 4 8

12 5 7 12 3 3 6 12 4 8

13 5 7 13 3 3 6 13 4 8

14 5 7 14 3 3 6 14 4 8

15 3 3 6 15 4 8

#REs total 600 600 16 3 3 6 16 4 8

17 3 3 6 17 4 8

18 3 3 6 18 5 7

19 3 3 6 19 5 7

20 3 5 4 #REs total 600 600

21 3 5 4

22 3 5 4

23 3 5 4

24 2 5 5

25 2 5 5

26 2 5 5

27 2 5 5

#REs total 600 600 600

#mini-CEs #mini-CEs #mini-CEs


Figure 4 - Three CCH configuration design for 10 MHz carrier using mini-CE for CCE size 48 REs
Table 2 shows the maximum number of downlink (DL) and uplink (UL) UEs that can be scheduled per subframe since each number before DL or UL represents the number of single CCEs supported.  Typically for 5 MHz the maximum #UEs scheduled per subframe would be set to 6 for DL and 6 for UL such that any additional CCEs beyond 6 would likely be used to improve control channel detection reliability instead of supporting more UEs per subframe.  For 10 MHz it has been shown that a maximum of 10 UEs in the downlink and 10 UEs in the uplink need to be scheduled per subframe [6].
Table 2 – Number of downlink and uplink UEs schedulable per subframe

	Size of CCH
	5MHz
	10MHz

	Region (#ofdm)
	Ant 1,2
	Ant 1,2,3,4
	Ant1,2
	Ant1,2,3,4

	n=1
	4DL/UL
	
	6DL/UL
	

	n=2
	8DL/4UL
	9DL/UL
	10DL/9UL
	10DL/4UL

	n=3
	x/x
	10DL/8UL
	x/x
	16DL/11UL


5. Conclusions

It was shown that based on the Kobe working assumptions [8] that:
* #Tx Ant= 1 and #Tx Ant= 2 CCH configurations have same #CCH REs and RE locations for same n
* There are 5 distinct CCH configurations in terms of #CCH REs and CCH RE locations in each symbol

Only 4 instead of 5 distinct CCH configurations occur if CCH configurations 3 and 6 occupy Ant 3,4 locations with Ant 1,2 RS since configurations 3,6,8 would then have equal #CCH REs and same CCH RE locations. The issues are:

- impact of requiring another channel estimation configuration


- benefit of improved channel estimation performance with lower latency 


- does channel estimation benefit out weigh CCE reduction from additional RS

The benefit of intereleaving wih control groups of k=4 QPSK symbols is that:

(1) – position of k=4 group is invariant to the #eNB Tx Antennas and n for control ofdm symbol 1

(2) – position of k=4 group is invariant to #eNB Tx Antennas<4 and n for control ofdm symbol 2

(3) – are a useful size for 4 TX antenna diversity

(4) – efficient use of REs in control region with relatively little unused REs compared to other k values

(5) – given a UE must determine #eNB TX antennas used in control region, hopping/shift sequence, and n (PCFICH) before blind detection of PDCCH then UE always knows locations of all k=4 RE control groups (i.e. k=4 QPSK control groups) in each ofdm symbol of the control region.

It is proposed that k =4 be chosen for the k QPSK symbols control groups.  
It is also proposed that antenna locations 3 and 4 be populated with RS for antennas 1 and 2 for control channel configurations 3 and 6 which improves control channel and system performance for the 2x2 case and reduces the number of distinct configurations from 5 to 4 (i.e. one less control channel configuration to support).
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Figure 4 – Mapping of CCEs to REs in n OFDM symbols of control region
ANNEX A
1.25, 2.5, and 20 MHz Control Channel Configurations for n=1,2,3
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Mini-CE #Mini-CEs Mini-CE Mini-CE Mini-CE

Type ofdm1 Type ofdm1 ofdm2 Type ofdm1 ofdm2 ofdm3 Type ofdm1 ofdm2

A/N 4 A/N 4 0 A/N 4 0 0 A/N 4 0

CCFI 4 CCFI 4 0 CCFI 4 0 0 CCFI 4 0

Unassign. 0 Unassign. 0 Unassign. 4 0 0 Unassign. 4 0

CCE CCE CCE CCE

1 8 1 3 5 1 1 3 4 1 2 6

2 8 2 3 5 2 1 3 4 2 2 6

#REs total 144 3 3 5 3 1 3 4 3 2 6

4 3 5 4 1 3 4 4 2 6

5 4 4 5 1 3 4 5 2 6

6 1 3 4 6 2 6

#REs total 144 144 7 2 2 4

8 2 2 4 #REs total 144 144

9 2 2 4

#REs total 144 144 144

#Mini-CEs #Mini-CEs #Mini-CEs


Figure 7 – 2.5MHz LTE Carrier L1/L2 Control Channel mapping. CCE size is 32 REs.
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Mini-CE #Mini-CEs Mini-CE Mini-CE Mini-CE

Type ofdm1 Type ofdm1 ofdm2 Type ofdm1 ofdm2 ofdm3 Type ofdm1 ofdm2

A/N 2 A/N 2 0 A/N 2 0 0 A/N 2 0

CCFI 4 CCFI 4 0 CCFI 4 0 0 CCFI 4 0

Unassign. 0 Unassign. 0 0 Unassign. 0 0 0 Unassign. 0 0

CCE CCE CCE CCE

1 6 1 3 6 1 2 3 4 1 2 6
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Figure 8 – 1.25 MHz LTE Carrier L1/L2 Control Channel mapping.  CCE size is 36 REs.
Note that for 1.25 MHz LTE carrier it is not possible to support  n=1 with 2 TX antennas given CCE of size 36 RE.  A smaller CCE size risks coverage problems given there is not a lot of other CCEs to borrow power from.  However, for 1.25 MHz LTE carrier there is significant benefit from having more power per RE compared to 5 and 10 MHz carriers such that challenging C/N situations can be more easily mitigated.
Table 3 – Number of downlink and uplink UEs schedulable per subframe for 1.25, 2.5, 20 MHz

	Size of CCH
	1.25MHz
	2.5MHz
	20MHz

	Region (#ofdm)
	Ant 1,2
	Ant 1,2,3,4
	Ant1,2
	Ant1,2,3,4
	Ant1,2
	Ant1,2,3,4

	n=1
	NA
	
	2DL/UL
	
	10DL/UL
	

	n=2
	3DL/UL
	2DL/UL
	6DL/UL
	5DL/UL
	16DL/14UL
	14DL/10UL

	n=3
	x/x
	4DL/UL
	x/x
	9DL/UL
	x/x
	26DL/18UL
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Mini-CE #Mini-CEs Mini-CE Mini-CE Mini-CE

Type ofdm1 Type ofdm1 ofdm2 Type ofdm1 ofdm2 ofdm3 Type ofdm1 ofdm2

A/N 36 A/N 36 0 A/N 36 0 0 A/N 36 0

CCFI 4 CCFI 4 0 CCFI 4 0 0 CCFI 4 0
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CCE CCE CCE CCE
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6 15 6 6 9 6 4 5 6 6 5 10

7 15 7 6 9 7 4 5 6 7 5 10

8 15 8 6 9 8 4 5 6 8 5 10

9 15 9 7 8 9 4 5 6 9 5 10

10 15 10 7 8 10 4 5 6 10 5 10

11 11 7 8 11 4 5 6 11 5 10

#REs total 1200 12 7 8 12 4 5 6 12 5 10

13 7 8 13 4 5 6 13 5 10

14 7 8 14 4 5 6 14 5 10

15 7 8 15 4 5 6 15 5 10

16 7 8 16 4 5 6 16 5 10

17 7 8 17 4 5 6 17 5 10

18 7 8 18 4 5 6 18 5 10

19 7 8 19 4 5 6 19 5 10

20 7 8 20 4 5 6 20 5 10

21 7 8 21 4 5 6 21 5 10

22 7 8 22 4 5 6 22 5 10

23 7 8 23 4 5 6 23 5 10

24 7 8 24 4 5 6 24 5 10

25 4 4 7 25 5 10

#REs total 1200 1200 26 4 4 7 26 5 10

27 4 4 7 27 5 10

28 4 4 7 28 5 10

29 3 4 8 29 5 10

30 3 4 8 30 5 10

31 3 4 8

32 3 4 8 #REs total 1200 1200

33 3 4 8

34 3 4 8

35 3 4 8

36 3 4 8

37 3 4 8

38 3 4 8

39 3 4 8

40 3 4 8

41 3 4 8

42 3 4 8

43 3 4 8

44 3 4 8

#REs total 1200 1200 1200

#Mini-CEs #Mini-CEs #Mini-CEs


Figure 9 - 20 MHz LTE Carrier L1/L2 Control Channel mapping.  CCE size is 60 REs.




























































































































































































































































