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1. Introduction

A flexible downlink L1/L2 control channel design is proposed with moderate blind detection requirements and at least 5 MCS levels. Also described is the P-BCH signaling and potential ‘Cat0’ signaling using a part of the subframe control region in the first ‘n’ OFDM symbols where ‘n<=3’.
2. Downlink L1/L2 Control Channel Candidate Map
UEs determine if they are scheduled by blindly searching for control channel candidates where each candidate is composed of some number of channel elements (CE).  The location of the first CE of a detected control channel can be used to implicilty indicate the UEs ACK/NACK resource location and CDM index [1].  The number of CEs for the DL or UL scheduling grant control channel needs to be equal to the maximum number of UEs required to be scheduled per subframe but may be limited below that number of UEs to limit the number of BDs a UE must perform.  In that case multiple control channel candidate search areas (CSAs) are created and UEs are assigned to each search area (CSA) as determined by Layer 3 signaling or via signaling on the P-BCH.  Note that PICH and AICH may be always assigned to the first CSA to avoid requiring additional signaling via the P-BCH.
Figure 1 shows an example of a CCH candidate map which a UE could use to logically determine the control channel candidates it should try to blindly detect.  Note the number in each box (CCH candidate) indicates the number of CEs for that CCH as well as its MCS level (# aggregated CEs).
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Figure 1 – Candidate Map for 10 or 11 UEs showing unique CCH logical locations for 5 MCSs
Table 1 – CCH MCS levels as given by #CEs aggregated for 24, 36 and 48-bit Payloads
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3. Downlink L1/L2 Control Channel Formats (Payload sizes), #MCSs and Blind Detection
It is proposed that the number of MCSs (where MCS corresponds to the number of CEs aggregated as shown in Table 1) should be at least 5 to avoid over reliance on power control and power boosting and to minimize CE power levels to allow for more uniform and lower adjacent cell intereference as well as being flexible enough to handle any coverage issue.  Note the maximum number UEs needed to be scheduled per subframe and the minimum required encoding rate for cell edge coverage drive the number of blind detections more than the number of MCSs.  There is not a significant difference in the number of CCH BDs whether 3 or 5 MCS levels are used especially if CQI information is used as shown in Table 2 below.
Table 2 – Blind Detections for Different # of MCS levels with/without CQI information
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Note: Total BD is equal to UL + DL BDs.  For CQI use a moderate to good UE monitors only MCS 1 and 2 else 2-7.
The difference between downlink and uplink payload sizes is significant as shown in [3, Table 4] where the difference is 8-bits for 5MHz given 2RB CQI reporting granularity, 19-bits for 10MHz (2RB CQI reporting), and 26-bits for 20 MHz (3RB CQI reporting). Hence, there should be at least two different payload sizes (e.g. 48-bits for the DL and 36-bits for the UL dynamic scheduling grant). 
For the paging indication (PICH) and random access acknowledgment indication (AICH) transported via downlink L1/L2 control channels a smaller payload size (e.g. 24 bits including 16-bit CRC) is desireable in order to reduce the number of CEs and/or power needed to reach the cell edge given there is no CQI info available at the NB scheduler for paged or random access UEs [4].  Note that this does not increase the #blind detections required for UEs trying to detect scheduling assignments and grants.  That is, UEs looking for downlink scheduling assignments are not also looking for paging indication or random access acknowledgements (the reverse is true also). 
Note that the DL scheduling grant also could be supported with the same format as the UL scheduling grant (36-bit payload including CRC) for coverage limited UEs.  Then a explicit or implicit bit is needed to indicate if the scheduling grant is for UL or DL.  With this format synchronous non-adaptive HARQ would be used for the downlink transmission of the cell edge UE.  Note that having two DL grant payload types (36-bits and 48-bits) does not increase the number of BDs since the UE has to anyway try to detect the 36-bit payload to check for uplink scheduling grants having the same coding rate set and therefore the only overhead is reduced to performing an alternate CRC check.  That is, the 36-bit payload can be increased by 1 bit that is a UL/DL bit and then running that one more bit through the encoder but not transmitting it.  This is followed by two CRC checks to account for the two states of the UL/DL bit. A summary of different proposed CCH payload types is given in Table 3 below.  Table 4 shows the proposed CE sizes and DL grant payload sizes for 5, 10, and 20 MHz.
Table 3 – Summary of different L1/L2 CCH Payload types 
	DL L1/L2 Control Channel Payload Types
	Payload Size including 16-bit CRC
	# BDs for 11 CEs w/wo CQI info
	#MCSs
	# CEs for Cell Edge Coverage   0dB/1dB**

	A – PICH
	24-bits
	28 BDs / 20 BDs
	4
	3 / na

	B – AICH
	24-bits
	28 BDs / 20 BDs
	4
	3 / na

	C - S-BCH Indicator 
	24-bits
	28 BDs / 20 BDs
	4
	3 / na

	D - DL Scheduling Grant 5 MHz
	36-bits
	30 BDs / 20 BDs
	5
	3 / 4

	E - UL Scheduling Grant 1.25/2.5/5 MHz
	36-bits
	30 BDs / 20 BDs
	5
	3 / 4

	F - DL Scheduling Grant 5 MHz *
	48-bits
	30 BDs / 20 BDs
	5
	5 / 7

	G – DL Scheduling Grant 10MHz
	60-bits
	30 BDs / 20 BDs
	5
	

	H – DL Scheduling Grant 20MHz
	70-bits
	30 BDs / 20 BDs
	5
	

	I – UL Scheduling Grant 10/20 MHz                              and DL Scheduling Grant  1.25/2.5 MHz
	40-bits
	30 BDs / 20 BDs
	5
	


* A UE in LTE_ACTIVE state would have to perform 40 BDs (E+F or D+E) if CQI information was used to direct BD.
** Assume 0 or 1dB of scheduling diversity benefit due to using a channel sensitive scheduler – Cell edge is 850m.

Table 4 – Channel Element (CE) Size vs. Carrier Bandwith Mode
	Bandwidth Mode
	5 MHz
	10 MHz
	20 MHz

	CE size
	36 RE
	48 RE
	56 RE

	Coding Rate for 48-bit DL payload
	2/3
	
	

	Coding Rate for 60-bit DL payload
	
	5/8
	

	Coding Rate for 70-bit DL payload
	
	
	5/8


The analysis in [5 – Annex C] shows a UE could support up to 80 – 100 BDs (256 state convolutional coder with tail biting) with little hardware overhead relative to the turbo coder.  Using the candidate structure as in Figure 1 only about 40-60 BDs (includes BDs for both DL scheduling assignment and UL scheduling grant) are necessary depending on the NB/UE assumptions used for blind detection and assuming no more than 11 UEs are supported per DL or UL candidate search area. If CQI reporting information is used than a maximum of 40BDs seems feasible otherwise ~60 BDs might be needed.  (Note it is assumed 2 or 3 DL/UL search areas are needed for 20MHz carriers and 1 or 2 for 10MHz carriers such that up to 11,16,28 UEs can be supported per subframe for 5/10/20MHz (see Table 5 below) via dynamic scheduling although for best effort traffic (Web Browsing and FTP) we see that supporting a maximum of 6,10,18 scheduled UEs per subframe is sufficient [6].  The large number of UEs that can be scheduled in a 1ms subframe 11,16,28 for 5/10/20 MHz should be adequate to support MU-MIMO or services other than VoIP that have many active UEs due to small packets that can not be aggregated and have a delivery time constraint (like some types of gaming e.g.).

Table 5 – Maximum #Scheduled UEs per Subframe for CCH Design using Multiple Search Pairs
	Carrier Bandwidth Mode
	5 MHz
	10 MHz
	20 MHz

	Max#UEs per Subframe
	11
	16
	28

	#Candidate Search Pairs
	1
	2
	3


4. Signaling of Downlink L1/L2 Control Channel Design
It seems there is a tradeoff between call setup latency and how often (every 'k' subframes) control information ('nCE' - number of control channel elements) is signalled either in the subframe control region or on the P-BCH.  A UE could determine the location of each CE by using 'nCE' and given the information given in Table 6 below.
Table 6 – Control Information UE needs for Blind Detection
	Signaling Type
	How Detected or Determined

	#TX Antennas
	Blindly Detected or via S-SCH

	#REs per CE
	Fixed per Carrier BW mode or function of BW mode, #TX Antennas and possibly nCE

	#REs for ACK/NACK
	#REs fixed per BW mode; May also be dependent on use of MU-MIMO

	#RBs for BW mode
	Signaled via P-BCH

	#REs for RS & location
	#REs fixed per BW mode and #TX Antennas. Location dependent on Cell ID based hopping/shifting sequence.

	#CEs (nCE) DL/UL split
	Signalled via P-BCH.  Allows max #UEs to be different for DL and UL

	Candidate Search Pair
	Signalled via P-BCH or Layer 3.  Assume PICH, AICH always on 1st pair


Also the UE would need to know #MCS levels & #CEs per MCS level (fixed per BW mode?).  Given ‘nCE’ changes every 'k' subframes then the UE must read the P-BCH before it can read the paging indicator (PICH) or random access acknowledgement indication (AICH) on the DL L1/L2 control channel or to read the dynamic BCH.
The larger 'k' then the larger the call setup latency. It would be prudent to include a 'validity time' or 'action time' (i.e. future SFN when 'nCE' can change) along with 'nCE' transmitted on the P-BCH which would allow a UE to read the P-BCH less often. If 'nCE' is sent in the subframe control region (‘Cat0’) once per radio frame (k=10) then the call setup latency is reasonable.  Hence, 'k=10' seems reasonable if 'nCE' is sent in the subframe L1 control region.  For P-BCH usage it is good to send 'nCE' with every P-BCH transmission to keep the P-BCH payload size fixed.  Hence, the overhead of sending 'nCE' on the P-BCH would be slightly larger (assuming P-BCH sent once every 10ms) than sending it in every 10th subframe control region due to the use of the ‘action time' field but it might be worth the overhead to keep the UE from having to read every P-BCH.
It is also possible to map the CEs to the control region in such a way that the CEs for the L1/L2 downlink control channel carrying the paging indicator are always mapped to CEs in the first symbol.  This means a UE checking for a page does not have to know 'nCE' and therefore does not have to always first reread a P-BCH to get 'nCE' after waking up in its paging cycle.  To some extent this 'always' re-reading the P-BCH can also be avoided by using a sufficiently long 'validity time' or 'action time'.

Table 7 below shows and example of an efficient control channel design determined by setting ‘nCE’ where the number of ACK/NACK resource elements is considered fixed per bandwidth mode
Table 7 – CCH Design Example using Channel elements of size 36,48,56 REs for 5/10/20 MHz
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nCE

14 13 14 21 18 22 19 22 32 28 37 34 40 55 48

nDL/nUL 7/7 7/6 7/7 11/10 9/9 11/11 10/9 11/11 16/16 14/14 19/18 17/17 20/20 28/27 24/24

nBD_CSApair 24BD 22BD 24BD 38BD 32BD 40BD 36BD 40BD 30BD 26BD  36BD 32BD 36BD 34BD 30BD

nCSApairs 1 1 1 1 1 1 1 1 2 2 2 2 2 3 3

nRE_cch_alloc 504 468 504 756 648 1056 912 1056 1536 1344 2072 1904 2240 3080 2688

nRE_a/n 32 32 32 32 32 64 64 64 64 64 128 128 128 128 128

nRE_ce 36 36 36 36 36 48 48 48 48 48 56 56 56 56 56

nRE_cch_nalloc 24 0 168 12 24 0 12 144 0 0 0 0 108 0 0

5 MHz 10 MHz 20 MHz


5. Conclusions

An efficient control channel design is given based on 5 MCS levels using 2 payload types (36-bit for UL or DL and 48-bit for DL) for dynamic scheduling in a 5 MHz carrier mode. There is no increase in blind detections by having both 36 and 48-bit payloads for the DL scheduling grant since only a low overhead CRC masking operation is needed to determine whether a 36-bit payload is and UL or DL dynamic scheduling grant.  For 10 and 20 MHz carriers 60 and 70-bit payloads are proposed for DL grants and 40-bits for UL grants.  Another smaller sized payload type (24-bits) for PICH, AICH, and S-BCH Indicator were also described to minimize required CCH resources and power requirements given the scheduler has no CQI for paged UEs or UEs accessing the cell via the unsynchronized random access channel.  Signaling information needed for UE blind detection of CCH candidates (besides ‘nCE’) was also summarized and two different candidate designs were shown with different amounts of signaled CCH information that impacted the number of unallocated CCH REs.
The following is proposed:


At least 5 MCS levels are defined for scheduling grants

Use of candidate map structure given in Figure 1 (avoids unused CE resources, flexible)


CE sizes of 36, 48, and 56 resource elements for 5/10/20 MHz carrier modes

36&48/60/70-bit  payload sizes for DL dynamic scheduling grants for 5/10/20 MHz carrier modes


36-bit payload field scheduling grant used for cell edge UEs (in coverage limited cells)




Requires synchronous HARQ for downlink transmissions if applied




Needed for good coverage for Case 3


36-bit payload size for uplink dynamic scheduling grants (same format as 36-bit downlink grant)

24-bit payload size for the PICH, AICH, and the S-BCH Indicator  (L1/L2 Control channels)



‘compact’ grant – low overhead (CEs and power) and very good coverage


Same coding rate set for PICH/AICH/S-BCHI but differently defined payload fields


Validity or Action time if ‘Cat0’ (‘nCE’) sent on P-BCH to reduce UE decoding attempts of BCH


UE waits to read P-BCH for ‘nCE’ until Action time occurs (or duration of validity time)


UL or DL Candidate Search Areas should support no more than 12 UEs and preferably 11 to limit # of blind detections require by UE.  Use of up to 2 CSAs for 10 MHz and up to 3 CSAs for 20 MHz should be considered.


Assume AICH/PICH are always on first CSA UL/DL pair to avoid BCH signaling
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Table 8 – Total L1/L2 Control Signaling and RA MAP Sizing & Average Coding Rate- Approach I
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Total L1/L2 Control    72    225    504    990  1515  1980 (bits)

#L1/L2 Control Subcarriers (n=2) 112 234 468 936 1404 1872

Average Coding Rate (QPSK) 0.321 0.481 0.538 0.529 0.540 0.529
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