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1
Introduction
The UE needs to blindly decode the PDCCH from several possible formats and associated CCE. To this end it needs to perform the following operations:

· Identify the CCE associated with the PDCCH, and decouple the CCEs associated with PHICH and PDCCH

· Blindly decode the PDCCH within its associated CCE

It is assumed that the UE has decoded PBCH correctly, and thus has information relevant for CCE identification.
2
PDCCH CCE Identification
Note that each mini-CCE consists of 4 REs. However, we propose that the definition should be changed to 2 RE, in view of PHICH structure in long CP scenarios. The PHICH CCE consists of 12 REs, that correspond to 3 strips of 4 RE each for short CP and 6 strips of 2 RE each for long CPs. The PDCCH CCE consists of {36, 72, 144, 288} REs.
2.1
PHICH Load
Let N denote the number of PUSCH to be acknowledged in DL. The maximum number of cyclic shifts that can be supported for SDMA by the UE is no more than the number of receive antennas (Nrx), or the number of cyclic shifts possible with a 3-bit signaling (8). Hence, if Nmax_bw_rx indicates the maximum number of PUSCH to be acknowledged for a given bandwidth and number of Rx antennas, Nmax_bw_rx = min(Nrx, 8)*Nmax_prb_bw, and we get:  N ≤ Nmax_bw_rx.
We assume that the PHICH bandwidth load indicated in the PBCH by 2-bits to indicate the fractional load as a function of Nmax_bw_rx, by fphich, which can take on the values in the set: {1, ½, ¼, 1/8}.
The number of RE reserved for PHICH are: Nphich_re = 12*┌ fphich*Nmax_bw_rx/4┐ for short CP, which is illustrated in Table 1.
Table 1: PHICH Load for Short CP
	Bandwidth
	Number of Rx
	Nmax_bw_rx
	Load
	Nphich_re (Number of ACKs)

	1.4 MHz
	2
	14
	0.125
	12 (4)

	5 MHz
	2
	50
	0.125
	24 (8)

	10 MHz
	2
	100
	0.125
	48 (16)

	20 MHz
	2
	200
	0.125
	84 (28)

	1.4 MHz
	2
	14
	0.25
	12 (4)

	5 MHz
	2
	50
	0.25
	48 (16)

	10 MHz
	2
	100
	0.25
	84 (28)

	20 MHz
	2
	200
	0.25
	156 (52)

	1.4 MHz
	2
	14
	0.5
	24 (8)

	5 MHz
	2
	50
	0.5
	84 (28)

	10 MHz
	2
	100
	0.5
	156 (52)

	20 MHz
	2
	200
	0.5
	300 (100)


The number of RE reserved for PHICH are: Nphich_re = 12*┌fphich*Nmax_bw_rx/2┐ for long CP, which is illustrated in Table 2.
Table 2: PHICH Load for Short CP
	Bandwidth
	Number of Rx
	Nmax_bw_rx
	Load
	Nphich_re (Number of ACKs)

	1.4 MHz
	2
	14
	0.125
	12 (2)

	5 MHz
	2
	50
	0.125
	48 (8)

	10 MHz
	2
	100
	0.125
	84 (14)

	20 MHz
	2
	200
	0.125
	156 (26)

	1.4 MHz
	2
	14
	0.25
	24 (4)

	5 MHz
	2
	50
	0.25
	84 (14)

	10 MHz
	2
	100
	0.25
	156 (26)

	20 MHz
	2
	200
	0.25
	300 (50)


2.2
PHICH CCE to RE mapping

Note that the PHICH CCEs are mapped “around” the REs for RS (Nrs_re) even if for 1 Tx antenna. The number of OFDM symbols (n), i.e., the span of the control segment, the number of tx antennas, and Nphich_re fix the interleaver mapping. The remaining REs are available for the PDCCH, and is denoted as Npdcch_re. It easily follows from the above that Npdcch_re = 36*└Navail_re-Npcfich_re-Nphich_re)/36┘, and Navail_re = Nre – Nrs_re.  This is captured for various parameters in Table 3.

Table 3: Number of Grants for PHICH Load of 0.125
	Bandwidth
	Number of Tx
	n
	Nphich_re (Number of ACKs)
	Npdcch_re (Number of Grants)

	1.4 MHz
	{1,2}
	1
	12 (4)
	0 (0)

	5 MHz
	{1,2}
	1
	24 (8)
	144 (4)

	10 MHz
	{1,2}
	1
	48 (16)
	324 (9)

	20 MHz
	{1,2}
	1
	84 (28)
	684 (19)

	1.4 MHz
	{1,2}
	3
	12 (4)
	180 (5)

	5 MHz
	{1,2}
	3
	24 (8)
	756 (21)

	10 MHz
	{1,2}
	3
	48 (16)
	1512 (42)

	20 MHz
	{1,2}
	3
	84 (28)
	3096 (86)


The following figures capture the control segment load as a function of system bandwidth.
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Figure 1: Control Signalling Load for 1.4MHz, {1,2} Tx
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Figure 2: Control Signalling Load for 5MHz, {1,2} Tx
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Figure 3: Control Signalling Load for 10MHz, {1,2} Tx
3     PDCCH Blind Decodes

The number of PDCCH formats depends on the final number of information bits. We assume that we have upto 5 formats, with number of information bits ranging from 32 to 64. The potential number of PDCCHs (based on 36 REs) is given by Npdcch_max = Npdcch_re/36. The number of blind decodes increases drastically with Npdcch_max. As an example, for 

· Npdcch_max = 3: {1,1,1}, {2,1}, {1,2} → 25 blind decodes.

· Npdcch_max = 4 {1,1,1,1}, {2,1,1},{1,2,1}, {1,1,2}, {2,2}, {4} →  40 blind decodes.

· Npdcch_max = 5 {1,1,1,1,1}, {2,1,1,1},{1,2,1,1}, {1,1,2,1}, {1,1,1,2}, {1,4}, {4,1} → 55 blind decodes.

Clearly a given UE cannot be expected to monitor all possible PDCCHs in this manner.
3.1
Proposed Design
The following are our main design paradigms to decrease the number of blind decodes:

· Restrict the Candidate number of information bits in PDCCH to the set {32, 40, 48, 56, 64}. 
· Further, the following mapping is established between the REs and the information bits:

· {32, 40, 48} bits ↔ {36, 72} RE

· {56, 64} bits ↔ {72, 144} RE

· Further RE concatenation always done in the beginning, rather than at any arbitrary location; e.g., {x, y, z, ...} such that x ≥ y ≥ z ≥ ...

· The number of PDCCHs monitored by a given UE ≤ 8

Note that since these resources are interleaved, physically they still achieve enough frequency diversity. 
For further optimization, it is possible to further restrict the usage of 36 RE to the minimum payload only, i.e., the following mapping can be used for the PDCCH bits.
{32} bits ↔ {36, 72} RE

{40, 48} bits ↔ {72} RE

{56, 64} bits ↔ {72, 144} RE.
3.2
Analysis
To calculate the savings using the above scheme, we considered the number of blind decodes for the various cases listed below.
· Npdcch_max = 4

· Possible Combinations: {1,1,1,1}, {2,1,1}, {2,2}, {4}
· Number of blind decodes = (4x3) + (2x5) + (1x2) = 24 using the mapping highlighted in blue
· Can be reduced to (4x1)+(2x5)+(1x2) = 16 using the mapping highlighted in green
· 40% reduction in number of blind decodes 
· Npdcch_max = 5 
· Possible Combinations: {1,1,1,1,1}, {2,1,1,1}, {2,2,1}, {4,1} 
· Number of blind decodes = (5x3) + (2x5) + (1x2) = 27 using the mapping highlighted in blue
· Can be reduced to (5x1)+(2x5)+(1x2) = 17 using the mapping highlighted in green
· 51% reduction in number of blind decodes
· Npdcch_max = 6 

· Possible Combinations: {1,1,1,1,1,1}, {2,1,1,1,1}, {2,2,1,1}, {2,2,2}, {4,1,1}, {4,2} 
· Number of blind decodes = (6x3) + (3x5) + (1x2) = 35 using the mapping highlighted in blue
· Can be reduced to (6x1)+(3x5)+(1x2) = 23 using the mapping highlighted in green
· Npdcch_max = 8 
· Possible Combinations: {1,1,1,1,1,1,1,1}, {2,1,1,1,1,1,1}, {2,2,1,1,1,}, {2,2,2,1,1}, {2,2,2,2}, {4,1,1}, {4,2}, {4,4}

· Number of blind decodes = (8x3) + (4x5) + (2x2) = 48 using the mapping highlighted in blue
· Can be reduced to (8x1)+(4x5)+(2x2) = 32 using the mapping highlighted in green
4
Summary
In this document, we addressed the problem of PDCCH CCE to RE mapping for various loads, and propose the following:

· Two bit PHICH load indicator be sent on the PBCH with values {1, 1/2, 1/4, 1/8}
· Five sets of payloads on PDCCH, each mapped to a small possibility of RE mapping

· Number of REs per PDCCH = {36, 73, 144} ( eliminate the 288 RE option

· Concatenation of REs done in the beginning of blind detection

· Define mini-CCEs to include only two REs to accommodate the long CP case
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