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1 Introduction

PDCCH overhead reduction is needed in general to increase DL throughput and in particular to avoid a capacity limitation of the DL control region associated with deploying DL/UL MU-MIMO [1] and CoMP. Nearly all attention has so far been concentrated on compact DCI formats for PDSCH scheduling, such as the existing DCI formats 1A, 2A and a compact DCI format for MU-MIMO [2].  
Although the PDCCH size depends on the DCI format size, the most important factor is the code rate (number of CCEs). This has been recognized in RAN1 on several past occasions such as for example by always including 2 bits for aperiodic SRS activation in DCI format 4 but making configurable the inclusion of 1 bit in DCI format 0. Therefore, the main focus for PDCCH overhead reduction should be on DCI formats typically used to schedule UEs with low SINRs (e.g. below 0 dB) rather than UEs with relatively high SINRs (e.g. DCI formats for SU-MIMO transmission modes). 
Unlike the multitude of DCI formats for PDSCH scheduling, due to respective multitude of DL transmission modes, there are only 2 DCI formats for PUSCH scheduling. Moreover, for most UE categories and typically for all UEs experiencing low/moderate SINRs, only one DCI format is used. Therefore, DCI format 0 is the most frequently used DCI format in every subframe and for this reason, despite its relatively small size, it is a DCI format for which size optimization will bring the most benefits in terms of reducing the total average PDCCH size. 

2 DCI Format 0A (Compact DCI Format 0)
Due to inherit characteristics of UL transmissions, some significant reductions in the DCI format 0 size can be achieved by a compact DCI format 0A due to the following: 
a) PUSCH size limitation: PUSCH from an SINR/power limited UE can be reliably received only over a small number of RBs (unlike the PDSCH which the eNodeB may transmit with relatively high power). The SRS from an SINR/power limited UE that may be used for PUSCH scheduling is also over a small number of RBs (e.g. 4 RBs).
b) Only a semi-statically configured part of UL BW is available for PUSCH: RBs allocated to PUCCH and SPS PUSCH may not be addressed by DCI format 0A.
c) MCS limitation: Depending on the UL SINR, large MCS may not be addressed by DCI format 0A. 
For example, for UL BW of 20 MHz and a low SINR UE, there is no reason for DCI format 0 to address all 100 RBs and support TBS corresponding to 64QAM and high code rates. 
Table 1 compares the fields in DCI format 0 and the compact DCI format 0A. FDD and configuration of aperiodic SRS request are assumed for simplicity. As UEs with low UL SINR are assumed, single-carrier transmission is considered and UL CA is not considered (not needed to achieve peak rates). However, if DL CA is used, DCI format 0 will include 1 more CSI request bit and may include 3 CIF bits in which case DCI format 0A will achieve larger size reduction. 
The reduction in the size of DCI format 0 is due to: 

a) No DCI Format 0/1A flag and no padding bit(s) to align sizes of DCI format 0 and DCI format 1A. 
b) Use of RBG with 2 RBs/RBG: All BW is addressable with the exception of 20 MHz. The applicability of single-RB PUSCH is very rare (DCI format 0 may even be used). For 20 MHz, either the network can configure a UE for PUSCH transmission in a part of the BW or one additional bit may be considered. 
c) QPSK-only, 4 (out of 10) 
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, RV0-only: As IR is beneficial only for relatively high MCS, using only RV0 will have marginal/no impact. Restricting 
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 to 4 out of the 10 
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 for QPSK will also have marginal impact as for small RB allocations the granularity loss is marginal. For example, 
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 0, 2, 4, and 6 may be used. 
d) 1 bit for CS indication: Limiting SDMA (MU-MIMO) to 2 UEs will not introduce any throughput loss considering that channel estimation at low SINRs can be inaccurate.
Table 1: Number of Bits for DCI Format 0 and DCI Format 0A
	Field
	DCI Format 0
	DCI Format 0A
	Comments for Compact DCI format

	DCI Format 0/1A Flag
	1
	0
	Used only for DCI formats 0/1A

	FH Flag
	1
	1
	

	RB assignment
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	7/8/8
	Maximum of 15/22 RBs or 30/44 RBs using RBGs of 2 RBs

	MCS and RV
	5
	2
	QPSK only, 4 code rates, RV 0                            

	NDI
	1
	1
	

	PUSCH TPC
	2
	2
	

	DMRS Cyclic Shift
	3
	1
	Limited SDMA between 2 UEs 

	CSI Request
	1
	1
	

	SRS request
	1
	1
	

	Padding Bit
	1
	0
	Used only for DCI formats 0/1A

	CRC
	16
	16
	

	Total
	41/43/45 at 5/10/20 MHz 
	30/31/31 at 5/10/20 MHz
	27/28/31% Reduction at 5/10/20 MHz


Therefore, approximately 30% reduction in the DCI Format 0 size can be achieved with minimal UL throughput loss or scheduling restrictions. This compares favorably to the 7/13/28% reduction achieved by DCI Format 1A over DCI Format 1 and to the 7/5/6% reduction achieved by DCI Format 2A over DCI Format 2 at 5/10/20 MHz particularly considering the much more frequent use per subframe of DCI Format 0A relative to DCI Format 1A or DCI Format 2A.
PDCCH Overhead Reduction

To simplify the evaluation for the total average PDCCH size reduction (the following analysis is only for providing an estimate), DCI format 0A is assumed to be used only for UEs with low SINR requiring 4-CCE or 8-CCE aggregation levels. In practice, DCI format 0A may be used for a larger number of UEs and the network may configure it depending on the data application. Therefore, the estimated total average PDCCH size reduction may be viewed as a lower bound.

Figure 1 shows the DCI Format 2 BLER for 2x2 Tx/Rx and the TU6 channel for the possible CCE aggregation levels. For frequency non-selective channels, about 2.0 dB needs to be added to the required SINRs. To account for PCFICH/PHICH/RS boosting and corresponding PDCCH de-boosting, ~1 dB needs to be added to the required SINRs. 
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Figure 1: DCI Format 0 BLER vs. SINR.
Figure 2 shows the UE geometry CDF for Case 1 and Case 3. 
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Figure 2: Geometry CDF for Case 1 and Case 3.
From Figure 1 and Figure 2, the percentage of UEs associated with each code rate is given in Table 2. 
Table 2: Percentage of UEs Assigned PDCCH Code Rates.
	
	Case 1

Frequency Selective
	Case 3

Frequency Selective
	Case 1

Frequency Non-Selective
	Case 3

Frequency Non-Selective

	Rate 1/12
	14 
	20
	28
	32

	Rate 1/6 
	21 
	20
	20
	23

	Rate 1/3 
	35 
	33
	30
	26

	Rate 2/3
	30
	27
	22
	19


Assuming the use of DCI format 0A for UEs with PDCCH code rate of 1/12 or 1/6 and accounting for ~30% reduction in the DCI format size, the total savings for PDCCH scheduling PUSCH are shown in Table 3.

Table 3: Percentage of Total PDCCH Size Reduction.

	
	Case 1

Frequency Selective
	Case 3

Frequency Selective
	Case 1

Frequency Non-Selective
	Case 3

Frequency Non-Selective

	Total Reduction
	~20% 
	~22% 
	~24% 
	~25% 


Using DCI format 0A for low SINR UEs reduces the total average size of PDCCH scheduling PUSCH by at least 20%-25%. Assuming an approximately equal size of PDCCH scheduling PDSCH and PDCCH scheduling PUSCH, the average reduction in the total PDCCH size is 10%-12.5%.
Blind Decoding Operations
If a UE is configured DCI format 0A, then the following possibilities exist:

a) No increase in the number of decoding operations: DCI Format 0A is decoded in the UE-dedicated search space (UE-DSS) and DCI Format 0/1A is decoded in the UE-common search space (UE-CSS). This is similar to the introduction of CIF, A-SRS request, or 2-bit CSI request in Rel.10. As DCI format 0/1A will be used for fallback operation for UEs with typically low/medium SINR, using the UE-CSS is adequate.
b) Increase the number of decoding operations in the UE-DSS by 16 or less: A UE decodes both DCI format 0A and DCI format 0/1A in the UE-DSS. Since DCI format 0A is primarily for UEs with low SINR and as fallback operation is not frequent, the UE may only monitor the 4-CCE and 8-CCE aggregation levels in the UE-DSS requiring 4 additional decoding operations.
Not introducing additional decoding operations and relying on the UE-CSS for fallback is sufficient. If a UE supports UL SU-MIMO, the UE-DSS may also be used and the UE may decode either of {DCI format 0A, DCI format 0} or {DCI format 0, DCI format 4}. In any case, even though the associated complexity is not an issue, increasing the number of decoding operations to support DCI format 0A can be avoided without impacting the scheduler. 
3 Conclusions
DCI format 0 is the most frequently used DCI format. Therefore, optimizations to its size can yield meaningful reductions in the average DL control region size. A compact DCI format 0A, at least for UEs with relatively low UL SINRs, can reduce the average DL control size by about 10%-12.5% without introducing meaningful throughput loss. 
If the DL control region is resource limited, a compact DCI format 0A can provide, on average, an additional 1/3 OFDM symbol. At 20 MHz, this corresponds to about 12 additional CCEs and enables scheduling of 3/6 more UEs with PDCCH size of 4/2 CCEs, respectively. If the DL control region is not resource limited, a compact DCI format 0A can provide, on average, about 3% gain in DL throughput. 
It is therefore proposed to consider the use of a compact DCI format for PUSCH assignments in Rel.11.
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