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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 that occurs when utilizing DL/UL MU-MIMO [1] or DL/UL CoMP or, in case of CA, when utilizing cross-cell scheduling to enable ICIC in heterogeneous networks or to support scheduling in an extension carrier (if defined). 
The above are also some of the main reasons motivating the currently considered introduction of enhanced DL control channels (eCCHs) [2]. It is noted that in case of using CA for enabling ICIC or for providing PDCCH for scheduling in extension carrier(s), if the network does not support eCCHs or if it is preferable to operate some extension carriers without eCCHs, the issue of capacity limitation is not limited only to CA-configured UEs but extends to all UEs operating in the associated cells.
2 Motivations for Compact DCI Formats
The capacity limitation of the Rel.10 DL control region will be the most severe in case of CA-based ICIC or deployment of extension carriers, due to the requirement that PDCCHs transmitted in one DL cell schedule PDSCH/PUSCH in two or more DL/UL cells, and it may also include the one resulting from use of DL/UL MU-MIMO or CoMP. Introducing support for eCCHs can avoid the capacity limitation of the Rel.10 DL control region but is not expected in general to provide a significant reduction in the required DL control overhead. 

Assuming a similar DL control overhead for the Rel.10 CCHs and the eCCHs and considering that 4 or 5 OFDM symbols are required [1] for PDCCH transmission to fully support DL/UL MU-MIMO and obtain all associated DL throughput gains in a single cell (this number of OFDM symbols may further increase if support for DL/UL CoMP is further considered), supporting scheduling in multiple DL/UL cells from a single DL cell will result in consuming most of the DL resources in the single DL cell. This in turn will reduce the number of UEs that can be scheduled PDSCH in the DL cell, thereby placing scheduler restrictions and resulting to DL throughput loss (due to reductions/constraints of the BW over which scheduling can occur). 
PDCCH overhead reduction is therefore desirable both for improving DL throughput in general, as any DL control overhead reduction directly translates to at least as much DL throughput gain, but also for avoiding overloading a cell with DL control signaling. DL control overhead reduction is primarily achieved by reducing the size of the DCI formats for PDSCH and PUSCH scheduling. 
Compact DCI formats for PDSCH scheduling already exist (DCI formats 1A/1B/1D/2A) and some more are being suggested such as a compact DCI format for MU-MIMO [3] or a compact version of DCI format 2C [4]. Unlike the multitude of existing or suggested 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 DL control overhead. This motivates the introduction of a compact UL DCI format [5].
3 Compact UL DCI Format (DCI Format 0A)
Qualitative and quantitative analyses for the reductions in total DL control overhead and transmission power requirements for a compact UL DCI format (DCI format 0A) were presented in [5]. Some of the results are subsequently included for ease of reference. 

The key observation that allows the introduction of a compact UL DCI format without any meaningful impact on the UL throughput is that DCI format 0 is unnecessarily overdesigned for SINR/coverage limited UEs which are exactly the type of UEs which require the most PDCCH resources. For example, from an overhead perspective, it is preferable to transmit DCI format 2 or 2C with 2 CCEs (to a high SINR UE) than it is to transmit DCI format 0 with 4 CCEs (to a medium/low SINR UE). 

PDCCHs conveying scheduling assignments are also likely to be power de-boosted in order to provide necessary power boosting to all other channels transmitted in the Rel.10 DL control region (and possibly to the CRS). This will further increase the associated resource overhead and may even create coverage issues for high carrier frequencies. For example, a power de-boosting of 1.7 dB is roughly equivalent to increasing a DCI format size from 40 bits to 60 bits. Also, power de-boosting a PDCCH conveying a shortened DCI format allows for power boosting of PDCCH conveying another DCI format. 

Reductions in the size of DCI format 0 for SINR/power limited UEs are possible due to:

a) PUSCH size limitation: PUSCH scheduling over substantially the entire UL operating BW may not be considered in practice as it cannot offer reliable reception (unlike the PDSCH which the eNodeB may transmit with relatively high power). The SRS that may be used for PUSCH scheduling is also over a small number of RBs (e.g. 4 RBs). Moreover, for many types of services (TCP ACKs, gaming packets, etc.) scheduling over a few RBs is sufficient.
b) Part of UL BW is not available: RBs allocated to PUCCH and SPS PUSCH may not be used for PUSCH.
c) MCS limitation: Large MCS may not be applicable. 
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 QAM64 and high code rates. 
The fields that can be reduced in size or can be avoided in DCI format 0A include:
a) No DCI Format 0/1A flag.
b) No padding bit(s) to align the sizes of DCI format 0 and DCI format 1A. 
c) Resource allocation field: Scheduling can be in RBGs as for clustered PUSCH (2 RBs/RBG for fine granularity). 
d) QPSK-only, 4 (out of 10) 
[image: image1.wmf]MCS

I

, RV0-only: As IR is beneficial only for relatively high MCS, using only RV0 has marginal/no impact on UL throughput. Restricting 
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 to 4 out of the 10 
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 for QPSK also has 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. 
e) 1 bit for CS indication: Limiting SDMA (MU-MIMO) to 2 UEs will not introduce any UL throughput loss considering that channel estimation at low SINRs can be inaccurate. PHICH collision avoidance can also be supported (when needed).
Table 1 compares the fields in DCI format 0 and in DCI format 0A. FDD, single-cell operation, and configuration of aperiodic SRS request are assumed for simplicity. 
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
	Address a 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


Approximately 30% reduction in the DCI Format 0 size is achieved with marginal UL throughput loss. At 5/10/20 MHz, 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, particularly considering the much more frequent use per subframe of DCI Format 0A relative to DCI Format 1A or DCI Format 2A.
Ignoring the PCFICH and PHICH overhead (much smaller than the PDCCH overhead), the total savings in DL control overhead are summarized in Table 2 [5].  
Table 2: Percentage of Total PDCCH Overhead Reduction.

	
	Case 1

Frequency Selective
	Case 3

Frequency Selective
	Case 1

Frequency Non-Selective
	Case 3

Frequency Non-Selective

	Total Reduction
	~10% 
	~11% 
	~12% 
	~13% 


DCI Format 0A need not require additional blind decoding operations as it 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, or A-SRS request, or 2-bit CSI request in Rel.10 and a UE can be configured to decode either DCI format 0 or DCI format 0A in the UE-DSS. As DCI format 0/1A will be used for fallback operation for UEs configured with DCI format 0A, using the UE-CSS is adequate. It is noted that a UE supporting UL SU-MIMO may decode both DCI format 0 and DCI format 0A in the UE-DSS if the scheduler decides that UL SU-MIMO is not very beneficial for a SINR/power limited UE.
4 Conclusions
Reducing DL control overhead is beneficial for the functionality and offered DL throughput for several important CA applications. The use of a compact DCI format 0 (DCI format 0A) can provide significant reductions in the DL control overhead without adversely affecting UL throughput or scheduler flexibility. 

Proposal: Introduce a compact DCI format for PUSCH assignments in Rel.11.
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