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1
Introduction
In the email discussion following RAN1#76, PDSCH scheduling options for low cost UE not in coverage enhancement have been broadly described as follow – 

· PDSCH within the entire bandwidth scheduled by (E)PDCCH in the same sub-frame.

· PDSCH location(s) within a limited number of semi-static PRBs, with (E)PDCCH within same subframe to indicate exact resource allocation.
· (E)PDCCH cross subframe scheduling.

· The system bandwidth is split into a 6 PRB band and the remaining part. Low cost UE is specified as to only support the 6 PRB band.
In this contribution, we analyze the options and provide our preference. 
2
PDSCH Scheduling Options
Detailed description of the scheduling options have been provided in [2] and copied below - 
Common channels

· Option C1: PDSCH within the entire bandwidth scheduled by PDCCH in the same sub-frame (At least, one sub-option below should be selected)

· C1.1 Keep the same number of blind decoding trials 
· C1.2 Reduce PDCCH blind decoding trials
· Option C2: PDSCH PRB location(s) within a limited number semi-static or predefined PRBs, with PDCCH within same subframe to indicate exact resource allocation (At least, one sub-option in each category below should be selected) 
· SIB1 Options

· C2.1.1 SIB1 PRB’s location is indicated within MIB

· C2.1.2 The UE assumes PRB locations based on the previous DCI to assign the previous SIB1 

· C2.1.3 PRB location is pre-define in the standard
· SIBs (excluding SIB1) Options

· C2.2.1 PRB location is indicated within SIB1

· C2.2.2 The UE assumes PRB locations based on the previous DCI to assign the SIB within the same or a previous SI-window.
· C2.2.3 PRB location is pre-define in the standard

· C2.2.4. PRB’s location is indicated within MIB

· RAR(Msg2) Options

· C2.3.1 PRB location is indicated within a SIB

· C2.3.2 PRB location is pre-define in the standard

· C2.3.3 PRB’s location is indicated within MIB

· Paging Options

· C2.4.1 PRB location is indicated within a SIB

· C2.4.2 The UE assumes PRB locations based on the previous DCI to assign the previous page

· C2.4.3 PRB location is pre-define in the standard

· C2.4.4 PRB location is RRC configured

· Option C3: PDSCH within the entire bandwidth scheduled by PDCCH (At least, one sub-option below should be selected)
· C3.1 PDCCH is in the previous sub-frame with a method to avoid impact to legacy UE such as using new cell common RNTI, a new DCI with different payload size, when sharing PDSCH with normal UEs.
· C3.2 PDSCH is in the sub-frame following PDCCH when sharing PDCCH with normal UEs.
· Option C4: The system bandwidth is split into a 6 PRB band and the remaining part. Low cost UE is specified as to only support the 6 PRB band
Unicast transmissions
· Option U1: PDSCH within the entire bandwidth scheduled by (e)PDCCH in the same subframe (At least one sub-option in each category below is should be selected)
· Blind Decoding
· U1.1 Keep the same number of blind decoding trials 
· U1.2 Reduce PDCCH blind decoding trials
· Scheduling Channel
· U1.3 Using PDCCH 

· U1.4 Using ePDCCH

· Option U2: PDSCH location(s) within a limited number of semi-static PRBs, with (E)PDCCH within same subframe to indicate exact resource allocation . (At least one sub-option below is required to be implemented for low cost UE)

· U2.1 RAR(Msg2) assigns the semi-static PRB location for the LC UE 
· U2.2 Msg4 assigns the semi-static PRB location for the LC UE, and PRBs for Msg4 are pre-defined or configured 
· U2.3 A RRC message later than Msg4 assigns semi-static PRB location, and PRBs for PDSCH before and including the RRC message  indicating semi-static PRB location are pre-defined or configured
· U2.4 SIB broadcasts indication(s) of one or more than one set of semi-static PRB location(s). If more than one set, a specification rule links each UE to one set of semi-static PRB locations, e.g. according to a UE identity.

· U2.5 Specifications define one or more than one set of semi-static PRB location(s). If more than one set, a specification rule links each UE to one set of semi-static PRB locations, e.g. according to a UE identity.

· Option U3: (E)PDCCH cross subframe scheduling using C-RNTI
· Option U4: The system bandwidth is split into a 6 PRB band and the remaining part. Low cost UE is specified as to only support the 6 PRB band.
3
Discussion

Impact Analysis:

Options C1 + U1 denote PDSCH scheduling as supported since Rel-8. Other options require significant changes and have large impact to the system with the main motivation for supporting them being cost saving at the UE. Their disadvantages may be summarized as follow –

Options C2 + U2
· Specification: The impact to specification is moderate in this case because first a fixed location must be defined (e.g. using MIB and SIB1), then semi-statically changed using RAR, Msg4, SIB, or RRC configuration. In addition to defining the fixed location of the bandwidth limitation for each UE, the eNB must be able to distinguish the assigned location for each UE in case of more than one location. A method for directing UEs to one of the PDSCH locations may also be needed.
· Implementation: Implementation is moderate to high as the eNB would have to keep track of UEs and their associated bandwidth limited PDSCH locations, implement scheduling and resource allocation restriction, and modify scheduling strategy for regular UEs.

· Performance: Performance impact is low to moderate in this case. The fixed allocation may suffer from high interference or may negate interference coordination performance. Frequency diversity may also be lost if the bandwidth limited PRBs are contiguous, and frequency selectivity gain may not be possible. Group-based messages may need to be transmitted to multiple PDSCH locations to reach all UEs having different bandwidth limited PDSCH locations configured. Performance of other UEs may also be impacted by the lack of scheduling flexibility.
Options C3 + U3
· Specification: This solution has high specification impact due to having to redefine the downlink data and control relationship, especially for TDD. In addition HARQ timing relationship may need to be redefined as well and issues with respect to Ack/Nack feedback in combination with legacy UEs need to be sorted out. 
· Implementation: Implementation impact is high due to having to keep track of two different timing relationships plus the requirement to schedule ahead at least one subframe for low-cost UEs. PDCCH management is also more complicated when a mix of low cost and legacy UEs are supported. Moreover, the eNB needs to be more careful in order to guarantee working Ack/Nack feedback due to mixed operation of LC MTC and legacy UE operation.
· Performance: This solution should have no or low impact to performance. Possible performance impact may arise from PDCCH limitation.

Options C4 + U4

· Specification: The impact to specification is low to moderate in this case. In addition to defining the fixed location, the eNB must be able to distinguish the assigned location for each UE in case of more than one location is defined. A mechanism for directing UEs to one of the PDSCH locations may also be needed.
· Implementation: Implementation is moderate to high depending on whether there are more than one bandwidth limited subbands. In all cases, the eNB would have to keep track of UEs and their associated PDSCH locations, implement scheduling and resource allocation restriction, and modify scheduling strategy for regular UEs.
· Performance: Performance impact is low to moderate in this case depending on which option is selected. The fixed allocation may suffer from high interference or may negate interference coordination performance. Frequency diversity may also be lost if the PRBs in the subbands are contiguous, and frequency selectivity gain may not be possible. Group-based messages may need to be transmitted to multiple PDSCH locations to reach all UEs. Performance of other UEs may also be impacted by the lack of scheduling flexibility.

Power consumption analysis:
With the PDSCH allocation is known beforehand by the UE, the number of required computations may be reduced, leading to some power consumption saving at the UE. To estimate the amount of saving, the UE’s power consumption may be estimated by –

PUE = PtxTtx + PrxTrx + PleakageTidle
where P denotes the power consumed by the UE at different stages (transmit, receive, or idle) and T denotes the amount of time spent in the corresponding stage. From [4], the following power consumption model may be used - Pleakage of 0.01 unit per subframe, Prx of 1 unit per subframe, and Ptx of between 1-20 units per subframe depending on the transmit power.

From simulations, it is estimated that the computation time can be reduced by approximately 40-60% on the FFT and channel estimation blocks with reduced bandwidth for DM-RS based data reception. These blocks, however, comprise only a fraction of the total reception time at the UE. Further, based on the MTC data model from [1], the UE is mostly idle (e.g. traffic once per hour) with most traffic is in the uplink direction. Using a traffic model of 1 uplink report of size 1000 bits every 5 minutes, and average UE transmission power of 15 dBm, it is estimated that the power consumption saving is less than 0.1% for most UEs.

Cost saving analysis:
From [1], it can be seen that the cost saving from PDSCH PRB limitation is 8%. However, this includes saving in post-FFT buffering and receiver processing. Post-FFT buffering accounts for 10-15% of the baseband cost while receive processing accounts for 20-35% of the baseband cost. 
For options C1 + U1, the increase in post-FFT buffering depends on how long the UE takes to decode the PDCCH. Our estimate is that the UE will be able to decode the PDCCH by the end of the first slot [5]. This means the UE will require approximately twice the post-FFT buffering size for C1 + U1 as for other options. Using the cost numbers from [1], it can be seen that this will increase the modem by 1.6-2.4% assuming 6PRB limitation.
Receiver processing, however, should not increase. There is a need to perform CRS-based channel estimation across the entire bandwidth, but note, that CRS-based wideband channel estimation will be anyhow needed for PDCCH decoding as such and there is not difference for DM-RS based channel estimation. Once the PDSCH allocation has been determined, there is no difference in receiver processing among the options. Therefore, we expect only a negligible increase in complexity for the receiver processing block.
Thus, we expect that C1+U1 will retain most of the cost saving from PRB limitation. Our estimate is that they will be approximately 1.6-2.4% loss from C1+U1 if 6 PRB limit is kept. If the maximum number of PRBs is increased to 25 to handle BCCH of size 2216 bits, then the estimate loss is 1.3-2.2%.
Summary:

Table 1summarizes the cost saving and impacts of various options. From the table, it is seen that options C1 + U1 has no impact to specification, eNB/UE implementation, and performance (spectral efficiency). Furthermore, there is a loss of only ~2% in cost saving.  Therefore, it is proposed that options C1 + U1 are selected.
Proposal: PDSCH is dynamically scheduled as per Rel-11 specification (Options C1 + U1).
Table 1. Comparison of cost saving and impacts of various scheduling options.
	Solution
	Cost Saving
	Impact Analysis

	
	6 PRB Limit
	25 PRB Limit
	Specification
	eNB Implementation
	UE Implementation
	UE Power Consumption
	Performance

	C1 + U1
	5.6-6.4%
	4.2-5.1%
	None
	None
	None
	Negligible
	None

	C2 + U2
	8%
	6.4%
	Medium
	Medium to High
	Low
	Negligible
	Low

	C3 + U3
	8%
	6.4%
	High
	High
	Low
	Negligible
	Low

	C4 + U4
	8%
	6.4%
	Low to Medium
	Medium to High
	Low
	Negligible
	Low to Medium


4
Conclusion
In this contribution, we consider the issue of PDSCH scheduling for low cost MTC UE. Based on our analysis, the following proposal is made –

Proposal: PDSCH is dynamically scheduled as per Rel-11 specification (Options C1 + U1).
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