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1. Introduction 
In RAN1#82 in Beijing, the following working assumption was agreed relating to scheduling modes for normal coverage:
Working assumption:
· Same-subframe scheduling for PDSCH (i.e., the one associated with an M-PDCCH in the same subframe) for LC-MTC UEs is NOT supported

· Can revisit if significant issues are found especially regarding the number of HARQ processes

The motivation for this working assumption was partly based on consideration of the UE complexity required to support same subframe scheduling.

This document analyses the complexity of same subframe scheduling and concludes that it is actually less than that of cross-subframe scheduling. This conclusion is based on consideration of the FFT output buffer and HARQ buffer requirements (related to the number of HARQ processes).

This document also shows that there are potential performance impacts from the use of cross-subframe scheduling.

Our proposal is hence that same-subframe is indeed supported for LC-MTC UEs.

Proposal: same-subframe is supported for LC-MTC UEs.
2. UE Complexity
FFT Output Buffer requirements

At RAN1#82, it was observed that same-subframe scheduling increases the FFT output buffer requirements at the UE [1], since PDSCH cannot start to be decoded until the M-PDCCH has been decoded and parsed. Figure 1 illustrates the FFT output buffering requirements when same subframe scheduling is used. FFT samples need to be stored until the M-PDCCH has been decoded and parsed. If the PDSCH is transmitted using DMRS reference symbols, the UE cannot start to channel estimate the PRBs containing the PDSCH until the location of those PRBs is known (as determined following M-PDCCH parsing). Once channel estimation of the PDSCH-bearing PRBs has been performed, the PDSCH REs can be fed into the receiver physical channel processing chain and the FFT output buffer can be re-used. 
Note that if the PDSCH is transmitted using CRS, channel estimation of the PDSCH-bearing PRBs can start earlier, saving some buffering in the UE. The analysis in this Tdoc assumes that PDSCH may use a DMRS-based transmission scheme. 
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Figure 1 – FFT output buffering requirements for same-subframe scheduling

Figure 2 shows the FFT output buffering requirements for cross-subframe scheduling. The figure shows a subframe containing an M-PDCCH and a non-associated PDSCH (i.e. a PDSCH that was allocated in a previous subframe). The figure shows that the FFT output buffer cannot be released until the decoding of M-PDCCH candidates has been completed. Channel estimation for the PDSCH can commence after the channel estimator is no longer needed by the M-PDCCH decoding function. In any case, the FFT output buffering requirement is determined by the M-PDCCH function, as shown in the figure. 
Note: Figure 2 is optimistic in terms of the buffering requirements for cross-subframe scheduling. It assumes that the FFT output buffer memory can be accessed simultaneously at different memory addresses by the M-PDCCH and PDSCH decoding function. The analysis doesn’t account for these implementation issues and considers the most optimistic case for the buffering requirements of cross-subframe scheduling. 
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Figure 2 - FFT output buffering requirements for cross-subframe scheduling

Comparison of Figure 1 and Figure 2 show that the difference in buffering requirement between the same-subframe and cross-subframe scheduling cases is caused by the need to allow time for (1) channel estimation for PDSCH and (2) M-PDCCH parsing.
Table 1 shows the residual complexity when the UE receiver bandwidth is reduced from 20MHz to 1.4MHz according to TR36.888 (Table 6.2.3-1).  

Table 1 – Residual complexity of bandwidth reduced UE

	Functional Block
	Cost breakdown for reference UE
	Saving
	Residual complexity

	Post FFT buffering
	12%
	93%
	0.8%

	Receiver processing
	28%
	93%
	2%

	DL control channel proc.
	5%
	none
	5%


 Assuming the residual complexities of Table 1 and that:
· M-PDCCH parsing takes 50% of the time for M-PDCCH decoding (recognising that M-PDCCH decoding requires multiple blind decodes whereas M-PDCCH parsing just requires interpretation of the M-PDCCH contents)
· Channel estimation takes 40% of the time for M-PDCCH decoding (Table 1) and the hardware needs to be capable of channel estimation of the whole 6PRB bandwidth for M-PDCCH and for PDSCH separately
· For cross-subframe scheduling, M-PDCCH parsing must be completed before the start of the subframe n + k (where k = 2)

· For the cross-subframe scheduling case, the FFT output buffer buffers approximately 1.5 subframes (Figure 2).

· The processing time is proportional to the residual complexity of the functional block
A reasonable estimation for a typical implementation is that:
· M-PDCCH processing takes 45% of a subframe

· M-PDCCH parsing takes 20% of a subframe

· Channel estimation of M-PDCCH or PDSCH takes 17% of a subframe

Hence the FFT-output buffering overhead for the same-subframe scheduling scheme is 37% of a subframe and the overall FFT-output buffering requirements for cross-subframe scheduling are approximately 20%
 less than for same- subframe scheduling. Hence by implementing only cross-subframe scheduling, the residual complexity of the LC-MTC UE’s baseband’s due to the FFT output buffer can be reduced by a further 0.15%.
Observation 1: By not implementing same subframe scheduling, the residual complexity of the UE’s baseband function can be reduced by a further 0.15% compared to the reference UE. 

HARQ Buffer requirements
Cross-subframe scheduling increases the length of the HARQ cycle. The HARQ cycle for FD-FDD mode for the same-subframe and cross-subframe scheduling cases are shown in Figure 3. The cross-subframe scheduling HARQ cycle takes 10 subframes whereas the same-subframe scheduling HARQ cycle takes 8 subframes. 
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Figure 3 – HARQ cycles for same and cross subframe scheduling

According to TR36.888 [2], the HARQ buffer of the reference UE accounts for approximately 12.5% of the complexity of the reference UE and the HARQ buffers account for a residual complexity of 1.25% for the LC-MTC UE. When cross-subframe scheduling is applied, the HARQ buffer memory requirements increase by a factor of 10 / 8, leading to a residual complexity of 1.55%: an increase in residual complexity of 0.30%.
Observation 2: By implementing cross subframe scheduling, the residual complexity of the UE’s baseband function is increased by 0.30% relative to the reference UE. 

Observation 3: Cross-subframe scheduling increases the HARQ buffer memory requirements of the UE more than it decreases the FFT output memory requirements.

Some LC-MTC implementation architectures may have a pool of memory that can be partitioned by firmware between various functions, e.g. between HARQ buffer memory and FFT output buffer memory. For such implementations, there is no UE complexity increase associated with the support of same subframe scheduling when the UE is scheduled in a same-subframe scheduling mode.

Observation 4: Support of same-subframe scheduling does not increase complexity of the LC-MTC UE.

3. Design and Test

It has also been observed that requiring a UE to implement both same-subframe and cross-subframe scheduling increases the design and testing complexity of the UE. However, according to UE capability, some UEs may not implement coverage enhancement features. For example wearable devices are battery constrained and may not wish to maintain a connection in coverage enhancement mode due to the associated drain on battery energy, preferring instead to wait until the user moves to better coverage or tether via a smartphone. 
If a UE does not require coverage enhancement features, from a UE perspective there is no benefit from supporting cross-subframe scheduling. For a company with a Release-12 LTE chip design, the design complexity issue becomes one of having to re-design the M-PDCCH / PDSCH signalling relationship when a same-subframe scheduling design already exists in the company. 

4. Performance

Channel Estimation

When same-subframe scheduling is applied, the M-PDCCH can be used to provide channel estimates for decoding the PDSCH (through re-encoding M-PDCCH that pass the CRC check, allowing the M-PDCCH to be used as reference signals). The gain from applying this technique in normal coverage may not be that significant since the decoder may not be channel estimation limited in normal coverage mode. The potential gain from applying this technique could be determined by simulation.
Error Probability
When cross-subframe scheduling to a different narrowband is applied, the probability that PDSCH is not correctly received depends on the reliability of M-PDCCH in one narrowband and the reliability of M-PDCCH in a different narrowband. Hence the compound probability that PDSCH is not correctly received is based on:

· Probability that the M-PDCCH narrowband is “faded”; PLUS

· Probability that the PDSCH narrowband is “faded”

Although the PDSCH narrowband could be selected based on CSI feedback, this feedback process consumes UE battery resources and reduces the peak rate available to a UE. This feedback is also not accurate for UEs travelling at speed (such as health monitors for users in vehicles). Hence there are situations where CSI-based selection of the PDSCH narrowband does not alleviate the increased compound probability of PDSCH reception failure discussed above.
When M-PDCCH performs cross-subframe scheduling to a non-associated PDSCH in the same narrowband in subframe n + 2, the compound probability of PDSCH reception failure does not depend on frequency selective fading in different narrowbands, but does depend on time varying fading in different subframes (e.g. applicable to scenarios such as health monitors being used in vehicles).

The performance degradation associated with the compound probability of PDSCH reception failure could be quantified via simulation.

Based on the potential performance losses associated with channel estimation and the compound probability of PDSCH reception failure, we observe: 

Observation 5: There are scenarios where the performance of cross-subframe scheduling is compromised compared to that of same-subframe scheduling.
Resources Available for PDSCH

When same-subframe scheduling is applied, the subframe is shared between M-PDCCH and PDSCH, thus reducing the resources available for PDSCH. 
In distributed mode, the M-PDCCH occupies at least 2 PRBs. In localised mode, the M-PDCCH occupies one PRB, or more. There are proposals to use an M-PDCCH with localised tone mapping and distributed port mapping [3]: this type of M-PDCCH could occupy a single PRB. Hence when same-subframe scheduling is applied, it is possible that 1/6 (17%) of the available resource is available for PDSCH. In a legacy LTE deployment, typically 2 or 3 OFDM symbols (14 – 21% of the available resource) would be used for the control channel region (PDCCH, PHICH, PCFICH). Hence the ratio of M-PDCCH to PDSCH resource for same-subframe scheduling is in line with that of existing LTE deployments. 
Figure 4 shows the PDSCH resources that are available to a UE under same-subframe scheduling and cross-subframe scheduling modes of operation. When cross-subframe scheduling to a different narrowband (via DCI allocation) is applied, only 25% of the PDSCH resource can be applied to a single UE
. When same-subframe scheduling or cross-subframe scheduling to the same narrowband is applied (where M-PDCCH can share a narrowband with a non-associated PDSCH for the same UE), 5/6 of the available physical resource can be applied to PDSCH. Hence it is observed that overall, the same amount of PDSCH resource is available to the UE in both the same-subframe and cross-subframe scheduling cases.
Observation 6: Same-subframe scheduling does not limit the PDSCH resources available to the UE.
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Figure 4 – PDSCH resources available to UE with same-subframe and cross-subframe scheduling

5. Conclusion

This document has analysed the complexity of same subframe scheduling and cross subframe scheduling and concludes that the complexity of same-subframe scheduling is actually less than that of cross-subframe scheduling. This conclusion is based on consideration of the FFT output buffer and HARQ buffer requirements (related to the number of HARQ processes).

This document also showed that there are potential performance impacts from the use of cross-subframe scheduling.

The following observations were made:

Observation 1: By not implementing same subframe scheduling, the residual complexity of the UE’s baseband function can be reduced by a further 0.15% compared to the reference UE. 

Observation 2: By implementing cross subframe scheduling, the residual complexity of the UE’s baseband function is increased by 0.30% relative to the reference UE. 

Observation 3: Cross-subframe scheduling increases the HARQ buffer memory requirements of the UE more than it decreases the FFT output memory requirements.

Observation 4: Support of same-subframe scheduling does not increase complexity of the LC-MTC UE.

Observation 5: There are scenarios where the performance of cross-subframe scheduling is compromised compared to that of same-subframe scheduling.

Observation 6: Same-subframe scheduling does not limit the PDSCH resources available to the UE.
Our proposal is hence that same-subframe is indeed supported for LC-MTC UEs.

Proposal: same-subframe is supported for LC-MTC UEs.
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� M-PDCCH parsing = 20% of SF, CE is 17% of SF, cross-SF buffering requires 150% of a subframe. 37/187 => 20%


� If M-PDCCH can also be applied in subframe n+1 of the figure, before the switch to PDSCH in subframe n+2, 50% of the resources could be applied to PDSCH.





