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1
Introduction
In RAN1 #81, the followings have been agreed as a progress for cross-subframe channel estimation and PRB bundling for M-PDCCH [1]:

Agreement:

· Within subframes for M-PDCCH transmission for UEs operating coverage enhancements, 

· Confirm working assumption with the following revised proposal

· The UE may assume the same precoder per antenna port applies at least on the same PRB for at least X subframes.

· FFS: The UE may assume the same precoder per antenna port applies on a PRG for at least X subframes.

· FFS: Details on PRG size

· Companies are encouraged to evaluate potential performance benefits due to PRG, especially comparing with precoding diversity. Impact due to frequency offsets can also be considered

In this contribution, we investigated the benefit of PRB bundling for M-PDCCH in coverage enhanced mode.

2
PRB bundling for M-PDCCH
It has been agreed to support cross-subframe channel estimation by using the same precoder over the number consecutive subframes so that a UE can average out the estimated channel over multiple subframes which enhances channel estimation accuracy due to its noise suppression gain. Given that the repetition is used for coverage enhancement of M-PDCCH and the Doppler frequency of the coverage limited UE channel is assumed to be very low, the cross-subframe channel estimation may provide a meaningful gain. Also, a UE implementation complexity of the cross-subframe channel estimation would be low as a simple time averaging scheme can be used.
The PRB bundling may also provide a similar performance gain as the cross-subframe channel estimation as a UE may assume a same precoder is used for the PRBs within PRG so that the UE may use larger number of channel samples to estimate a channel value corresponding to a RE. However, a simple frequency averaging based channel estimation may not work properly for the bundled PRB as the coverage limited UE may experience a frequency selective channel. Therefore, the implementation complexity will increase if the PRB bundling is used at a UE receiver.
Observation-1: the receiver implementation complexity gets higher as PRG size becomes larger.
The PRB bundling has been introduced for a DM-RS based transmission scheme for better channel estimation accuracy as it allows channel interpolation within adjacent PRBs which can suppress noise. Within the bundled PRBs (i.e. PRG) a UE may assume that a same precoder is used for each antenna port, therefore a minimum precoding granularity becomes larger if a PRB bundling is used. Given that the minimum precoding granularity (i.e. subband size) of CSI reporting for a closed-loop MIMO scheme is larger than PRG size, no performance degradation has been expected from the PRB bundling. Note that PRB bundling has been used only for closed-loop MIMO operation.
However, the M-PDCCH is mostly open-loop based transmission especially in the enhanced coverage mode since the UE feedback may not be reliable if the UE is in an enhanced coverage mode. Thus, a diversity gain gets more important to provide a reliable transmission of M-PDCCH. Considering that the M-PDCCH is transmitted within a limited bandwidth (i.e., 6 PRB) in a subframe and a cross-subframe channel estimation can be used for better channel estimation accuracy, the frequency diversity gain achieved with a random precoding in frequency domain within a subframe seems to be more important than additional channel estimation gain. Note that a smaller PRG size provides higher degree of freedom of random precoding in frequency domain. In an extreme case of PRG size 6, only one precoder can be used in frequency at a time. Therefore, there is a trade-off between PRB bundling gain and frequency diversity gain.
Observation-2: a trade-off is observed between PRB bundling gain and frequency diversity gain.
The performance of M-PDCCH has been evaluated with a low spatial correlation and two antenna ports, these assumptions are favourable for the PRB bundling as frequency diversity gain is less critical than the other cases. For example, if a larger number of antenna ports is used with a high spatial correlation, the PRB bundling becomes more problematic as a smaller number of beams are used which may result in signalling M-PDCCH in null space. Furthermore, current channel model with fixed correlation matrix is not realistic as UEs in a cell mostly experience a difference spatial correlation properties. Note that the fixed correlation matrix may lead to the conclusion that a single PMI is enough for highest performance and this in turn show less performance loss from PRB bundling.
Observation-3: current simulation assumptions including low and/or fixed spatial correlation and small number of antenna port is not appropriate to see the problem of PRB bundling. 

3
Simulation Results
In this section, the performance of distributed and localized M-PDCCH is evaluated according to the PRG sizes when a random precoder is used. An M-PDCCH candidate with 24 ECCEs and 4 repetitions is used in the link level simulation as well as the cross-subframe channel estimation over 4 subframes. Also, 2D Wiener filter is used for the channel estimation within a subframe to evaluate the performance of the PRB bundling. Other details of the simulation assumptions are available in the table 1 in Annex.
The figures 1 and 2 show the performance of the distributed and localized M-PDCCH according to the PRG size in frequency non-selective channel (i.e., EPA). 
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Figure 1. Performance of distributed EPDCCH according to PRG sizes (EPA, 1Hz)
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Figure 2. Performance of localized EPDCCH according to PRG sizes (EPA, 1Hz)

As seen in the figures, the PRB bundling provides higher channel estimation accuracy in terms of MSE as the PRG size gets higher. On the other hand, the BLER performance gets degraded since the random precoding gain (i.e. precoder diversity gain) gets reduced due to larger PRG size. It seems that as long as the channel estimation accuracy is in a certain range (e.g. MSE is below 0.1), the BLER performance is more dependent on the diversity gain.
The figures 3 and 4 show the performance of M-PDCCH in a highly frequency selective channel (i.e. ETU). It can be seen that the PRB bundling gain is significantly reduced in frequency selective channel. However, the BLER performance is still getting worse as the PRG size becomes larger, since the random precoding increases frequency diversity gain even in ETU as the bandwidth is limited to 6 PRBs.
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Figure 3. Performance of distributed EPDCCH according to PRG sizes (ETU, 1Hz)
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Figure 4. Performance of localized EPDCCH according to PRG sizes (ETU, 1Hz)

Observation-4: no meaningful gain is observed from PRB bundling when random precoding is used while it shows a significant performance degradation due to the loss of frequency diversity gain.
The figure 5 shows the performance of localized EPDCCH according to the precoding matrix used and spatial correlation of the channel. ECCE=16 is used without repetition and a single precoding matrix is used with PRB bundling. As shown in the figure, the performance is not highly dependent on PMI used in low spatial correlation case since its beamforming gain is low while a significant performance difference is observed in high spatial correlation according to the PMI used since an M-PDCCH may be transmitted to the null space with some PMI. The null space impact will be more serious for larger number of antenna ports (e.g. 4Tx) as the beam gets narrower. To reduce the null space impact, a larger number of precoder matrices should be used for precoder cycling.
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 Figure 5. Performance of localized EPDCCH according to precoding matrix used (EPA, 1Hz, ECCE=16)

Observation-5: the performance of M-PDCCH can be significantly impacted with a smaller number of PMI for precoder cycling due to the null space transmission impact in highly correlated spatial channel.

From the observations, the PRB bundling for M-PDCCH especially for enhanced coverage doesn’t seem to be appropriate to use as it will lose frequency diversity gain while it may increase UE implementation complexity without any benefit. Therefore, we propose not to use PRB bundling for M-PDCCH. 

Proposal-1: PRB bundling is not supported for M-PDCCH 

4
Conclusion
In this contribution, we discussed on PRB bundling for M-PDCCH and evaluated link level performance of PRB bundling for M-PDCCH. From the discussions and observations, we propose followings: 
Proposal-1: PRB bundling is not supported for M-PDCCH 
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Annex
Table 1. Simulation Assumptions

	Parameter
	Setting

	MTC bandwidth
	5 MHz 

	Frame structure
	FDD

	Carrier frequency
	2.0 GHz

	Channel model
	EPA, ETU

	Number of receive antennas
	1

	Number of transmit antennas
	2

	Antenna correlation
	low

	Channel estimation within a subframe
	2D Wiener Filter

	Channel estimation across subframes
	Time averaging

	Number of CRS ports
	2

	Control channel
	Localized and Distributed E-PDCCH

	DCI Payload size (incl. 16bit CRC)
	37 bits

	PRB bundling for EPDCCH
	1, 2, 6

	Channel speed
	1Hz

	Performance target
	1% BLER

	Number of PDCCH symbols
	1

	Aggregation level
	24 ECCEs

	Number of PRBs for EPDCCH Set
	6

	Frequency hopping of EPDCCH subband
	Off

	Precoder for EPDCCH
	Random


