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1 Introduction
RAN#65 has approved a Rel-13 work item on “Further LTE Physical Layer Enhancements for MTC” [1].

In [2] we discussed our initial thoughts on how to handle transmission random access responses (RAR), paging requests, and system information blocks (SIB) to bandwidth reduced and/or coverage enhanced UEs.

In this contribution we elaborate further on transmission of RAR and paging request messages and provide an initial analysis of blocking probability.
2 RAR transmissions
The RAR message is transmitted in response to a PRACH preamble from the UE during the random access procedure.

2.1 Resources needed for RAR transmissions
As already discussed in [3], the current multiplexing of RAR messages intended for different UEs into a single jointly encoded transport block (today scheduled with RA-RNTI on PDCCH common search space) may not be suitable for bandwidth reduced and/or coverage enhanced UEs.

In an earlier contribution [4] we provided RAR link simulation results. The simulation parameters and results are shown in Table 1, Table 2 and Table 3. From the results it can be seen that coverage and capacity for legacy RAR messages will suffer if all messages have to be bandwidth reduced and/or power boosted in order to be receivable by bandwidth reduced UEs. Similar results were shown in [5]. In enhanced coverage, where each RAR message needs to be repeated, the problem becomes even worse.

Table 1: Link simulation parameters for RAR reception 
	Parameter
	Value

	Number of subframes
	50000

	System bandwidth
	{1.4, 3, 5, 10} MHz

	Frame structure
	FDD

	Carrier frequency
	2.0 GHz for FDD

	Antenna configuration
	2x1, 2x2 (low correlation)

	Channel model
	EPA, ETU

	Doppler spread
	1 Hz

	Transport block size
	{1, 4, 16} * 56 bits

	Number of  PRBs
	{6, 15, 25, 50}

	Number of transmissions
	1

	Frequency error
	100 Hz initial (but smaller after AFC)

	HARQ retransmissions
	OFF

	Channel estimation
	Practical


Table 2: Estimated maximum number of RAR messages (targeting 1% BLER at -4 dB SNR)

	Channel
	Number of Rx antennas
	Estimated maximum number of RAR messages

	
	
	6 PRBs
	15 PRBs
	25 PRBs
	50 PRBs

	EPA 1 Hz
	1
	-
	-
	1
	3

	
	2
	-
	1
	3
	12

	ETU 1 Hz
	1
	-
	1
	4
	10

	
	2
	1
	4
	10
	>16


Table 3: Estimated maximum number of RAR messages (targeting 10% BLER at -4 dB SNR)

	Channel
	Number of Rx antennas
	Estimated maximum number of RAR messages

	
	
	6 PRBs
	15 PRBs
	25 PRBs
	50 PRBs

	EPA 1 Hz
	1
	-
	1
	5
	10

	
	2
	1
	4
	8
	>16

	ETU 1 Hz
	1
	-
	3
	8
	16

	
	2
	2
	8
	>16
	>16


Hence it makes sense to consider UE-specific separately encoded (not jointly encoded) transmissions with the possibility of repetition for RAR messages to bandwidth reduced and/or enhanced coverage UEs. Simultaneous transmission of RAR messages to more than one of these UEs should still be possible assuming that the RAR messages can be frequency multiplexed.
The above results show that it is unlikely that less than 6 PRBs will be allocated for a RAR transmission. Then we can simplify the system by always allocating 6 PRBs for the PDSCH transmissions carrying RAR and additional coverage will then be provided with bundling.
Proposals:
· A RAR message intended for a bandwidth reduced and/or coverage enhanced UE supports PDSCH subframe bundling with multiple bundle sizes.

· A RAR message intended for a bandwidth reduced and/or coverage enhanced UE can be separately encoded per UE.

· 6 contiguous PRBs are allocated for PDSCH transmissions carrying RAR.  

With only one UE per RAR message and 6 PRBs allocated to the PDSCH transmission, the possible number of transport block sizes for the RAR message will be limited. The complexity of the UE blindly decoding the possible transport block sizes is then limited and an EPDCCH-less operation can be used simplifying the system further.

Observation:
· If a very small set of transport block sizes (e.g. only a single transport block size of 56 bits [6]) would be sufficient for RAR, then it may not be necessary to indicate the PDSCH MCS in EPDCCH but rely on blind PDSCH MCS detection without the need to transmit EPDCCH.
2.2 Mapping RAR transmissions to PRB groups
A bandwidth reduced UE needs to know the frequency location of the up to 6 EPDCCH PRBs that it is supposed to monitor for the RAR message during the random access procedure. The UE also needs to know the RAR repetition level (or, more precisely, the repetition factors for the EPDCCH and the PDSCH that convey the RAR message).
If PRACH repetition levels are configured within each cell as described in [8]

 REF _Ref399432756 \r \h 
[9] then the most straightforward solution seems to be to introduce a mapping between PRACH and RAR. The UE selects a PRACH sequence with the desired PRACH repetition level. The RAR frequency location and RAR repetition level are then given by the PRACH sequence in some predefined or configured way. This approach is illustrated in Figure 1.


[image: image1]
Figure 1: Mapping between PRACH and RAR.
Observations:
· One possible solution is to derive the RAR frequency location from the PRACH sequence but this approach will restrict the scheduling flexibility for eNB to some extent.

· One possible solution is to derive the RAR repetition level from the PRACH repetition level but this approach will restrict the scheduling flexibility for eNB to some extent.

Some analysis of the blocking probability is provided in section 4 in this contribution.

3 Paging request transmissions
3.1 Resources needed for paging request transmissions

The reasoning for RAR above also holds for paging requests [3], i.e. in order to achieve efficient transmission of paging requests (to legacy UEs as well as bandwidth reduced and/or enhanced coverage UEs), it makes sense to consider UE-specific separately encoded paging request messages to bandwidth reduced and/or enhanced coverage UEs. Simultaneous transmission of paging request messages to more than one of these UEs should still be possible assuming that the paging request messages can be frequency multiplexed.
Proposals:
· A paging request message intended for a bandwidth reduced and/or coverage enhanced UE supports PDSCH subframe bundling with multiple bundle sizes.

· A paging request message intended for a bandwidth reduced and/or coverage enhanced UE can be separately encoded per UE.

· 6 contiguous PRBs are allocated for PDSCH transmissions carrying a paging request message.

With only one UE per paging request message and 6 PRBs allocated to the PDSCH transmission, the possible number of transport block sizes for the paging request message will be limited. The complexity of the UE blindly decoding the possible transport block sizes is then limited and an EPDCCH-less operation can be used simplifying the system further.
Observation:
· If a very small set of transport block sizes (e.g. a few transport block sizes in the range 25 to 61 bits [7]) would be sufficient for the paging request message, then it may not be necessary to indicate the PDSCH MCS in EPDCCH but rely on blind PDSCH MCS detection without the need to transmit EPDCCH.
3.2 Mapping paging request transmissions to PRB groups

A bandwidth reduced UE needs to know the frequency location of the up to 6 EPDCCH PRBs that it is supposed to monitor for paging request messages at the paging occasions, i.e. the UE needs both a paging occasion and a “paging location”. Similarly to the paging occasion, this frequency location could be derived e.g. from the UE ID. This approach is illustrated in Figure 2.


[image: image2]
Figure 2: Mapping between paging info from MME and paging transmission format from eNB.
The UE also needs to know what paging request repetition level (or, more precisely, the repetition factors for the EPDCCH and the PDSCH that convey the paging request message) to assume. Rel-12 introduces an extension to the S1AP paging request signaling in order to allow the MME to assist the eNB by providing the eNB with the knowledge whether the paging request is intended for a Cat-0 UE or for some other UE [8]. This S1AP paging request signaling may need to be further extended in order to provide the eNB with the knowledge that the paging request is intended for a bandwidth reduced and/or enhanced coverage UE.

Observation:
· One possible solution is to derive the paging request frequency location from the UE ID but this approach will restrict the scheduling flexibility for eNB to some extent.

Some analysis of the blocking probability is provided in section 4 in this contribution. Furthermore, it would be beneficial from downlink resource consumption point of view if the eNB would not always have to apply the worst case paging request repetition level, corresponding to e.g. 15 dB even if the UE is in good coverage. It remains to be seen to what extent the MME might be able to provide the eNB with an adequate UE-specific repetition level, e.g. based on the history of the UE.

Observation:
· It would be beneficial from downlink resource consumption point of view if the MME could provide the eNB with an adequate UE-specific paging request repetition level. The feasibility of this is FFS.

Furthermore it would be beneficial from UE power consumption point of view if the UE would not always have to monitor the downlink for paging requests assuming the worst case repetition level. For example, the UE may be able to do early termination in its decoding attempt if it can make an estimate of the downlink quality that is indicative of the number of required repetitions for successful reception of the paging request message.
Observation:
· It would be beneficial from UE power consumption point of view if the UE could do early termination of its paging request decoding attempt when the UE is in good coverage. The feasibility of this is FFS.

4 Blocking probability
One potential additional simplification would be that all (RAR and/or paging) messages are transmitted in a fixed PRB group, e.g. the center frequency resources of the carrier. A potential drawback of such is scheme is the increased blocking probability if all UEs share the same resources for their transmissions.

In the following we take an initial look at the blocking probability for RAR/paging. The following cases have been investigated: 

1. All messages are transmitted in the same PRB group (e.g. the center PRB group).

2. The messages are evenly distributed between the available PRB groups. The PRB group for a message transmission to a UE could for example be given by the PRACH sequence (in case of RAR) or the UE ID (in case of Paging) modulo the total number of PRB groups used for that message type.

3. Dynamic scheduling of the RAR/paging messages to any PRB group
Figure 3 shows the blocking probability as a function of the number of new messages assuming 10 MHz (50 PRBs) system bandwidth and 8 PRB groups of 6 PRBs each (8*6 = 48 PRBs ≈ 50 PRBs).
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Figure 3: Blocking probability.
As we can see, the single PRB group case has significantly higher blocking than when the messages are spread across the PRB groups which is still far from the dynamic scheduling performance.

Using the traffic models defined in TR 36.888 Annex A and the UL intervals given for the no mobility case, it is not unrealistic that the number of RAR messages per ms could reach 0.2. Clearly, the blocking probability for the single PRB group is too high in this case. 
The blocking can be reduced by introducing queuing of the messages in time. This means that the UE would need to decode the message during a time window. Figure 4 shows the blocking probabilities for different queue sizes.
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Figure 4: Blocking probability for different queuing sizes (QS).
The results clearly show that the blocking probability can be decreased by introducing queuing, but still the blocking probability for the single PRB group is high. Further investigation of the topic is required.
Observation:

· Further investigations are needed on the blocking probability for the transmission of RAR and paging in fixed PRB groups.

5 Conclusions
Proposals:
1. A RAR message intended for a bandwidth reduced and/or coverage enhanced UE supports PDSCH subframe bundling with multiple bundle sizes.

2. A RAR message intended for a bandwidth reduced and/or coverage enhanced UE can be separately encoded per UE.

3. 6 contiguous PRBs are allocated for PDSCH transmissions carrying RAR.  

4. A paging request message intended for a bandwidth reduced and/or coverage enhanced UE supports PDSCH subframe bundling with multiple bundle sizes.

5. A paging request message intended for a bandwidth reduced and/or coverage enhanced UE can be separately encoded per UE.
6. 6 contiguous PRBs are allocated for PDSCH transmissions carrying a paging request message.
Observations:
1. If a very small set of transport block sizes (e.g. only a single transport block size of 56 bits) would be sufficient for RAR, then it may not be necessary to indicate the PDSCH MCS in EPDCCH but rely on blind PDSCH MCS detection without the need to transmit EPDCCH.
2. One possible solution is to derive the RAR frequency location from the PRACH sequence but this approach will restrict the scheduling flexibility for eNB to some extent.

3. One possible solution is to derive the RAR repetition level from the PRACH repetition level but this approach will restrict the scheduling flexibility for eNB to some extent.

4. If a very small set of transport block sizes (e.g. a few transport block sizes in the range 25 to 61 bits) would be sufficient for the paging request message, then it may not be necessary to indicate the PDSCH MCS in EPDCCH but rely on blind PDSCH MCS detection without the need to transmit EPDCCH.
5. One possible solution is to derive the paging request frequency location from the UE ID but this approach will restrict the scheduling flexibility for eNB to some extent.

6. It would be beneficial from downlink resource consumption point of view if the MME could provide the eNB with an adequate UE-specific paging request repetition level. The feasibility of this is FFS.

7. It would be beneficial from UE power consumption point of view if the UE could do early termination of its paging request decoding attempt when the UE is in good coverage. The feasibility of this is FFS.

8. Further investigations are needed on the blocking probability for the transmission of RAR and paging in fixed PRB groups.
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