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1 Introduction
In RAN1#80bis the following agreements were made regarding RAR:

· Alternatives for number of UEs in paging/RAR message 

· Alt 1. Fixed number of UE(s)

· Alt 2. Variable number of UEs

· Alt 3. Variable number of UEs with variable padding (total size is fixed)
· Options for paging/RAR transmission mechanism

· Option 1. M-PDCCH + PDSCH carrying paging/RAR messages

· Option 2. M-PDCCH carrying paging/RAR message

· Option 3. PDSCH carrying paging/RAR message

· Further study with consideration of the followings

· Blocking probability needs to be considered

· How many UE monitoring occasions can be configurable in the system

· Spectral efficiency, UE power consumption, and network/UE complexity

In this contribution we elaborate further on RAR transmission, discussing resource allocation and mapping, blocking probability and need for M-PDCCH for scheduling RAR.
2 Number of UEs in a RAR transmission
Already during the Rel-12 MTC discussions [1], it was pointed out that multiplexing RAR messages intended for different UEs into a single jointly encoded transport block scheduled with RA-RNTI in the PDCCH common search space may not be suitable for bandwidth reduced and/or coverage enhanced UEs. 
RAR link simulation results were shown in [2] and the simulation parameters and results are repeated here in Table 1. From the results it can be seen that when the RAR transmission bandwidth is limited to 6PRBs,  coverage and capacity is already a challenge when only a single RAR message 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 [3]. In enhanced coverage, where each RAR message needs to be repeated, the problem becomes even worse.

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

	Target BLER
	Channel
	Number of Rx antennas
	Estimated maximum number of RAR messages

	
	
	
	6 PRBs
	15 PRBs
	25 PRBs
	50 PRBs

	1%
	EPA 1 Hz
	1
	-
	-
	1
	3

	
	
	2
	-
	1
	3
	12

	
	ETU 1 Hz
	1
	-
	1
	4
	10

	
	
	2
	1
	4
	10
	>16

	10%
	EPA 1 Hz
	1
	-
	1
	5
	10

	
	
	2
	1
	4
	8
	>16

	
	ETU 1 Hz
	1
	-
	3
	8
	16

	
	
	2
	2
	8
	>16
	>16


Based on these simulations, it is clear that the typical case will be that RAR messages are separately encoded per UE for reduced and/or enhanced coverage UEs. If simultaneous transmission of RAR messages to more than one of these UEs is needed, that can be achieved using frequency multiplexing.
Additionally, multiplexing multiple UEs in the same RAR message is only applicable to UEs that have the same coverage level and have done a PRACH transmission at the same time. This reduces further the likelihood of having multiple UEs in the same message.
Observation:
· The probability of being able to multiplex multiple UEs in the same RAR message is low.
The above results also show allocating less than 6 PRBs for a RAR transmission is unlikely. 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 is separately encoded per UE.
· 6 contiguous PRBs are allocated for PDSCH transmissions carrying RAR.  

3 Options for RAR transmissions
The following options for were identified at RAN1#80bis:

1. M-PDCCH + PDSCH carrying paging/RAR messages

2. M-PDCCH carrying paging/RAR message

3. PDSCH carrying paging/RAR message

Unlike for paging, when the UE is looking for a RAR message it knows that there will be a message for it, unless the PRACH has been missed in the transmission. Receiving both the M-PDCCH and the PDSCH carrying the RAR message will lead to increased power consumption since the UE needs to keep its receiver on for the duration of M-PDCCH in addition to the time spent receiving PDCSH and the should be avoided. The advantage of having both M-PDCCH and PDSCH needs analysis.

In the legacy RAR procedure design the PDCCH has the following main functions for indicating the PDSCH carrying the RAR message:

· Frequency allocation for PDSCH. As observed above, 6 PRBs will always be needed for the PDSCH and hence there is no need to indicate the PRBs within the PRB group. The M-PDCCH can be used for indicating the PRB group in order to avoid blocking due to more than one UE having transmitted PRACH at the same time. However, as shown in section 4, with correct RAR windows size the blocking probability can be reduced when using a randomized mapping for the PDSCH to the PRB group. Blocking is anyway not eliminated by having an M-PDCCH since UEs mapped in the same PRB group could result in blocking on the M-PDCCH instead of the PDSCH. In summary, there is no clear advantage of having M-PDCCH and the PRACH preamble can indicate the frequency location of the PDSCH directly (see section 5). 
· Transport block size of PDSCH.  With only one UE per RAR message, there will only be a single transport block size for the RAR message transmissions. Then there is no need for an M-PDCCH to indicate the TBS for the RAR message.
· Modulation and coding scheme of PDSCH.  With fixed resource allocation and TBS and QPSK modulation, there is no need to indicate the MCS.

Based on this we see no need for having both M-PDCCH and PDSCH for indicating a RAR message.

Proposals:

· RAR messages can be decoded by the UE directly from PDSCH without being scheduled with M-PDCCH.
Option 2 above proposes to use M-PDCCH for transmitting the RAR message directly. This is a possible option since the payload for a single RAR message (56 bits) will be in the same range as some of the longer DCI formats transmitted on (E)PDCCH. Also, for short code words, the tail biting convolutional codes (TBCC) used on (E)PDCCH has a somewhat better performance that the turbo codes used on PDSCH. Using M-PDCCH for RAR messages would require defining a common search space for M-PDCCH. As discussed in [7], the need for a common search space on M-PDCCH would be for SIB, RAR and paging. For SIB, it was already agreed not to use M-PDCCH. For RAR, the advantages of using M-PDCCH for RAR transmissions needs to be weighed against the standardization effort of introducing a common search space.
4 Blocking probability

The simplest way for RAR messages transmission is that all UEs receive their RAR message in a fixed PRB group, e.g. the center frequency resources of the carrier. A potential problem with such a scheme is the increased blocking probability when all UEs share the same resources for their transmissions.

In the following we take an initial look at the blocking probability for RAR. 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 since the UE selecting the preamble sequence within the sequence randomly will ensure randomness in the selection of the RAR PRB group.
3. Dynamic scheduling of the RAR messages to any PRB
Figure 1 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) for different RAR window sizes. In the calculations, it has been assumed that 70% of the UEs do not require repetition of RAR, 20 % require 10 repetitions and 10 % require 30 repetitions.
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Figure 1: Blocking probability.
As we can see, the single PRB group (‘1 PRBG’) for RAR has significantly higher blocking probability than when the messages are spread randomly across the 8 available PRB groups (‘8 PRBG’). The performance in the latter case with sufficiently large window size can approach that of dynamic scheduling. 
Single PRB group RAR transmissions have high blocking probability at high RAR and in order to make sure that the system is robust we believe that frequency multiplexing needs to be supported. 
Proposal:

· Multiplexing of RAR messages in the frequency domain should be supported. 
5 Mapping RAR transmissions to PRB groups
A method needs to be defined for the UE to know the frequency location of the 6 PRBs that it should to monitor for the PDSCH carrying the RAR message during the random access procedure. The UE also needs to know the repetition level of the PDSCH that conveys the RAR message.
If PRACH repetition levels are configured within each cell as described in [4]

 REF _Ref399432756 \r \h 
[5] then a mapping between PRACH and the PDSCH for RAR can be introduced. The UE selects a PRACH sequence within the preamble sequence group allocated to the desired repetition level as described in [6]. 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 2.
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Figure 2: Mapping between PRACH and RAR.
Proposal:

· RAR location and repetition factor can be derived through the used PRACH preamble sequence.
6 RAR repetitions

Here we show additional link level simulations in order to assess how many RAR repetitions may be needed. As indicated in the table, frequency hopping is a very useful means of reducing the number of required RAR transmissions, in particular in enhanced coverage. The frequency hopping scheme simulated is 3 RAR transmissions per radio frame, with frequency hopping once per frame. In the simulations, a fixed 100 Hz frequency offset has been used which is rather conservative, in particular at normal coverage level. 
Table 2: Approximate number of required RAR repetitions to achieve desired BLER target at normal and enhanced coverage, with and without frequency hopping.
	Coverage level
	Hopping
	Without frequency hopping
	With frequency hopping

	
	Channel
	EPA1
	ETU1
	EPA1
	ETU1

	
	BLER
	10%
	1%
	10%
	1%
	10%
	1%
	10%
	1%

	Normal (SNR=-4dB)
	6
	30
	3
	8
	4
	11
	3
	5

	Enh. (SNR=-14.3dB)
	80
	160
	60
	130
	40
	100
	40
	90


Observation:
· Frequency hopping helps to reduce the required number of RAR transmissions.
7 Conclusions

In this contribution we discussed RAR transmissions and make the following observations and proposals:

Observation:
1. The probability of being able to multiplex multiple UEs in the same RAR message is low.
2. Frequency hopping helps to reduce the required number of RAR transmissions.

Proposals:
1. A RAR message intended for a bandwidth reduced and/or coverage enhanced UE is separately encoded per UE.

2. 6 contiguous PRBs are allocated for PDSCH transmissions carrying RAR. 

3. RAR messages can be decoded by the UE directly from PDSCH without being scheduled with M-PDCCH.

4. Multiplexing of RAR messages in the frequency domain should be supported.

5. RAR location and repetition factor can be derived through the used PRACH preamble sequence.
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Annex: Link-level simulations assumptions

Table 3: Link simulation parameters for RAR reception for Rel.12 (Table 1)
	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 4
: Additional or alternative link simulation parameters in Section 6. 
	Parameter
	Value

	Number of channel realizations
	1000

	System bandwidth
	10 MHz 

	UE receiver bandwidth
	6 PRBs

	Antenna configuration
	2x1 (low correlation)

	Transport block size
	56 bits

	Number of  PRBs
	6, hopping between channel edges

	Frequency error
	100 Hz

	Frequency hopping interval
	10 ms 

	RAR repetition
	3 transmissions per frame
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