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1. Introduction
Whether the low-complexity (LC) UE should provide an early indication of its Cat 0 status has been discussed in RAN2#85 [1], and RAN2#85bis [2]. RAN2 sent an LS [3] to RAN1 informing RAN1 of a working assumption that there is no LC capability indication from the UE in Msg1, Msg3, or Msg5.

At RAN1#76bis, some simulation results were presented in [4] suggesting that there could be meaningful loss in RAR capacity if the eNB does not know whether the UE has a single RX or more. RAN1 studied the issue further in RAN1#77 [5] and the resulting LS was sent to RAN2 in [6].

In the LS, RAN1 indicated that there was no consensus that the benefit of the knowledge of support of 1Rx outweighs the risk of increased PRACH collision probability. In this paper we evaluate the impact on PRACH collision probability. It is concluded that the signaling of single RX capability in Msg1 is beneficial and does not have an impact on PRACH collision probability. 
2.
Discussion
In this section we first show some simulation results to consider the RAR capacity of a cell including Cat 0 (single RX) UEs, taken from [5].

2.1
RAR Capacity Simulations
We conducted simulations of RAR decoding in a 50 PRB bandwidth assuming a 1% BLER at -4 dB SNR, and other parameters in the appendix. See Figures 1/3 and 2/4 for 1RX and 2RX UEs respectively. This assumes that the entire bandwidth is taken up by RARs in the relevant subframes, so is an upper bound on what is achievable in practice. Following the analysis in [4], we have the RAR capacity per subframe:

	Channel model
	RAR capacity

	
	1RX
	2 RX

	EPA 1Hz
	4
	12

	ETU 1Hz
	7
	>16


Table 1: RAR capacity per subframe for 1% RAR BLER at -4.0 dB SINR.
	[image: image1.emf]
Figure 1: RAR BLER for 1 RX UE in EPA channel.
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Figure 2: RAR BLER for 2 RX UE in EPA channel.
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Figure 3: RAR BLER for 1 RX UE in ETU channel.
	[image: image4.emf]
Figure 4: RAR BLER for 2 RX UE in ETU channel.


It is clear, especially in the case of the EPA channel model, that the loss of receive diversity significantly decreases the peak RAR capacity of the cell. Even in cases when the RACH load is not at its peak, this still reduces the eNB RAR scheduling flexibility since it limits the ability to bundle RARs together within a subframe, and will tend to mean that more subframes need to contain RARs than if UEs could all be assumed as 2 RX, which will in turn restrict unicast PDSCH scheduling. Since the eNB is usually also scheduling some other PDSCHs, in fact the practical maximum RAR capacity is reduced from the peak levels estimated here, making it more important to use the remaining actual RAR capacity efficiently.

Observation 1: A single RX UE assumption significantly reduces the cell’s maximum available RAR capacity.

The simulation results show that if an eNB has to assume that all UEs have 1 RX at the point of sending RAR, then there is a significant reduction in peak RAR capacity. It is not required that an eNB serving a mixture of LC and non-LC UEs be as conservative as this in terms of RAR code rate, but any back-off from that case will lead to an increased RAR miss probability and associated PRACH re-transmissions for LC MTC UEs. An eNB not having any a priori information as to what RAR code rate is suitable may not be able to make an optimized choice. These simulation results, like those in [4], therefore motivate providing early indication of the single-RX nature of the LC MTC UE to the eNB via the PRACH preamble transmission, and it was also indicated in the LS [6] that there is a benefit in terms of improved BLER for cell edge UEs. If a low cost device is deployed at cell edge, then for this UE the performance impact is significant, and could be the difference between having coverage or not. 

Observation 2: RAN1 indicated improved BLER performance for cell edge low complexity devices. In some cases this can make the difference between being able to obtain service and not.
2.2
PRACH Collision Probability Analysis

According to [7] and [8] an estimate of the RACH collision probability is given by: 
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where L is the total number of random-access opportunities per second and ( is the random-access intensity, i.e. there are, on average, ( random-access attempts per second and cell. The analysis assumes that there are a large number of devices in the cell which is also valid for the low complexity scenario. Moreover, it is also assumed that the arrival of RACH requests is uniformly distributed over time. 

According to [8]: 

· L = 200 could e.g. correspond to a case with one random-access slot per 10 ms frame, one 1.25 MHz random-access frequency band, and 2 preamble signatures. This can be seen as a low-capacity random-access configuration.

· L = 1600 could e.g. correspond to the case with one random-access slot per 10 ms frame, one 1.25 MHz random-access frequency band, and 16 preamble signatures. This can be seen as a medium-capacity random-access configuration.

· L = 6400 could e.g. correspond to the case with one random-access slot per 10 ms frame, four 1.25 MHz random-access frequency band, and 16 preamble signatures. This can be seen as a high-capacity random-access configuration.

In the Rel. 8 onwards LTE specifications, these numbers of random access opportunities are available, but with different numerologies, e.g. L = 6400 can be provided with 2 random access slots per 10ms frame (e.g. PRACH configuration 6), one 1.08MHz random access frequency band, and 32 preamble signatures.
A random access intensity of 10 could be considered quite a high load given that in [7] it was estimated that in central London the expected traffic in the extreme MTC case would be less than 5. Although the actual value will vary greatly depending on deployment scenario, load, cell size, configuration, etc. the examples used make no difference to what we are trying to analyze, which is the difference between having a preamble partition and not having a preamble partition. For this reason we will compare a number of different example random access intensities.

For illustration, let us consider the following case in figure 5, according to L = 1600 in the above example:


[image: image6]
Figure 5: Medium capacity PRACH configuration, without partition.
Using the above probability function, we can calculate the random access collision probability for this configuration as per table 2. 

[image: image7.emf]number of preambles 16 16 16 16 16 16

number of available subframes per second 100 100 100 100 100 100

total number of random-access 

opportunities per second (i.e. capacity) 1600 1600 1600 1600 1600 1600

 random access intensity, gamma, i.e. there 

are, on average, this many random access 

attempts per second and cell 10 12 14 16 18 20

Collision Probability (target 1% =  0.01) 0.006231 0.007472 0.008712 0.00995 0.011187 0.012422

 
Table 2: Collision probability for medium capacity PRACH configuration, without partition.
Now let’s consider the case whereby a partition is introduced for low complexity UEs. For the sake of simplicity we assume in this case that the number of random access attempts from each group of UEs is the same (i.e. 50/50) according to figure 6.


[image: image8]
Figure 6: Medium capacity PRACH configuration, with partition.
Using the above probability function, we can again calculate the random access collision probability for this configuration as per table 2. Since the number of random access attempts is split evenly between groups of UEs, the collision probability for either normal UEs or low complexity UEs can be calculated as per table 3.

[image: image9.emf]number of preambles 8 8 8 8 8 8

number of available subframes per second 100 100 100 100 100 100

total number of random-access 

opportunities per second (i.e. capacity) 800 800 800 800 800 800

 random access intensity, gamma, i.e. there 

are, on average, this many random access 

attempts per second and cell 5 6 7 8 9 10

Collision Probability for either group of UEs 

(target 1% =  0.01) 0.006231 0.007472 0.008712 0.00995 0.011187 0.012422


Table 3: Collision probability for medium capacity PRACH configuration, with partition.
As can be seen, with the introduction of a partition sized according to the relative number of random-access attempts for normal UEs vs. low complexity UEs, there is no difference in collision probability. In other examples, the random access intensity may not be evenly split – for example low complexity UEs may account for only 25% of all attempts, in which case the preamble split would be configured as 12 preambles for normal UEs and 4 preambles for low complexity UEs, which again results in an identical collision probability. This is clear from just looking at the probability function, and it is also illustrated by the numerical values calculated above. 

The network can estimate the proportion of preambles from each group of UEs easily, because it can count the number of attempts using each group of preambles and adjust the split accordingly, either frequently based on a short-term estimation, or based on more static information using longer term estimation or subscription information.
Observation 3: RAN1 concern about a potential risk of increased collision probability is dependent only on NW implementation, with a correctly configured partition introducing no increased collision probability compared to no partition. 

Again, for the purpose of illustration, we provide some further examples using the configuration as shown in figure 7.


[image: image10]
Figure 7: Configurable PRACH configuration, with partition.
[image: image11.emf]TOTAL preambles

number of preambles in each partition 4 12 8 8 6 10

number of available subframes per second 100 100 100 100 100 100

total number of random-access 

opportunities per second (i.e. capacity) 400 1200 800 800 600 1000

 random access intensity, gamma, i.e. there 

are, on average, this many random access 

attempts per second and cell 2 6 7 7 6 10

Collision Probability for group of UEs (target 

1% =  0.01) 0.004988 0.004988 0.008712 0.008712 0.00995 0.00995

16 16 16


Table 4: Collision probability for medium capacity PRACH configuration, with partition sized according to number of random access attempts from each group of UEs.
Clearly as the random-access intensity increases the collision probability increases, but as can be seen, even with the medium load configuration of 16 preambles a 1% target probability can be achieved even with the relatively high intensity of 16 access attempts per second (total), with or without a preamble partition.
Observation 4: Preamble collision probability is well within a reasonable target level even in a medium capacity or suboptimal network configuration with high load and a preamble partition. 

It is also possible to bias the preamble partition in order to favour one group of UEs. For example the random access collision probability for normal UEs could be kept relatively low, while probability for low complexity (delay tolerant) UEs is higher. 

[image: image12.emf]TOTAL preambles

number of preambles in each partition 4 12 8 8 6 10

number of available subframes per second 100 100 100 100 100 100

total number of random-access 

opportunities per second (i.e. capacity) 400 1200 800 800 600 1000

 random access intensity, gamma, i.e. there 

are, on average, this many random access 

attempts per second and cell 8 8 8 8 8 8

Collision Probability for group of UEs (target 

1% =  0.01) 0.019801 0.006644 0.00995 0.00995 0.013245 0.007968

16 16 16

 
Table 5: Collision probability for medium capacity PRACH configuration, with partition sized according to a bias towards one group of UEs.
Hence, as shown, it is entirely up to the network configuration what the collision probability is, and in fact there is an additional advantage of using a partition since the probability can be set individually for low complexity devices and for other devices, whereas with no partition all UEs will have an equal chance in any case which means that it is not possible to protect legacy/normal UE collision probability when low complexity devices are deployed.

Observation 5: Introduction of a preamble partition provides benefits in terms of flexibility and ability to control probability for normal devices and low complexity devices separately.
In addition there is another open issue regarding whether or not there should be an indication of capability earlier than normal capability signaling, in order to avoid eNB granting larger than 1000bits before the capability is received. With an indication in Msg0 this is no longer an issue, the network does not need to perform any temporary limitation for all the UEs before UE capability is received, since the eNB knows from the start which UEs require the limited grant. 

Observation 6: Partition of PRACH preambles addresses the other problem of message size in DL (i.e. no need to discuss whether any capability is needed in Msg5 because it is indicated in Msg1)

2.3
PRACH Collision Probability Simulations

The analysis in the previous section assumes that access is uniformly distributed across time. To verify the estimate we ran a simulation using a uniform distribution of access and the parameters in Annex B (without the bursty traffic model) 

The following table compares the results.

	
	
	Legacy: uniformly distributed

MTC: uniformly distributed

	Number of UEs
	[image: image13.png]



	P1: PRACHs collide. No partitioning
	P1: PRACHs collide. 50:50 partitioning 

	5000
	0.77%
	0.78%
	0.78%

	10000
	1.53%
	1.57%
	1.56%

	30000
	4.52%
	4.65%
	4.67%


Table 6: Collision probability simulation comparison to estimate
The results confirm the findings in section 2.2, that PRACH partitioning has no effect on collision probability for uniformly distributed access. 

We also simulated the case where PRACH resources are partitioned (50:50), legacy devices have PRACH activity that is uniformly distributed in time over 60 seconds and MTC devices have PRACH activity that is bursty (PRACH activity being beta distributed over 10 seconds and then no PRACH activity for the subsequent 50 seconds). The form of the access intensity is thus as shown in the figure below:


[image: image14]
Figure 8: Traffic model for bursty low-complexity and uniformly distributed legacy devices
No PRACH partitioning
The figure below shows a sample trace of the number of PRACH collisions as a function of time where the low cost MTC UE PRACHS are not partitioned  from the legacy UE PRACHs (30000 UEs are simulated in total, half of which are low cost MTC UEs) :
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Figure 9: PRACH collisions with no PRACH partition

PRACH partitioning
The figure below shows the corresponding trace where low cost MTC UE PRACHs and legacy UE PRACHs are partitioned :
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Figure 10: PRACH collisions with PRACH partition

The following points are noted:
· Without PRACH partitioning, the legacy UEs are affected when MTC UEs exhibit bursty PRACH access
· With PRACH partitioning:
· legacy UEs are unaffected by the bursty PRACH access of the MTC devices.
· the number of UEs with colliding PRACHs is greater in the partitioned case. However this bursty PRACH behaviour from the MTC devices would probably already have caused the ASC MTC PRACH throttling behaviour to have been activated. 
· Note that since the simulation simulates retransmissions when PRACH collisions occur, the number of colliding PRACHs in the partitioned case is amplified. 
A summary table is provided below on the collision probabilities for the partitioned and non-partitioned cases (in all cases, 50% of UEs are legacy UEs and 50% are low cost MTC UEs):
	
	Probability that PRACH collision occurs at PRACH opportunity = P2

	
	No PRACH partitioning
	PRACH partitioning

	Number of UEs
	legacy
	Low cost MTC
	Legacy
	Low cost MTC

	5000
	0.019%
	0.118%
	0.006%
	0.395%

	10000
	0.083%
	0.483%
	0.025%
	1.85%

	30000
	1.423%
	8.248%
	0.243%
	45.16%


Table 7: PRACH partitioning comparison with bursty MTC traffic simulation
Note that the probabilities are measured for the times that the traffic models are active. Specifically, we measure the low cost MTC PRACH collision probability for 10 seconds while we measure the legacy UE PRACH collision probability for 60 seconds. If anything, this has the effect of under-representing the short-term increase in PRACH collision probability for the legacy devices.
Note that the results for the “PRACH partitioning” case are identical (within simulation variance) to the results detailed in TR37.868 section 6.4.1.1(note in our simulation in the partitioned case, we have half the number of legacy UEs in half the amount of PRACH resource, hence we would expect agreement between our results and those of TR37.868).
What all of this shows is that in fact introduction of a PRACH partition reduces collision probability for legacy UEs when the traffic from low complexity devices is bursty/unpredictable in nature or peak at certain times, at the expense of a higher collision probability limited to low complexity devices only. As has been shown earlier, if the peak times are known then the PRACH partition may also be adjusted accordingly. 

Observation 7: Introduction of a preamble partition improves and protects collision probability for legacy/normal devices when the low complexity devices have bursty/unpredictable traffic. 
3.
Conclusions

Given that there are several benefits from separating the preambles which a low complexity UE is allowed to use, from the other preambles for legacy + normal devices we propose: 
Proposal 1: The Category 0 UE shall indicate its single RX nature via Msg1.

Currently the PRACH preambles are partitioned into dedicated and non-dedicated preamble space, and the NW broadcasts numberOfRA-Preambles as part of RACH-ConfigCommon in SIB2. This parameter defines which preambles are to be used for contention based access. The remaining (dedicated) preambles are for non-contention based access.

By introducing a parameter, similar to numberOfRA-Preambles, in Rel-12 we can specify which set of preambles a low-cost device shall use (e.g. numberOfRA-Preambles-1RX). This provides a way for the network to decide whether to respond assuming single RX or dual RX. There are some possible approaches to perform the partition already shown in [2], [5], 

Proposal 2: Introduce a new parameter, numberOfRA-Preambles-1RX, to specify which preambles the Category 0 UE shall use.
In order to allow the choice for the network whether to do any preamble partition, or to simply allow all of the UEs to access any of the non-dedicated preambles as per the legacy configuration, and to allow the network to configure only a Rel-13 or later partition without the Rel-12 partition (should this be introduced later) it is further proposed:

Proposal 3: If the parameter numberOfRA-Preambles-1RX is not present, but NW indicates low complexity devices are allowed to access the cell (category0Allowed = TRUE), then all UEs access the same preambles (i.e. same behavior as if this feature was not introduced)

4.
Summary

In this contribution, we presented simulation results showing a reduction of maximum available RAR capacity in a cell if the eNB cannot distinguish single-RX low-complexity UEs before sending Msg2. We have also provided collision probability estimates and simulations using different configurations and traffic models with and without preamble partition, and make the following observations. 

Observation 1: A single RX UE assumption significantly reduces the cell’s maximum available RAR capacity.

Observation 2: RAN1 indicated improved BLER performance for cell edge low complexity devices. In some cases this can make the difference between being able to obtain service and not.

Observation 3: RAN1 concern about a potential risk of increased collision probability is dependent only on NW implementation, with a correctly configured partition introducing no increased collision probability compared to no partition. 

Observation 4: Preamble collision probability is well within a reasonable target level even in a medium capacity or suboptimal network configuration with high load and a preamble partition. 

Observation 5: Introduction of a preamble partition provides benefits in terms of flexibility and ability to control collision probability for normal devices and low complexity devices separately.
Observation 6: Partition of PRACH preambles addresses the other problem of message size in DL (i.e. no need to discuss whether any capability is needed in Msg5 because it is indicated in Msg1)
Observation 7: Introduction of a preamble partition improves and protects collision probability for legacy/normal devices when the low complexity devices have bursty/unpredictable traffic. 
We therefore make the following proposals:

Proposal 1: The Category 0 UE indicates its single RX nature via Msg1.

Proposal 2: Introduce a parameter, numberOfRA-Preambles-1RX, to specify which preambles the Category 0 UE shall use.
Proposal 3: If the parameter numberOfRA-Preambles-1RX is not present, but NW indicates low complexity devices are allowed to access the cell (category0Allowed = TRUE), then all UEs access the same preambles (i.e. as if this feature was not introduced)
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Annex A - Simulation parameters for RAR BLER:

	Parameter
	Value in RAR simulations

	System bandwidth
	10 MHz

	Frame structure
	FDD

	Modulation
	QPSK

	Antenna configuration
	2x1, 2x2 (low correlation)

	TM
	2

	Channel model
	EPA / ETU

	Doppler spread
	1 Hz

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

	Number of  PRBs
	50

	Number of transmissions
	1 (no HARQ)

	Frequency error
	{0, 100} Hz, no AFC

	Channel estimation
	Practical


Annex B - Simulation parameters for PRACH collision:

The general simulation assumptions (from TR37.868 [2]) used were:

	Simulated time
	60 seconds

	PRACH configuration
	6 (2 PRACH opportunities per 10ms LTE frame)

	Number of preambles
	54 (this is the number per PRACH opportunity)

	Distribution of PRACH attempts
	Uniform distribution

	Alternative distribution for MTC devices
	Time limited beta distribution (time limited to 10 seconds):
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 is the Beta function. The values of α=3 and β=4 are assumed in the study.


Simulation parameters for RACH capacity for LTE FDD

	Parameter
	Setting

	Cell bandwidth
	5 MHz

	PRACH Configuration Index
	6

	Total number of preambles
	54

	Maximum number of preamble transmission
	10

	Number of UL grants per RAR
	3

	Number of CCEs allocated for PDCCH
	16

	Number of CCEs per PDCCH
	4

	Ra-ResponseWindowSize
	5 subframes

	mac-ContentionResolutionTimer
	48 subframes

	Backoff Indicator
	20ms

	HARQ retransmission probability for Msg3 and Msg4 (non-adaptive HARQ)
	10%

	Maximum number of HARQ TX for Msg3 and Msg4 (non-adaptive HARQ)
	5


In addition, the PRACH space is segmented as appropriate.
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