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Discussion/Decision
1 Introduction

At TSG RAN WG1 #67 and as part of the low-cost MTC UEs Study Item [1] it was agreed in [2] that a reduction in maximum bandwidth may provide significant cost saving. Furthermore [3] agreed that from the perspective of the UE MTC traffic could comprise of small messages and be potentially sparse in time.
This document provides an analysis of the impact of these agreements on PRACH and PDCCH capacity for MTC networks.

2 Analysis
The aim of the analysis presented in this section is to determine if the current design for the PRACH and PDCCH is capable of adequately supporting the needs of MTC applications. The analysis is driven by the requirements of an MTC system to support small message transmissions often with long periods of inactivity, large numbers of users, and in a small channel bandwidth.

To achieve this goal the section presents the analysis divided into three areas:
1. Derivation of a representative MTC PDSCH and PUSCH capacity.
2. Using the MTC PDSCH and PUSCH capacity and stated MTC traffic assumptions to determine the MTC traffic load that can be supported in the network.

3. Use the MTC traffic load to make an assessment of any shortcomings in PRACH and PDCCH physical channel capacity.

2.1 MTC PDSCH and PUSCH capacity and traffic characteristics
Table 1 presents an evaluation of MTC PDSCH and PUSCH capacity. The calculation makes the following assumptions in addition to those stated in the table:
· Normal CP.
· RS for 1 or 2 antennas.
· 6 RBs in the channel bandwidth.
· FDD operation.
· PDSCH and PUSCH MCS is 16QAM rate 1/3.
· To provide maximum control capacity it is assumed there are 4 control symbols for 1.4MHz channel bandwidth and 3 control symbols for 3 and 5MHz channel bandwidth.

· It is assumed there are no scheduling restrictions to accommodate PRACH transmissions and therefore no loss in uplink capacity. It is further assumed that the resulting interference for PUCCH/PUSCH transmissions due to PRACH collisions, and vice versa, is handled by the eNB PRACH receiver design.

· The net downlink symbol rate takes into account: RS (for 1 or 2 antennas), PSS/SSS, PBCH, and control symbols.
· The net uplink symbol rate takes into account: DMRS, PUCCH. It is assumed that no SRS are transmitted.
· It is assumed that two RBs are occupied with potential PUCCH transmissions. PUCCH will be required to provide resources for transmission of ACK/NACK. It is assumed that MTC traffic is sparse in time and therefore mobile originated traffic would rely on random access and subsequent allocation of PUSCH resources reducing reliance on PUCCH.
	
	Downlink
	Uplink
	Downlink
	Uplink
	Downlink
	Uplink

	Channel bandwidth (MHz)
	1.4
	1.4
	3
	3
	5
	5

	Gross symbol rate (MS/s)
	1.008
	1.008
	2.52
	2.52
	4.2
	4.2

	Control symbols
	4
	-
	3
	-
	3
	-

	RBs used for PUCCH
	-
	2
	-
	2
	-
	2

	SRS transmissions (per frame)
	-
	0
	-
	0
	-
	0

	Net symbol rate (MS/s)
	0.63
	0.58
	1.80
	1.87
	3.02
	3.31

	PDSCH/PUSCH capacity (Mbps)
	0.84
	0.77
	2.4
	2.49
	4.03
	4.41

	Spectral Efficiency (bits/sec/Hz)
	0.60
	0.55
	0.80
	0.83
	0.81
	0.88


Table 1 – MTC PDSCH and PUSCH capacity
The MTC PDSCH and PUSCH capacity calculated in Table 1 is used in Table 2 to calculate the offered traffic per subframe. The Triggered report traffic type from [3] is used in this exercise since it is applicable equally to both the downlink and uplink. The selected size is 32 octets in order to illustrate the high levels of traffic loading possible. An RRC overhead is applied for the downlink and uplink as discussed in [4] together with a MAC/RLC/PDCP header of 6 octets for the Triggered report. Table 2 provides the number of Triggered reports that can be accommodated per subframe for both the downlink and the uplink based on the respective PDSCH and PUSCH capacity.
	
	Downlink
	Uplink
	Downlink
	Uplink
	Downlink
	Uplink

	Channel bandwidth (MHz)
	1.4
	1.4
	3
	3
	5
	5

	PDSCH/PUSCH capacity (Mbps)
	0.84
	0.77
	2.40
	2.49
	4.03
	4.41

	Triggered report size (octets)
	32
	32
	32
	32
	32
	32

	Overhead for RRC and encapsulation(octets)
	192
	78
	192
	78
	192
	78

	Triggered reports per subframe
	0.47
	0.87
	1.34
	2.83
	2.25
	5.01


Table 2 – Downlink and uplink incident Triggered reports per subframe
2.2 PRACH capacity analysis
According to [5] when analysing PRACH capacity if there are a large number of UEs in the cell then this implies that the collision probability (Pcoll) can be expressed as:
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where N is the total number of random access opportunities per second and given by the number of random access slots per second multiplied by the number of random access preamble sequences. G is the random access intensity, i.e. there are, on average, G random-access attempts per second.
As stated previously, and understood from [3], MTC traffic is sparse in time and therefore mobile originated traffic would rely on random access and subsequent allocation of PUSCH resources by the eNB. Similarly for the case of network originated traffic then paging by the eNB would be followed by a random access attempt. Therefore each downlink and each uplink message transfer requires a PRACH procedure. A dependency between the downlink and uplink is created when evaluating the combined number of Triggered reports per second. It is recognised that a thorough analysis is required in this regard; however as a first estimate a 20% reduction is applied to both the downlink and uplink to account for a report’s load in the reciprocal direction to the direction on which the message is being transmitted. Therefore, from Table 2, in order to maintain PDSCH and PUSCH usage at capacity then support for approximately 1000, 3300, 5800 attempts per second are required for 1.4, 3 and 5MHz channel bandwidth respectively.
It is possible to configure a maximum of one PRACH transmission per subframe (PRACH Configuration Index 14 – section 5.7.1 [6]) and assuming the number of preamble sequences is 64 (section 5.7.2 [6]) then N = (1000*64) = 6400 random access opportunities per second. Therefore from equation [1] it is evaluated that the collision probability (Pcoll) for PRACH transmission in 1.4, 3 and 5MHz channel bandwidth is 1.5 %, 5%, and 9% respectively.
By relaxing the requirements on collision probability then fewer subframes per frame are needed for a given PRACH loading. For example configuring five PRACH slots per frame reveals an approximate 3%, 10%, and 16% collision probability respectively. Division of the preamble sequence space (for example in support of non-contention based random access) further increases the collision probability.
It is observed that:

· With an increase in channel bandwidth the PRACH collision probability (Pcoll) increases (Table 2). This is compared with long-lived voice, video or web page download calls where the PRACH collision probability is expected to be much lower.
· For a high PRACH load it is likely there will be a spectrum efficiency decrease and increase in delay driven by the eNB experiencing:

1. A heightened collision probability from multiple overlaid PRACH transmissions using the same preamble sequence.

2. Interference to PUCCH/PUSCH from PRACH transmissions and vice versa.
2.3 PDCCH capacity analysis
Table 3 presents the number of CCEs available to the PDCCH varying with the number of control symbols, the lowest three channel bandwidths, and PHICH Group Scaling Factor. The calculation of the number of CCEs makes the following assumptions:
· Normal CP.

· RS for 1 or 2 antennas, therefore 4 RS per RB.
· Number of PCFICH REGs is 4.
	
	Channel bandwidth (MHz)

	Number of control symbols
	1.4
	3
	5

	1
	-
	2, 2, 2, 1
	4, 4, 3, 2

	2
	2, 2, 2, 2
	7, 7, 7, 6
	13, 12, 12, 11

	3
	4, 4, 4, 4
	12, 12, 12, 11
	21, 21, 20, 19

	4
	6, 6, 6, 6
	-
	-


Table 3 – Number of CCEs available for respective PHICH Group Scaling Factors of [1/6, 1/2, 1, 2]

Table 4 presents the achievable (based on the system configuration) and specified number of PDCCH candidates for the respective minimum number of control symbols that can be configured; two control symbols for 1.4MHz, and one control symbol for both 3MHz and 5MHz. The bracketed ‘[]’ values indicate the specified number of PDCCH candidates for blind decoding as defined in [7] section 9.1.1. Values shown in bold red indicate a limitation in PDCCH candidate capacity due to a lack of REs available to support the required number of CCEs.
	
	Channel bandwidth

	Search Space type
	Search Space size (CCEs)
	Aggregation level (L)
	1.4MHz
	3MHz
	5MHz

	Common
	16
	4
	0 [4]
	0 [4]
	1-0 [4]

	
	16
	8
	0 [2]
	0 [2]
	0 [2]

	UE specific
	6
	1
	2 [6]
	2-1 [6]
	4-2 [6]

	
	12
	2
	1 [6]
	1-0 [6]
	2-1 [6]

	
	8
	4
	0 [2]
	0 [2]
	1-0 [2]

	
	16
	8
	0 [2]
	0 [2]
	0 [2]


Table 4 – The achievable (based on the system configuration) and specified number of PDCCH candidates for the minimum number of control symbols
In a similar way to Table 4, Table 5 presents the achievable (based on the system configuration) and specified number of PDCCH candidates for the respective maximum number control symbols that can be configured; four control symbols for 1.4MHz, and three control symbols for both 3MHz and 5MHz.
	
	Channel bandwidth

	Search Space type
	Seach Space size (CCEs)
	Aggregation level (L)
	1.4MHz
	3MHz
	5MHz

	Common
	16
	4
	1 [4]
	2-3 [4]
	4 [4]

	
	16
	8
	0 [2]
	1 [2]
	2 [2]

	UE specific
	6
	1
	6 [6]
	6 [6]
	6 [6]

	
	12
	2
	3 [6]
	5-6 [6]
	6 [6]

	
	8
	4
	1 [2]
	2 [2]
	2 [2]

	
	16
	8
	0 [2]
	1-2 [2]
	2 [2]


Table 5 – The achievable (based on the system configuration) and specified number of PDCCH candidates for the maximum number of control symbols
For the case of a 1.4MHz channel bandwidth the number of PDCCH candidates against PDCCH format is summarised in Table 6.

	
	Two control symbols
	Four control symbols

	PDCCH format
	Aggregation level (L)
	Common SS
	UE specific SS
	Common SS
	UE specific SS

	0
	1
	-
	2
	-
	6

	1
	2
	-
	1
	-
	3

	2
	4
	0
	0
	1
	1

	3
	8
	0
	0
	0
	0


Table 6 – PDCCH candidates in a 1.4MHz channel bandwidth for two and four control symbols
It is observed that:

· For the case of the minimum number of control symbols (Table 4) then for all the bandwidths analysed support for the specified number of PDCCH candidates is not achieved due to a lack of available REs.
· For the case of the maximum number of control symbols (Table 5) only the 5MHz channel bandwidth supports the specified number of PDCCH candidates.
· For 1.4MHz and 3MHz channel bandwidths pruning of the search space is possible due to the limitation in the number of available CCEs, therefore reducing the number of blind decodes required.
· For 1.4MHz and 3MHz channel bandwidths and the minimum number of configurable control symbols, when PDCCHs need to be transmitted in the common search space then the control region must consist of three or four control symbols. The size of the control region can be dynamically altered on a subframe by subframe basis using the PCFICH.
· For a 1.4MHz channel bandwidth it is apparent from Table 6 that the search space capacity would mean that the PDCCH is unable to support the loading of PDSCH/PUSCH to capacity, given the expected traffic load presented in section 2.1. Sections 2.1 and 2.2 report an expected traffic load requiring an average one PDCCH assignment for PDSCH/PUSCH per subframe; while Table 6 has a restricted choice of PDCCH candidates. If the common search space is used regularly, as would be expected for MTC applications when paging is required to initiate transmission to the MTC UE (section 2.1), then scheduling of only one or two PDSCH/PUSCH transmissions would be possible; similar to that required. Furthermore these one or two PDSCH/PUSCH transmissions would be limited to high code rate PUCCH formats serving only high geometry MTC UEs.

· A further requirement on the PDCCH capacity is, in addition to scheduling PDSCH and PUSCH, is to accommodate RRC signalling, broadcast system information, paging and power control information. Furthermore it is noted that this analysis assumes the MTC UE has the capability to support a peak rate equivalent to decoding an entire subframe (in the order of 800kbps). Given that an MTC UE may have a reduced peak rate processing capability [2] in order to reduce device cost then there may be a requirement to divide the resources in a given subframe between a number of MTC UEs thereby reducing the peak processing requirement for a particular MTC UE. This further increases the demand for PDCCH resources by requiring an MTC message to be scheduled across a number of subframes.
· For a 1.4MHz channel bandwidth it is only possible to support high code rate PDCCH formats (Table 6). The limited control region size means that low code rate PDCCH formats can not be transmitted and consequently limitations are imposed on the availability of PDCCH transmissions to address all channel conditions. It is expected that a PDCCH format using a larger aggregation level would be used for cell edge users, while users in more favourable locations in the cell would use a lower aggregation level PDCCH transmission.
3 Conclusions

In providing significant cost saving for a low cost MTC UE the agreements made at TSG RAN WG1 #67 require further consideration in terms of PRACH and PDCCH, specifically:

· The probability of PRACH collisions and impact of PRACH interference in support of MTC small messages.

· Limitations in PDCCH capacity for scheduling of PDSCH and PUSCH MTC small message transmissions and the ability to adequately support PDCCH formats.
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