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1. Introduction

Several concepts for reducing the cost of LTE UEs for MTC devices have been identified in RAN1#67 [1]. It is agreed to further evaluate the identified cost reduction factors in order to understand their impact on the system performance. The focus of this contribution is to provide the performance analysis on the following cost reduction strategies identified by RAN1:
· Single receive RF chain;
· Reduction of transmit power;
· Reduction of maximum bandwidth.
The low cost implementation of MTC devices based on the strategies indicated by RAN1 may lead to substantial performance degradation, since some of the advanced LTE features may not be supported. In this contribution we provide preliminary evaluation of potential performance degradation level if some of the cost reduction strategies are adopted. The performance comparison is based on the reference LTE UE modem design (i.e. single RAT, single band, Category 1 UE) agreed by RAN1.
2. Evaluation Methodology

Different approaches are applied to estimate performance losses from the different cost reduction strategies. The analysis of the single RF chain and the reduction of transmit power is done by system and link level simulations. The potential impact on the system spectral efficiency, the number of supported MTC devices and the coverage metrics are roughly estimated based on simplified assumptions. The evaluation of the reduction of maximum bandwidth concept is done analytically.
The system level simulation analysis is carried out using standard 3GPP LTE RAN1 simulation assumptions for the 3GPP Case 1 homogeneous Macro deployment scenario. The output performance metrics such as spectral efficiency are used to calculate the number of MTC devices for the given MTC traffic model parameters (i.e. packet size and transmission interval) [1]. The system level analysis is conducted using the assumption of the full system loading and full buffer traffic model. The estimated spectral efficiency values are used to roughly estimate the number of MTC devices and performance losses incurred by cost reduction strategies. The full-buffer assumption is not a valid assumption for real MTC traffic; however it may be used to roughly estimate the impact from cost reduction strategies under assumption of full system loading.
According to the Low-cost MTC SI performance requirements the target design should “Enable significantly improved average spectrum efficiency for low data rate MTC traffic compared to that achieved for R99 GSM/EGPRS terminals in GSM/EGPRS networks today”. The cell spectral efficiency for the GSM/EGPRS systems is approximately in the range of 0.05 – 0.15 bit/s/Hz according to [2] and [3]. The difference in LTE spectral efficiency and GSM/EGPRS performance considering the basic devices is manifold. Therefore in the considered performance analysis it is important to focus at the evaluation of performance degradation relative to the reference LTE system.

3. Single Receive RF Chain
The usage of a single receive RF chain option provides cost reduction in both RF and baseband parts of the modem. However, the cost reduction comes at the expense of performance loss that may be considered as reasonable only if the main system performance characteristics such as coverage and capacity are still at the competitive level comparing to the reference MTC operation in LTE and GSM/EGPRS networks. In this contribution, by single receive RF chain we assume that UE has one receive antenna and we do not consider possible technical implementations of RF switching and TDM multiplexing to support multiple antenna elements [4].
The default reference LTE UE modem is equipped with at least two receive antennas and at least one transmit antenna. The two receive antennas are required to efficiently support operation of MIMO modes requiring two layers per UE (e.g., SU-MIMO spatial multiplexing modes) and to improve the system diversity/sensitivity. If the number of receive antennas is reduced to one, the loss in spectral efficiency and coverage will be observed due to lack of receive diversity and reduced receiver sensitivity. Additionally, the UE with a single receive chain is restricted to operate in Rank 1 based MIMO modes (i.e. transmit diversity, CL SU-MIMO Rank 1 and MU-MIMO modes with one MIMO layer per UE). It is evident that the single receive RF chain cost reduction would have a negative impact on the DL reception performance for both control and data channels. The impact on the PDSCH performance is further evaluated in the following sub-sections.
3.1. Cell Spectral Efficiency

In this section, we provide the system level performance analysis results for the PDSCH transmissions with different MIMO modes. The performance of UE with a single receive antenna is compared against the reference interference aware (IA) and non-interference aware (non-IA) receivers having two antennas [5]. The performance degradation is estimated in terms of average cell and cell-edge spectral efficiency. The summary of the system level evaluation results is provided in Table 1 and the detailed simulation assumptions are listed in the Appendix A.
Table 1: Cell spectral efficiency degradation for the case of one RX antenna
	MIMO Mode
	Receiver Configuration
	Cell SE, b/s/Hz
	Cell edge SE, b/s/Hz/user
	Degradation vs 2 RX antenna case 

(Cell SE / Cell Edge SE)

	TX Diversity
	2 RX IA
	1.71
	0.047
	IA: 
31.0% / 55.3%

non IA:
20.3% / 43.2%

	
	2 RX non-IA
	1.48
	0.037
	

	
	1 RX
	1.18
	0.021
	

	CL SU-MIMO Rank 1
	2 RX IA
	2.30
	0.088
	IA: 
27.4% / 47.7%

non IA: 
16.9% / 29.2%

	
	2 RX non-IA
	2.01
	0.065
	

	
	1 RX
	1.67
	0.046
	

	MU-MIMO
	2 RX IA
	2.76
	0.093
	IA: 
36.2% / 51.6%
non IA:
30.2% / 39.2%

	
	2 RX non-IA
	2.52
	0.074
	

	
	1 RX
	1.76
	0.045
	


The effect of using a single RF chain receiver was evaluated at system-level for multiple combinations of transmission modes and antenna configurations. The following observations have been noticed:
Observations:
· A significant DL spectral efficiency performance degradation is observed due to usage of a single receive RF chain in comparison with two RX antennas under assumption of non-interference aware receiver:

· For transmit diversity transmission mode the cell average spectral efficiency degrades by approximately 20 – 30% and the cell-edge performance drops by 40 – 50 %.
· For CL SU-MIMO Rank 1 transmission mode the cell average spectral efficiency degrades by 10 – 30% and the cell-edge performance degrades by 20 – 40 %.

· The MU-MIMO transmission modes experience the largest performance degradation relative to the 2 RX antenna case.
· If advanced interference aware receivers are considered, the reported performance gaps between dual and single RF chains become even more noticeable.
· For all considered scenarios, the LTE DL spectral efficiency achieved with a single RF chain significantly exceeds the performance of GSM/EGPRS systems according to [2] and [3]. The single receiver device performance may be acceptable from this perspective.
3.2. MTC Capacity

Given a very sparse MTC traffic model and large expected number of MTC devices, the explicit modeling may become a time consuming task. Alternatively, the measured values of average cell spectral efficiency can be used as a simplified way to roughly estimate the capacity of the MTC devices. Assuming that a 1000 bit packet is transmitted by a typical MTC device every 1 sec (packet inter-arrival period), the number of supported MTC devices may be estimated. For instance in the 20 MHz BW the system using closed loop SU-MIMO Rank-1 transmissions (cell spectral efficiency equal to 1.66 b/s/Hz for 1 RX antenna and 1.99 b/s/Hz for 2 RX antennas) can serve up to 33200 and 39800 MTC devices per cell/sec for the case of one and two receive antennas respectively. Note that these numbers may be considered as upper bound estimates in this study which is based on evaluation of data channel only does not take into account possible bottlenecks in control channels.  Further capacity analysis including the impact of various control channels (e.g. PRACH and PDCCH), which play an important role in the overall MTC capacity analysis, will need to be considered for final analysis.
3.3. Coverage

The impact of using a single receive chain on the PDSCH coverage performance was evaluated using the maximum coupling loss (MCL) methodology following the approach defined in [6]. The analysis was done for the transmit diversity and codebook based CL SU-MIMO Rank 1 transmission modes. The link level simulations were carried out for different PDSCH modulation and coding schemes and PRB allocations assuming the typical MTC traffic packet size of 1000 bits (see Table 2). 
Table 2: PDSCH configuration used for coverage analysis

	Scheme #
	TBS
	Number of PRBs
	TBS Index
	MCS Index
	Modulation
	Code Rate
	SE, 
b/s/Hz

	1 (High rate)
	1000
	2
	21
	23
	6
	0.72
	4.30

	2 (Medium rate)
	1000
	5
	11
	12
	4
	0.43
	1.72

	3 (Low rate)
	1096
	25
	2
	2
	2
	0.14
	0.28


The required SNR and MCL metric for the target initial block error rate equal to 10-1 was analyzed. The link level analysis results for the ePA 5 Hz channel model are shown in Table 3 and Table 4.
Table 3: PDSCH MCL analysis for Transmit Diversity (ePA 5 Hz channel model)

	Parameter
	2 RX antennas case
	1 RX antenna case

	
	Scheme 1 (High rate)
	Scheme 2 (Med. rate)
	Scheme 3 (Low rate)
	Scheme 1 (High rate)
	Scheme 2 (Med. rate)
	Scheme 3 (Low rate)

	Transmitter
	
	
	
	
	
	

	(1) Tx power (dBm)
	32.0
	36.0
	43.0
	32.0
	36.0
	43.0

	Receiver
	
	
	
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	9
	9
	9
	9
	9
	9

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	0.36 MHz
	0.90 MHz
	4.50 MHz
	0.36 MHz
	0.90 MHz
	4.50 MHz

	(6) Effective noise power

   = (2) + (3) + (4) + 10 log10(5) (dBm)
	-109.4
	-105.4
	-98.5
	-109.4
	-105.4
	-98.5

	(7) Required SINR (dB)
	16.50
	6.70
	-1.60
	20.40
	10.0
	1.20

	(8) Receiver sensitivity
   = (6) + (7) (dBm)
	-92.9
	-98.8
	-100.1
	-89.0
	-95.5
	-97.3

	(9) MCL
   = (1) ( (8) (dB)
	125.0
	134.8
	143.1
	121.1
	131.5
	140.3

	MCL Loss = MCL2RX ( MCL1RX
	NA
	NA
	NA
	3.90
	3.30
	2.80


Table 4: PDSCH MCL analysis for CL SM Rank 1 (ePA 5 Hz channel model)

	Parameter
	2 RX antennas case
	1 RX antenna

	
	Scheme 1 (High rate)
	Scheme 2 (Med. rate)
	Scheme 3 (Low rate)
	Scheme 1 (High rate)
	Scheme 2 (Med. rate)
	Scheme 3 (Low rate)

	Transmitter
	
	
	
	
	
	

	(1) Tx power (dBm)
	32.0
	36.0
	43.0
	32.0
	36.0
	43.0

	Receiver
	
	
	
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	9
	9
	9
	9
	9
	9

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	0.36 MHz
	0.90 MHz
	4.50 MHz
	0.36 MHz
	0.90 MHz
	4.50 MHz

	(6) Effective noise power

   = (2) + (3) + (4) + 10 log10(5) (dBm)
	-109.4
	-105.4
	-98.5
	-109.4
	-105.4
	-98.5

	(7) Required SINR (dB)
	15.6
	5.60
	-4.9
	19.0
	9.0
	-1.7

	(8) Receiver sensitivity
   = (6) + (7) (dBm)
	-93.8
	-99.9
	-103.4
	-90.5
	-96.5
	-100.2

	(9) MCL 

   = (1) ( (8) (dB)
	125.9
	135.9
	146.4
	122.6
	132.5
	143.2

	MCL Loss = MCL2RX ( MCL1RX
	NA
	NA
	NA
	3.40
	3.40
	3.20


Observations:
· The single receive RF chain decreases the PDSCH MCL performance by 3-4 dB for transmit diversity and closed loop SU-MIMO Rank-1 transmission schemes depending on the channel model, effective code rate and target PER requirements.
· The reduction in MCL for the downlink data transmissions may be considered as acceptable, since the LTE system coverage is mainly limited by uplink transmissions (i.e. PUSCH) as was identified by RAN1 in the LTE Rel.11 Coverage Enhancements SI [7].
3.4. Conclusions
Summarizing analysis of the single receive RF chain strategy for the low-cost MTC implementation the following can be concluded:
· The usage of the single receive RF chain leads to significant LTE performance loss in terms of system capacity and the number of UEs that can be supported by the system.

· The DL loss in coverage may be considered as acceptable assuming that LTE coverage is uplink limited.
· Using a single RF chain may result in the reduction of the number of supported MIMO modes for low-cost MTC UE devices. By default the UE should support operation of single antenna port and transmit diversity mode to keep the support of the legacy control channels. However using single stream CL SU- MIMO transmission modes would have a positive impact in terms of cell capacity and coverage performance.

Proposals:
· The single receive RF chain option may be considered as a candidate if the associated performance loss is acceptable for network operators.
· If the single receive RF chain strategy is adopted, down selection of LTE MIMO and feedback modes may be necessary to further simplify MTC implementation and keep competitive system performance. The support of CL SU-MIMO Rank 1 may be considered to keep high spectral efficiency and coverage; the detail analysis of the feedback overhead vs. performance tradeoff is necessary.
4. Reduction of Maximum UE Transmit Power

The reduction of the maximum transmit power may offer cost and power consumption improvements however it has negative impact in terms of UL spectral efficiency and coverage.
The PUSCH performance degradation in terms of average cell spectral efficiency, cell-edge spectral efficiency and coverage is evaluated for 3GPP Case-1 Macro deployment scenario.
According to the PUSCH open-loop uplink power control mechanism defined in LTE specification, the UE sets its output transmit power P according to following equation:
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where PTxMax is the UE maximum transmit power, PL is the path loss of the link between the UE and the serving eNodeB, M is the number of scheduled resource blocks assigned to considered UE and α and P0 are cell-specific parameters of the power control algorithm. Parameter α is the path loss compensation factor which varies from 0 to 1 and parameter P0 is the nominal transmit power defined for one PRB.
Further we consider the method to set the P0 values based on the approach described in [8] that aims to define target SNR0 for all users in the cell.
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where SNR0 is the target SNR level for the UEs transmitting at the maximum allowed power level and M0 is the number of PRBs in considered resource allocation. Following this approach the percentage of power limited UEs depends on the difference between the maximum transmit power and the target SNR level (PTxMax – SNR0) and does not depend on parameter α.
The investigation of the impact of maximum transmit power reduction was done for different target SNR levels and assuming different number of resource blocks. Figure 1 shows the percentage of UEs transmitting at the maximum power level. The PUSCH allocations consisting from 5 PRBs and 1 PRB are analyzed for 3GPP Case 1 scenario with 3D antenna (left figure). Additionally the comparison of 3GPP Case 1 and Case 3 scenarios for target SNR equal to 5, 10 and 15 dB and for 5 PRBs PUSCH allocations is illustrated on the right side.
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Figure 1: Percentage of UEs transmitting at maximum power level vs. maximum transmit power
The following observations can be noticed from the results presented in Figure 1.
Observations:
· The number of UEs transmitting at maximum power substantially increases with the maximum transmit power reduction (e.g. in case of one PRB allocation and 15dB target SNR the number of max power UE is increased in 7 time when transmission power drops on 18 dB). So for low maximum transmit power values the ULPC algorithms converts into the full power transmission mode.
· The percentage of UEs transmitting at the maximum power grows with the higher target SNR settings.

· The percentage of UEs transmitting at the maximum power is higher in noise limited Case-3 scenario.
The system level analysis of the cell and cell edge spectral efficiency performance for 3GPP Case 1 scenario have been evaluated for different values of UE maximum transmit power and the selected results are illustrated in Table 5 (the detailed simulation assumptions are listed in the Table 9).
Table 5: System performance degradation due to maximum transmit power reduction.

	Scenario 3GPP Case 1 3D,
5 PRBs, SNR0 = 15dB, α = 1.0
	Cell SE, b/s/Hz
	Cell edge SE, b/s/Hz/user
	Cell SE / Cell Edge SE Degradation

	PTxMax = 23 dBm
	1.51
	0.067
	NA

	PTxMax = 20 dBm
	1.46
	0.051
	3.3% / 23.9%

	PTxMax = 15 dBm
	1.33
	0.027
	11.9% / 59.7%

	PTxMax = 10 dBm
	1.13
	0.011 
	25.2% / 83.6%

	PTxMax = 5 dBm
	0.91
	0.006
	39.7% / 91.0%


The conducted system level analysis may be summarized in the following observations:
Observations:
· The substantial cell and cell-edge spectral efficiency degradation is observed if maximum transmit power is reduced.
· The performance of cell-edge users is much more sensitive to the maximum transmit power reduction and drops on 24% even if power is reduced on 3dBm only.
Additionally the reduction of the UE maximum transmit power also affects uplink coverage performance. The LTE coverage is mainly limited by UL and in particular by PUSCH. The reduction of the maximum transmit power leads to the linear reduction in the maximum coupling loss (MCL) that will further increase the DL and UL imbalance in current system that was reported in [7]. To compensate this DL and UL imbalance a design of coverage improvement solutions may be needed.
Proposal:
· From the performance perspective the reduction of the maximum transmission power can be applied in relatively small ranges and technical solutions that compensate the significant loss in cell-edge performance should be considered.
5. Reduction of Maximum Bandwidth

The reduction of the maximum bandwidth can substantially reduce the cost of an MTC device. It is beneficial to reduce the maximum bandwidth to simplify RF and baseband processing. On the other hand the bandwidth is the main factor that restricts the maximum number of MTC devices supported by the network since the amount of MTC devices supported by system linearly scales with the system bandwidth.

The main obstacles for the seamless support of narrow bandwidth MTC devices is the significant impact on specification because of the wideband transmission of LTE control channels. The most straightforward way to support narrow bandwidth operation of MTC devices is to use the narrow central part of the spectrum where PSS, SSS and PBCH channels are transmitted. However, it still requires specification changes that may be potentially addressed by the design of new ePDCCH channel, etc. This simplified solution may help to support narrow bandwidth MTC devices in the wide bandwidth network deployments. However, from the system level perspective, the occupation of only a small central part of the spectrum will significantly reduce the MTC device capacity, especially compared to the 20 MHz reference deployment (see Table 6).

Table 6: Bandwidth vs number of low cost MTC devices

	Channel bandwidth, MHz
	1.4
	3
	5
	10
	15
	20

	Number of resource blocks
	6
	15
	25
	50
	75
	100

	Number of MTC devices served per cell
	2800
	6000
	10000
	20000
	30000
	40000


Observations

· The reduction of maximum bandwidth may result in proportional MTC device capacity loss if only small central part of the spectrum is utilized for transmissions. It is not desirable from the system level perspective, especially taking into account the forecasts about exponential growth of the number of MTC devices.
To avoid the MTC capacity loss, a technical solution to exploit the full cell bandwidth (e.g. 20 MHz) while keeping support of narrow bandwidth MTC devices (e.g. 1.4, 3 MHz) operation will need to be supported. Such solution should potentially help reach the capacity achievable in the reference wideband system. However, this would require specification changes in order to minimize the UE dependence on the wideband control channels.

Proposal:
· Technical solution to utilize the full cell bandwidth while keeping narrow bandwidth operation of MTC devices would be required to preserve network capacity in terms of maximum number of served MTC devices.

6. Summary

In accordance to the results and discussions provided in this contribution, the main proposals are as follows:

Proposal 1: The single receive RF chain option may be considered as a candidate if the associated performance loss is acceptable for network operators.

Proposal 2: If the single receive RF chain strategy is adopted, down selection of LTE MIMO and feedback modes may be necessary to further simplify MTC implementation and keep competitive system performance. The support of CL SU-MIMO Rank 1 may be considered to keep high spectral efficiency and coverage; the detail analysis of the feedback overhead vs. performance tradeoff is necessary.
Proposal 3: From the performance perspective the reduction of the maximum transmission power can be applied in relatively small ranges and technical solutions that compensate the significant loss in cell-edge performance should be considered.

Proposal 4: Technical solution to utilize the full cell bandwidth while keeping narrow bandwidth operation of MTC devices would be required to preserve network capacity in terms of maximum number of served MTC devices.
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Appendix – Simulation Assumptions
Table 7: System level simulation assumptions for single receive RF chain analysis.
	Parameters 
	Values 

	Duplexing
	FDD

	System BW 
	10MHz 

	Test environment
	3GPP Case 1 3D (TR 36.814)
57 Macro cells hexagonal deployment, 570 UEs, UE speed is 3 km/h

	Antenna configuration 
	eNodeB: 4 Tx antennas with the following configurations:

· Vertically polarized antennas separated by 4 wavelengths
· Vertically polarized antennas separated by 0.5 wavelengths
UE:
· Reference UE modem – 2 Rx vertically polarized antennas with 0.5 wavelengths separation
· Single RF chain UE modem – 1 Rx vertically polarized antenna

	Transmission schemes
	Single antenna port, Transmit Diversity, SU-MIMO Rank 1, MU-MIMO

	Receiver type 
	2 RX: MMSE interference aware and interference unaware

1 RX: MMSE

	Link adaptation 
	MCSs based on LTE transport formats

CQI/PMI feedback with 5ms period and 6 ms application delay

CQI granularity is 5 PRBs
PMI granularity is 5 RBs for SU-MIMO and wideband for MU-MIMO, based on Rel-8 LTE codebook

	Channel estimation
	Perfect

	Outer loop link adaptation
	10% target PER for initial transmission 

	HARQ scheme 
	CC; maximum 4 retransmissions

	DL Overhead
	30.95% 

	Feedback and control channel errors 
	No error 

	Scheduler 
	PF with 5 PRBs allocation granularity

	Traffic
	Full buffer


Table 8: Link level simulation assumptions for single receive RF chain analysis.
	Parameters 
	Values 

	System configuration
	FDD, BW = 10 MHz, Normal CP, CFI = 2

	Channel model
	ePA 5 Hz

	Antenna configuration 
	eNodeB: 4 Tx antennas with low correlation
UE:
· Reference UE modem – 2 Rx with high correlation
· Single RF chain UE modem – 1 Rx

	Transmission schemes
	Transmit Diversity, SU-MIMO Rank 1

	Channel estimation
	Practical

	Receiver Type
	MMSE


Table 9: System level simulation assumptions for maximum transmit power reduction analysis.
	Parameters 
	Values 

	Duplexing
	FDD

	System BW 
	10MHz 

	Test environment
	3GPP Case 1 3D (TR 36.814)

57 Macro cells hexagonal deployment, 570 UEs, UE speed is 3 km/h

	Antenna configuration 
	eNodeB: 4 Rx vertically polarized antennas separated by 4 wavelengths
UE: 1 Tx vertically polarized antenna

	Transmission schemes
	Single antenna port

	Receiver type 
	MMSE interference aware

	Link adaptation 
	MCSs based on LTE transport formats

CQI estimation with 5ms period; 6 ms application delay, granularity is 5 PRBs

	UE Capabilities
	QPSK and QAM16 modulations only

	Channel estimation
	Perfect

	Outer loop link adaptation
	10% target PER for initial transmission 

	Uplink power control
	Target SNR = 15dB, α = 1.0

	HARQ scheme 
	CC; maximum 4 retransmissions

	Overhead
	21.25%

	Feedback and control channel errors 
	No error 

	Scheduler 
	PF with 5 PRBs allocation granularity

	Traffic
	Full buffer


1

_1389372062.unknown

_1389352547.unknown

