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Introduction

At the previous meeting (RAN1#66b) it was identified that the LTE modem is likely to be the most significant contributor to MTC LTE UE cost [1]. It is desirable to agree on evaluation methodology in order to compare candidate solutions for this study item efficiently and objectively. 
In this contribution we will discuss evaluation methodology of low-cost MTC UE, including methodology for cost analysis as well as for performance evaluation. 
Cost analysis of reference LTE modem
The economy of scale of the production is predicted based on the assumption that the number of MTC devices will significantly exceed the number of human-to-human (H2H) connected devices. The cost of devices specifically depends on implementation. From the implementation perspective, considering a digital mobile phone as an example, the modem part can be broadly divided into three main blocks: (a) the RF module, (b) ADC/DAC and (c) the baseband module. 
The RF module is the analogue front-end module. On the receiver side it down converts an RF signal into a baseband signal, and on the transmitter side it up converts the baseband signal to an RF signal before transmission. The baseband module processes the baseband signal and manages protocols. ADC and DAC are placed between the analogue RF and baseband units. The basic building blocks of a typical radio RF module of any mobile device (using digital baseband) is shown in the Fig. 1.
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Fig. 1. Various blocks of LTE modem
It is stated in [1] that the baseband, RF and CPU costs account for 50%, 40% and 10% of a category 1 LTE-only UE modem costs, respectively. The CPU cost may consist of three factors: an application processor, a protocol processor for the MAC, RLC, etc., and a DSP for physical layer processing. The application processor can provide a user interface as well as running applications such as smart phones apps. The application processor may not be needed in a low cost MTC and should be excluded from the cost analysis. While the protocol processor and DSP have costs, such as RAM, their costs are typically smaller than an application processor. In addition, the ADC and DAC costs which scale with sampling rate should be included in the cost analysis because bandwidth reduction is being considered for a low-cost MTC UE. Based on the discussion above, the breakdown of the costs for baseband, RF and ADC/DAC should be 55%, 40% and 5%, respectively. 

Fig. 1 shows that the RF module consists of an RF transceiver, power amplifier, filter, and duplexer as mentioned in [1]. Based on the assumption that UE has two antennas(1T2R) and supports 20MHz bandwidth, we illustrate the rough breakdown of RF module with a relative cost (out of 10 total) in Fig. 2, where the filter with relative cost 1 implies the inexpensive low-pass filters, and RF transceiver includes antennas, bandpass filters, mixers, low noise amplifiers, and local oscillators.  RF transceiver with relative cost 4.5 can be further divided into three parts, transmitter specific components, receiver specific components and common components shared by transmitter and receiver, which account 1, 2, and 1.5, respectively.
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Fig. 2.  Rough cost breakdown of RF module

Besides the complexity analysis with regard to baseband module provided in [1], we present the rough baseband cost breakdown with a relative cost (out of 10 in total) as in Fig. 3 based on [2]. The major cost contributors in RF and baseband module are recognized and summarized in Table 1.
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Fig. 3. Rough cost breakdown of baseband module
Table 1: Major contributors recognized in RF and baseband

	RF module
	RF transceiver 
	RF transmitter and receiver, including antenna, band pass filter, mixer, low noise amplifier, band pass filter, local oscillator, etc.

	
	PA
	Power Amplifier

	
	Filter
	Low pass filter

	
	Duplexer
	Duplexing the uplink and downlink

	ADC/DAC
	ADC
	Analogue to Digital Converter

	
	DAC
	Digital to Analogue Converter

	Baseband module
	FPU
	Front-end Processing Unit, including cell search unit, power estimation, DC elimination, I/Q calibration, timing, etc

	
	PDU
	Processing Demodulation Unit, including PDCCH/PDSCH demodulation and channel estimation

	
	Decoder
	Including turbo decoding and convolutional decoding

	
	UL
	Uplink processing

	
	Memory
	RAM and/or ROM


Proposal 1: Key contributors as listed in Table 1 to LTE UE cost should be recognized and agreed.

Methodology for Cost analysis 
A common cost metric should be applied to compare candidate solutions objectively. The baseband and RF modules should have a different analysis methodology.
Baseband Cost/complexity analysis
Baseband cost can be represented to some extent by the required baseband operations. In addition, resource occupied on chip can also be considered.
(1) Complexity

Although the complexity of the baseband module is implementation dependent, it can be estimated according to 

· Number of baseband signal operations/sec
· Number of higher layer radio protocol processing operations/sec
· Elapsed time 

It is not easy to get the number of baseband signal operations/sec and number of higher layer radio protocol processing operations/sec separately. Therefore, the first two methods seem to have low applicability for complexity estimation. It can also be considered that elapsed time by candidate algorithms (e.g. simplified PDCCH blind decoding) or relative time reduction to existing solutions is used to estimate complexity.
(2) Resource occupied on chip 
· Number of ASIC/FPGA gates
Or
· FFT size

· Buffer size 

Based on the fact that the cost scales with the chip size, the cost can be additionally evaluated by the amount of resources occupied by modules on chip, e.g., number of ASIC/FPGA gates. However the number of gates depends on implementation. An alternate metric is to use resources such as FFT size and/or buffer size. 
RF Cost analysis
The RF cost depends significantly on the implementation. Taking an example of the RF receiver, which is a significant contributor to cost, there are three popular architectures: superheterodyne (superhet), near zero-IF (NZIF), and direct conversion, each with its own advantages. Generally, superhet receivers cost more than the NZIF and direct conversion receivers due to the additional oscillators and passive filters. In addition, these items require extra receiver housing space, e.g., increased size. However, the benefits of the superhet architecture are significant: most of the filtering and gain takes place at one fixed frequency, rather than requiring tuneable high-Q band-pass filters or stabilized wideband gain stages. In other words, the front-end component in the RF module with degraded performance for cost reduction may bring design challenges and cost increase to the subsequent components, and vice versa. 
Therefore, a quantitative component metric is more applicable to evaluation and comparison, as referred in [1] components including for example

· Number of RATs

· Number of RF chains/antenna ports
In addition, it may also be considered to reduce RF cost by replacing duplexer with switch, or degrading quality requirements of PA if needed.
The methodology for cost analysis is summarized in Table 2.

Table 2: Summarization of methodology for cost analysis 
	
	Metric
	Explanation

	Baseband Cost
	Complexity
	· Number of baseband signal operations/sec
· Number of higher layer radio protocol processing operations/sec
· Elapsed time

	
	Resource
	· Number of ASIC/FPGA gates
Or
· FFT size

· Buffer size 

	RF Cost analysis
	Component
	· Number of RATs

· Number of RF chains/antenna ports


Proposal 2: Elapsed time is recommended to be used for complexity analysis. 

Proposal 3: Occupied resource can also be considered to be used for baseband cost analysis. 

Proposal 4: Quantitative component is used for RF cost analysis.
Methodology for Performance evaluation
In the SID [3] requirements are defined making the low-end of the MTC market be competitive with that of GSM/GPRS terminals in the same market. Methodology for performance evaluation should cover such aspects as follows:
· Coverage
Candidate solutions which may impact on service coverage should prove that they meet the requirement that service coverage is not worse than GSM/GPRS. Link budget is recommended to be used for coverage evaluation. More details about discussion of coverage evaluation refer to [4].
· Overall power consumption
Power consumption is a function of many factors, such as implementation, transmits power capabilities, supported configurable parameters, algorithm complexity, etc. Applicable power consumption metric is proposed in [5] to define a set of key parameters for determining the power consumption of each particular block in the block diagram in [5]. Hence, the overall power consumption of the UE can be determined. 
Power consumption of the RF module is composed of the total UE transmit power during the transmitting time [5] and the DC power consumption of power amplifier, which is a significant contributor and consumes up to 5 times more power than other components [6]. 

Power estimation is an important part of the design process for most integrated circuits, and is usually implemented by commercial power estimation tools. In contrast, it is simple and convenient to estimate or compare the baseband module power consumption, which scales with complexity, by baseband complexity evaluation or comparison.
· Cell spectrum efficiency
It is required that the spectrum efficiency should be significantly improved for low-cost MTC UE when compared to that achieved for R99 GSM/EGPRS, and ideally comparable with that of LTE. Therefore, the cell spectral efficiency of the benchmark GSM/EGPRS solution should be identified and agreed, which is 0.25bit/s/Hz according to [7]. The relative spectrum efficiency increase of GSM/EGPRS or relative reduction of LTE can be determined analytically. Simulations may be needed such as evaluating the cell spectrum efficiency when only QPSK is used as the modulation scheme.
The requirement of spectrum efficiency is actually a range of achievable spectrum efficiency, from that achieved by GPRS at least to that achieved by LTE at most, and no need of further improvements. Such performance metrics should be compromised with the cost metric. Potential candidates captured in the TR should present spectrum efficiency as well as cost analysis. With regard to which are recommended, decisions are made by comparing all candidates based on the tradeoff between spectrum efficiency and cost and the expectation that cost should be reduced as much as possible.

· Impact on non-MTC LTE UE
Candidate solutions should meet such requirements defined in SID including reusing the existing LTE/SAE network architecture, keeping good radio frequency coexistence with legacy (Release 8-10) LTE radio interface and networks, as well as operation of low-cost MTC UEs and legacy LTE UEs on the same carrier. In addition, low-cost MTC UE may result in impact on the spectrum efficiency achievable for non-MTC UE in LTE Release 8-10 networks in the coexistence scenario, and candidate solutions should minimize such impact and present the impact analysis as well. 

Methodology for performance evaluation discussed above is summarized in Table 3.
Table 3: Summarization of methodology for performance evaluation 
	Performance 
	Methodology for performance evaluation

	Coverage
	· Link budget

	Power consumption
	· UE transmit power
· DC power consumption by PA
· Relative comparison of complexity

	Cell spectrum efficiency
	· Simulations for the average spectrum efficiency if needed
· Analysis for the relative spectrum efficiency reduction or increase to LTE or GPRS, respectively

	Impact on non-MTC LTE UE
	· Impact analysis on the spectrum efficiency achievable for non-MTC UE.


Proposal 5:  Methodology for performance evaluation listed in Table 3 is recommended. 
Conclusions
In this contribution, methodology for cost analysis and performance evaluation is discussed, and we have proposals as follows:
Proposal 1: Key contributors as listed in Table 1 to LTE UE cost should be recognized and agreed.
Proposal 2: Elapsed time is recommended to be used for complexity analysis. 

Proposal 3: Occupied resource can also be considered to be used for baseband cost analysis. 

Proposal 4: Quantitative component is used for RF cost analysis.
Proposal 5: Methodology for performance evaluation listed in Table 3 is recommended. 
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