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1. Introduction

In RAN #53 meeting, the study item “Provision of low-cost MTC UEs based on LTE” was approved. After RAN1 #66bis meeting, TR 36.888[1] was approved through the E-mail reflector. According to the approved TR, evaluation methodology for cost analysis should be discussed first. In this contribution, we discuss about cost factors and the related cost metrics of the reference LTE UE, which we expect would be helpful for cost analysis of the low-cost MTC UE.
2. Considerations on UE Cost analysis
Since it is not easy to do cost analysis based on actual price of each UE component in the market, we need to find an efficient way to cost analysis. Even if draft skeleton of TR of this SI has been agreed, detailed working methodology for cost analysis is still unclear since cost analysis is so implementation-specific in nature. 

In the following subsections, we provide cost factors which yield cost for each UE component and the related cost metrics from the perspective of RF cost and Baseband cost/complexity aligned with the skeleton of TR 36.888. Throughout this contribution, we assume category 1 UE as a reference LTE UE for the cost analysis.

2.1. RF Cost analysis
Table 1 shows the RF front-end components, the related cost factors, and the cost as the number of duplicated components. Since the band-specific components such as power amplifier, low noise amplifier, and duplexer/switch/filter need to be duplicated, cost will be proportional to the number frequency bands NBAND. Since the cost of low noise amplifier is affected by the number of RF chains in addition, the cost is given by NR∙ NBAND where NR denotes the number of receive antenna. The cost of duplexer will be NBAND if full duplex FDD mode is supported. Otherwise, simple switching is needed instead of duplexer. The cost of Rx filter will be NR∙NBAND irrespective of duplex mode.
 Table 1. RF cost analysis 
	UE components
	Cost factors 
	Cost 

(number of duplicated components)

	Power amplifier
	Number of frequency bands NBAND
	NBAND

	Low noise amplifier
	NBAND
Number of UE Rx antennas NR
	NR∙NBAND

	Duplexer/Switch/
Filter
	NBAND
NR
Duplex modes
	For full duplex FDD, 

Duplexer: NBAND
Rx filters: NR∙NBAND
For half duplex FDD and TDD, 

    Rx filters: NR∙NBAND


2.2. Baseband cost and complexity analysis
Unlike RF cost case, baseband cost analysis is more difficult and implementation-specific since most of baseband analysis is complexity-based rather than component-based except memory cost. For the cost analysis based on complexity of baseband components, therefore, it would be reasonable to count the number of operations (i.e. complex multiplications) as the cost metric. It is problematic that the complexity-based analysis would be still implementation-specific whatever cost metric is used. In this section, therefore, we focus on providing the cost metric in such a general way that implementation-specific feature is as least as possible for the purpose of complexity analysis. If we find a better way to capture implementation-specific feature in the cost metric, then, we are welcome to modify the cost metric given here. 

For each baseband component, we provide our observations as follows. 
OFDM demodulator
The cost of OFDM demodulator depends on both FFT size NFFT and the number of receive antennas NR. Considering radix-2 algorithm for FFT operations, OFDM demodulator requires NR∙NFFT /2∙ log2 NFFT complex multiplications. 
Channel estimation

Cost from channel estimation would not be easy since it highly depends on channel estimation algorithms (such as DFT based, 2-D winner filtering, 1-D winner filtering and etc.), RS used for estimation (CRS, CSI-RS, or DM-RS), the number of PRBs NPRB to be estimated, and NR. For the relative cost analysis, we introduce a variable CPRB denoting the number of complex multiplications per PRB given by a combination of certain channel estimation algorithm and RS used for estimation. Then, the cost of channel estimation could be roughly given by CPRB∙NPRB∙NR. 
MIMO receiver

Since the category 1 UE supports SFBC and Rank 1 transmission, SFBC decoder and MRC receiver can be considered for cost analysis of MIO receiver. The cost of SFBC decoder will be 4NR complex multiplications to estimate data signals transmitted by two REs. Considering the number of scheduled PRBs NPRB and the number of data REs NDATA-RE per PRB, the cost of SFBC decoder will be 2 NR∙NPRB∙ NDATA -RE. The cost of MRC receiver will be NR complex multiplications per RE if the MIMO equivalent channel can be directly estimated with DM-RS. On the other hand, MRC receiver based on CRS requires additional cost to calculate the MIMO equivalent channel. It can be obtained by multiplying the channel estimates from CRS and a MIMO codebook, and the additional cost will NR∙NT complex multiplications, where NT is the number of eNB transmit antennas. Thus, the cost of MRC receiver based on CRS will be (NT +1)NR complex multiplications per RE. The cost of MRC receiver will be NR∙NPRB∙ NDATA -RE or (NT +1)NR∙NPRB∙ NDATA -RE depending on the channel estimates from DM-RS or CRS, respectively.
CSI measurement

The CSI measurement consists of CQI and PMI measurement and does not include RI measurement because category 1 UE supports rank 1 transmission only. CSI measurement requires NCB∙NR∙NT complex multiplications with the MIMO equivalent channel for the calculation of signal power per RE. Note that NCB denotes the number of MIMO codebooks and the value of NCB depends on the number of eNB transmit antennas and MIMO modes. The cost of CSI measurement is therefore (NT +1)NR∙NCB∙NPRB∙NRE or 
(NT +1)NR∙NCB∙NPRB∙NRS-RE complex multiplications depending on whether both Data and RS REs are used or only RS REs are used. Note that NRE denotes the number of REs (including both Data and RS REs) per PRB and NRS-RE denotes the number of RS REs per PRB.
Table 2 summarizes the analysis in the above.
Table 2. Baseband cost analysis
	UE components
	Cost factors
	Cost (number of operations)

	OFDM demodulator
	FFT size NFFT
Number of UE Rx antennas NR
	NR NFFT /2∙ log2 NFFT

	Channel estimation
	Number of PRB NPRB
NR
	CPRB∙NPRB∙NR

	MIMO receiver
	NPRB
Number of data REs per PRB 
NDATA -RE
NR
Number of eNB Tx antennas NT
	SFBC decoder:

2 NR∙NPRB∙ NDATA -RE 
MRC receiver:
 NR∙NPRB∙ NDATA -RE 

or (NT + 1)NR∙NPRB∙ NDATA -RE

	CSI measurement
	NPRB

Number of REs per PRB NRE
Number of RS REs per PRB NRS-RE
NR
NT

Codebook size (or number of codebooks) NCB
	 (NT +1)NR∙NCB∙NPRB∙NRE 
or (NT +1)NR∙NCB∙NPRB∙NRS-RE


In addition, HARQ soft buffer memory and Turbo decoder memory should be considered for the baseband cost analysis, and the number of LLR values can be used as a cost metric. The cost of HARQ soft buffer memory will be the same as the number of soft channel bits of 250368 bits for category 1 UE. The cost of Turbo decoder memory will be the same as the maximum Turbo interleaver size of 6144 bits since turbo decoder operates per code block. 
Table 3 shows the memory components, the related cost factors, and the cost as the number of LLR values.
Table 3. Memory cost analysis
	UE components
	Cost factors
	Cost
(number of LLR values)

	HARQ soft buffer memory
	Number of soft channel bits
	250368

	Turbo decoder memory
	Max Turbo interleaver size
	6144


3. Conclusions
This contribution provides initial cost analysis of category 1 UE. For further progress of cost analysis, we need to specify the following working methodologies:

(1) We need to further clarify for the cost metric of each UE component, especially for baseband complexity. For that purpose, we may need to discuss about assumptions on cost analysis, i.e., Channel estimation method, used RS, and etc.

(2) We need to discuss about how to weight for each UE component. If the weight value for each UE component is agreed by any kind of method (technical analysis or rough estimation by majority or any method agreed in this SI), then, cost analysis can be roughly done. 

The standard aspects related to cost reduction can be found in another contribution [2].
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