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Introduction

The Rel.-11 SI on “Provision of low-cost MTC UEs based on LTE” was approved in RAN#53 [1] and aims to study potential options for low-cost implementation of MTC devices. At the last RAN1#66bis meeting the initial discussion on low-cost MTC implementation has been started [2]. In this contribution we provide our views on main standard aspects that significantly contribute to the MTC device cost. The Category-1 UE modem was used as a reference modem for our analysis.
Discussion on Relative Cost Reduction for MTC Devices
Methodology for Cost Analysis

Conducting cost reduction analysis is not a simple and straightforward procedure for equipment vendors. In practice cost reduction depends on multiple factors that in many cases even not standard but rather market and/or usage case driven aspects. In general the MTC device cost may be optimized for some usage cases [4] and application scenarios if worldwide adoption and huge volume of such devices is envisioned. 
For instance, in MTC application for cargo usage case (shipment tracking), it is most likely that MTC device will require support of multiple bands and roaming capabilities to be able to operate in different countries. On the other hand the power meters usage case that is subject to local certifications and regulatory rules may be equipped with MTC devices that support a few bands or only bands needed in considered country. Additionally, the projected volume of the particular device or use case play an important role as cost driving factors in MTC cost. In other words, depending on application, usage case and the volume of the target MTC device usage, the MTC devices itself can be classified into several subcategories in terms of the supported features and associated prime cost.
Observation 1: In general the cost of MTC devices may vary significantly depending on the considered use case and projected volume. The worldwide adoption of certain application may stimulate vendors to design MTC device optimized for this application by minimizing its cost based on its volume and scale.

Even if only standard aspects are considered, each equipment vendor has its own quite complex composite metric that determines the final cost of the commercial product. This metric is typically implementation and architecture specific and also depends on multiple factors that are not under control of 3GPP (e.g. development cost, manufacturing cost, design style and architecture, business model etc.). To make general analysis of potential cost reduction for MTC devices, it is important for RAN1 to define criteria used for relative cost reduction analysis that are vendor-independent as much as possible. Additionally it is essential to define baseline assumptions of the reference modem (in addition to Category-1 assumption) that should be used by vendors to elaborate on standard aspects with potential cost reduction.
Observation 2: To make detailed relative cost reduction analysis in the framework of the Low-cost MTC SI it is important to agree on “vendor-independent” metric(s) to be used for estimation of relative cost reduction as well as to specify baseline assumptions of reference device in addition to Category-1 consideration.
One of the general metric that can be proposed for cost analysis is the complexity in terms of the amount of operations per information bit. However this metric can be adopted only for Baseband and is not relevant for RF processing. Therefore, definition of different metrics for baseband and RF are required. Additional examples of cost metrics could be the rough estimates of potential silicon (die) area reductions for agreed abstract device model.

Taking the mentioned above observations into account, in the next sections we provide the list of potential standard aspects that may be considered as candidates for relative cost reduction of the baseband and RF units of MTC device. In addition the tradeoff between cost and system performance as well as impact on specification is provided.

Cost Drivers of Reference LTE Modem 
In this section we provide analysis of different aspects that significantly contribute to MTC modem cost composed from RF and baseband parts. The radio interface protocol (e.g. MAC, RRC) and support of upper layers (e.g. NAS protocols) related items which might also affect the cost of MTC device are not included in this analysis and out of the scope of this contribution. 
The list of the most essential standard aspects that can be considered as cost driving factors for both baseband and RF parts are listed below. The separate discussion on baseband and RF specific items will be provided in the following subsections of this document.

1. Number of supported bands 

2. Support of duplexing modes

3. Maximum supported bandwidth

4. Number of transmit and receive RF chains

5. Power consumption considerations

6. Peak throughput considerations and reduction of the # of HARQ processes 
Standard Aspects Impacting MTC Device Cost

Radio Frequency Processing
The total cost of the RF part is composed from the cost of integrated (RFIC) and external RF modules. The integrated modules have direct impact on silicon chip (die) area which is one of the main metrics that determines the final cost of the integrated RF modules. On the other hand there are multiple external components and the cost of external components (such as filters, power amplifiers, and switches) depends on several factors, e.g. the number of supported bands, the selected band combinations, etc. 
In the rest of this subsection, we will discuss details of the identified standard aspects that substantially contribute to the cost of the RF part of the UE Category-1 modem.

a) Number of Supported Bands

The number of supported bands and the band combinations are one of the key factors in terms of potential reductions of the RF cost. According to our estimates the support of single band instead of multiple bands can substantially drop down the RF cost, e.g. filters, power amplifiers, etc. However the number of supported bands cannot be considered as a purely standard aspect since there is no requirement in the specification to support all bands or specific set of bands. The number of supported bands is more a market or usage case driven factor that has substantial impact on the MTC device cost.
Following the working assumption of MTC SI agreed by the group during the last RAN1 meeting the MTC device should be able to operate in different countries that presumes support of multiple bands. However it has to be noted that there may be certain MTC applications that do not require multiple bands and thus the single band or devices with reduced band capabilities may be more cost-efficient in these particular applications. Since the number of supported bands and the relevant band combinations significantly affect the RF cost, we believe that it is important to introduce baseline assumption in terms of the number of supported bands and band combination as the reference MTC RF design when we compare or conduct further cost reduction analysis.

Observation 3: It is important to have a baseline RF assumption in terms of the number of supported bands and band combination in the reference MTC design when we compare or conduct further cost reduction analysis.

Proposal 1: The number of supported bands and the band combinations have (1) strong market and usage dependency (2) substantial impact on the MTC device RF cost. 
b) Support of Duplexing Modes

Both TDD and FDD duplexing modes are supported by the LTE specification. RF processing in FDD mode is more complicated and costly comparing to TDD mode since different carrier frequencies has to be handled simultaneously in FDD. Assuming support of multiple bands for FDD mode, the multiple duplexing filters with high degree of DL and UL isolation have to be used. Avoiding or relaxing requirement for duplexing filters may substantially reduce the RF cost of UE modem. It seems to be reasonable to consider supporting MTC operation in H-FDD duplexing mode in FDD spectrum for the sake of MTC device cost reduction.

Proposal 2: Support of H-FDD duplexing can be considered as a driving factor for low-cost MTC.
c) Maximum Supported Bandwidth

The limitation of maximum supported bandwidth may be beneficial for RF cost reduction. However, due to the wideband transmission of the current LTE control channels it is difficult to enable coexistence of low-bandwidth MTC devices in wide-bandwidth network deployments without substantial specification changes. Implied specification changes make this solution unattractive from the design point of view, even taking into account the fact that MTC devices are low-rate terminals having infrequent transmissions. 
This topic may be further debated if efficient and simple solution for support of low-bandwidth MTC devices in wide bandwidth legacy deployment is enabled or foreseen in future LTE releases (e.g. when new physical structures for control channels are introduced and adopted). The straightforward solution of restricting the maximum supported bandwidth of MTC devices does not seem to be practical and an efficient way to accommodate the forecasted growth of MTC devices without severe constraints on the network capacity (in terms of the number of MTC devices supported).

Proposal 3: Limiting the maximum supported bandwidth for MTC needs to be carefully evaluated for its potential standard impacts.

d) Number of Transmit and Receive RF Chains

The UE modem device assumes by default at least two receive antennas and at least one transmit antenna. All UE reception requirements [3] are currently defined assuming two receive antennas. The assumption of single receiver chain will also provide the cost reduction, however, at the expense of high performance loss. The associated cost reduction may be considered as reasonable if other performance characteristics such as coverage and capacity are kept at the competitive level. However, the number of receive antennas may be also considered as vendor specific parameter (not as a standard aspect) unless a clear definition of single antenna reception support is introduced and requirements for single receive antenna devices are defined in the specification. The single RX antenna may be considered only if RAN1 evaluation shows that the coverage characteristics are still at the competitive level and this configuration is explicitly introduced into the specification.
Note: The assumption that MTC device will operate with one receive antenna will require additional RAN4 efforts to specify UE reception requirements. 
Proposal 4: The single RX antenna may be considered only if RAN1 evaluation shows that the coverage characteristics are still at the competitive level.

e) Power Consumption Considerations
The power consumption can be divided into two parts: the consumption at the TX side and the consumption at the RX side.
Since for most use cases the transmission of MTC is considered to be infrequent and low rate the TX power consumption does not seems to be significant factor, unless other conclusion is drawn from the MTC traffic models to be agreed soon. On the other hand the support of high-power power amplifiers is necessary to keep the uplink coverage characteristics at the current level. The limitation on the maximum transmit power constraint also can be considered as a market-driven factor for certain use cases and can be also a part of MTC device sub-categorization. The decision on maximum transmit power constraint should be accompanied with corresponding evaluation to ensure that target MTC performance requirements are satisfied.
Discontinuous reception (DRX) is currently used for the LTE UEs to periodically switch off the receiver circuitry and save battery power. The existing DRX mechanism can also be used for MTC devices to reduce power consumption.
Baseband Processing

The latency, throughput and area efficiency tradeoff is a typical paradigm of the ASIC design. Equipment vendors may come up with absolutely different solutions for MTC device implementation (e.g. based on their proprietary light weight application specific instruction processors (ASIP) or digital logic or hybrid solutions). Different design approaches may operate at different clock frequencies and may turn into different technical performance characteristics such as die area, power consumptions, latency, etc. In order to provide the relative cost reduction for baseband processing the definition of vendor independent metric is desirable to be agreed by the group for this study. One vendor-independent metrics that can be considered for potential estimation of baseband cost reduction are baseband complexity (in terms of the number of basic baseband operations per information bit) and consumed silicon area. Also baseline assumptions on the reference baseband modem have to be made to come up with cost reduction estimates. 
Independently of the vendor specific design and architecture, the total number of required Digital Signal Processing (DSP) operations per information bit will not change significantly assuming the fixed set of basic DSP algorithms to be implemented. Consequently the quite general factor such as the number of DSP operations can be considered as a rough metric to reduce the baseband cost of MTC devices although not as an absolute metrics.

In the rest of this subsection, we will discuss details of the identified standard aspects that influence the cost of baseband processing and have significant impact on the number of DSP operations.

a) Peak Throughput Considerations & Reduction of the Number of HARQ Processes
Further restrictions on peak throughput comparing to UE Category-1 modem are beneficial for MTC device cost reduction. Constraints on peak throughput will simultaneously reduce the memory requirements and computational complexity of the MTC device. One of the major contributors to UE cost is the size of HARQ soft buffer. This buffer is used for all the HARQ processes and stores LLRs for HARQ operation. The size of this buffer is a function of transport block size and the number of supported HARQ processes. For Category-1 UE the total number of soft channel bits is equal to 250368 bits which can be further reduced for MTC device by constraining the maximum transport block size and the number of HARQ processes.
Proposal 5: Reduced HARQ buffer size and number of HARQ processes should be considered for low-cost MTC. 

b) Maximum Supported Bandwidth 

Reducing the maximum bandwidth linearly decreases the number of required DSP operations, which implies this standard aspect will contribute to lowering the MTC device baseband cost. However support of low-bandwidth MTC operation in wide band deployments is not trivial and requires major changes to specification. Enabling the coexistence of 1.4MHz MTC device in 20 MHz network requires major changes to physical structure and various wideband control channels (e.g. PDCCH, PCFICH, etc.). 
The potential impact also includes the need of skipping decoding various DL control channels and original size of FFT/IFFT block. Under these provisioned standard impact, the further potential savings in frequency domain processing does not seems to be justified.
c) Number of Transmit and Receive Chains 
Currently specification supports uplink transmission with one TX antenna, so additional savings in the baseband transmission chain cannot be achieved for this aspect. As for RX chain, there is an underlying assumption that UE has two receive antenna. The receive DSP processing complexity reduction can be achieved if only one RX antenna is applied (e.g. reduce number of FFTs operations in two times, simplify channel estimation in two times, decrease the number of digital front-end units, etc.). However all these benefits in terms of complexity reduction may come with substantial performance loss due to lack of receive diversity and signal combining gains, even with the help of TX diversity from eNB side.
RAN1 may consider single RX antenna as a candidate for implementation in low-cost MTC devices, the corresponding evaluation has to be conducted in order to ensure that system has competitive performance characteristics and target MTC performance requirements are satisfied.

Note 1: The assumption that MTC device will operate with one receive antenna will require additional RAN4 efforts to specify UE reception requirements.
d) Power Consumption Considerations
For low rate MTC, the existing DRX mechanism can be used to reduce the power consumption. 

Cost vs. Performance Tradeoff Analysis

In general the cost reduction can be achieved at the expense of some reasonable performance reduction. For low-cost MTC devices the situation is different from this case, since those devices have substantially relaxed performance requirements mandated by their use cases. This is why we believe that at the first stage of the SI it is important to specify main requirements that MTC devices should met. Once the technical requirements are defined and potential MTC market is identified, the cost-optimal design options can be fairly evaluated and compared.
The further cost versus system performance trade-off (that can be achieved by reducing device capabilities with respect to different standard aspect) has to be carefully analyzed before RAN1 makes decision on potential MTC feature reduction. Any feature reduction should be supported by performance evaluation in order to ensure more competitive performance levels with the deployed GSM/EGPRS networks.

Coverage Analysis

In terms of coverage analysis, we think that single RX antenna assumption as well as potential reduction of maximum transmit power have the most critical impact on system coverage and robustness. Careful coverage analysis and evaluation are needed, when considering these factors as candidates for low cost MTC implementation.
Impact on Specification

In terms of impact on specification we believe that the most substantial impact comes from the support of low-bandwidth MTC devices operation in wide band deployments co-existing with other wider-band non-MTC devices. Enabling this option may require substantial work load across almost all RAN groups (RAN1, RAN2 and RAN4) and will also require significant changes to specification. Another large impact on the specification is the adoption of MTC solutions based on single RX antenna. Standardization of this option will require design of performance requirements and thus increase the workload of RAN4. 
Summary and Conclusions
In this contribution we have provided our views on the standard aspects which have significant impacts on MTC cost reduction relative to UE Category 1. According to our evaluation the relative cost reduction for future MTC devices is mainly expected from the potential savings in RF and Baseband parts. The following table provides summary of the main standard aspects that we would like to consider for low-cost MTC device implementation.

Table 1: Standard aspects relevant to MTC cost reduction 
	Standard Aspect
	Specification Parameters

	
	LTE UE Category 1
	Low-cost MTC UE

	Bandwidth Supported
	1.4,3,5,10,15,20 MHz
	1.4,3,5[,10,15,20] MHz

	Number Receive antennas
	>= 2 (no constraint)
	[1,] 2

	Soft buffer size
	250368
	Lower than Category 1 device[TBD]

	Number of HARQ processes
	Up to 8 in FDD
	1, [2]

	Duplexing Mode
	FDD/TDD
	H-FDD/TDD

	Maximum transport block size
	10296
	Lower than Category 1 device [TBD]

	Maximum Transmit Power
	23 dBm
	23dBm


Summarizing our evaluation we have following proposals:

Proposal 1: The number of supported bands and the band combinations have (1) strong market and usage dependency (2) substantial impact on the MTC device RF cost.

Proposal 2: Support of H-FDD duplexing can be considered as a driving factor for low-cost MTC.

Proposal 3: Limiting the maximum supported bandwidth for MTC needs to be carefully evaluated for its potential standard impacts.

Proposal 4: The single RX antenna may be considered only if RAN1 evaluation shows that the coverage characteristics are still at the competitive level.

Proposal 5: Reduced HARQ buffer size and number of HARQ processes should be considered for low-cost MTC. 
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