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Discussion
1 Introduction

A study item on provision of low cost MTC UEs was approved at the RAN#53 plenary meeting. In the initial phase of the study, it is desirable to provide initial estimates of UE complexity in order to be able to focus the study on those areas that are likely to have the greatest impact on UE cost.

This Tdoc provides an initial analysis of LTE UE complexity based on our experience of UE design. It is identified that UE bandwidth has the greatest impact on LTE UE cost, followed by transport channel processing capability. These are the priority areas that RAN1 should consider in its study. A companion Tdoc [2] provides an initial analysis of the standards impacts of the complexity reduction features identified in this document.
2 Starting point for analysis
The goal of the study item is to reduce the cost of an MTC device to that of a GSM / GPRS device: that is the end point of the analysis. This section considers the starting point for the analysis, defining the baseline MTC device whose cost is to be reduced.

When considering the cost reduction of an MTC LTE UE, it is necessary to first define the starting point for the cost reduction exercise. The logical starting point for this analysis is the minimum complexity LTE UE that is currently allowed in the 3GPP specifications [3]: a category 1 UE. An argument that a higher category UE would be the minimum cost UE due to economies of scale arguments (to service the smartphone market) is flawed since the MTC market is predicted to be larger than the H2H market in the coming years [2], hence the MTC LTE UE with minimum cost according to the existing specifications is the category 1 UE.

Beyond the LTE modem, an MTC LTE UE category 1 UE designed for cost sensitive applications will have basic functionality. When used for a sensor / actuator / tracking-type application, the MTC LTE UE is expected to have the following features:

· Minimal user interface. There is no requirement for a costly display or input device. The display (e.g. high resolution colour display) and input device (e.g. touch panel) are considered to be significant cost elements in an LTE smartphone and are not required in the MTC LTE UE.

· Simple application. The MTC LTE UE is expected to run a simple application, such as taking sensor readings or taking location readings and reporting them to an MTC application server. An LTE smartphone is expected to have a powerful applications processor (circa 1GHz, possibly multiple cores) and this is not necessary for many MTC LTE UEs. For an LTE MTC UE, the radio protocol processing CPU load is likely to be significantly greater than the applications processing load.

· LTE-only connectivity. The MTC LTE UE is unlikely to require WiFi, Bluetooth and other local area connectivity technologies. Although an early to market MTC LTE UE may implement several RATs (for example GPRS and LTE), once LTE becomes ubiquitous (migration from GPRS is one of the motivations for the study item [1]), LTE-only MTC UEs are expected.

· Low mobile memory. The MTC LTE UE will require enough memory to store sensor readings or location readings for future transmission and to support radio protocol processing. In comparison a significant component on LTE smartphone cost is associated with provision of 8GB+ of memory for local storage of videos, applications etc. etc.
· Simple sensor or actuator. An MTC LTE UE may have a simple sensor, such as a sensor to monitor electricity usage, environmental parameters etc. In contrast an LTE smartphone is likely to implement multiple sensors such as cameras, acoustics, microphones, gyroscopes etc.

· Other components. An MTC LTE UE will also consist of components such as a battery, a housing and antennas. Some of these components may naturally be integrated with the machine itself (for example the housing and battery may be part of the machine itself and there may be little additional modem-related cost from providing these components). 

It is apparent that the most significant contributor to the cost of an MTC LTE UE is likely to be the LTE modem. In contrast for an LTE smartphone there are many device features beyond the modem that contribute significantly to device cost. Whereas 80% of the cost of an LTE smartphone may be unrelated to the LTE modem cost, it is probable that for a mass market MTC LTE UE, 80% of the cost is associated with the LTE modem itself. 

Given that most LTE networks are currently FDD LTE networks and that the SI objectives are to migrate devices to LTE to allow GPRS spectrum to be re-farmed, it is assumed that the baseline MTC LTE UE will operate in FDD spectrum. 

One of the goals of the study item is that Release 8-10 UEs and low cost MTC LTE UEs should be supported on the same carrier. Since there are various carrier bandwidths that will be implemented, depending on an operator’s spectral assets and LTE deployment plans, it is assumed that the baseline Release 8-10 UE will operate over a 20MHz bandwidth. By choosing this UE bandwidth as the starting point for the analysis, the cost reductions achieved are applicable to network operators with varying bandwidth channels.
Hence reduction of the LTE modem cost will significantly reduce MTC LTE UE cost. The minimum complexity LTE UE is the category 1 UE defined in [3]. This minimum complexity UE will also be the minimum cost LTE UE based on the economies of scale that will apply to a successful MTC market. The category 1 / 20MHz MTC LTE UE should hence be the starting point for the cost reduction analysis.
3 Elements of LTE MTC UE modem cost

It has been identified that modem cost is likely to be the most significant contributor to MTC LTE UE cost. In this section, an initial LTE modem cost breakdown is provided, based on the starting point identified in section 2: a category 1 LTE-only UE. For this UE, it is assumed that the baseband, RF and CPU costs account for 50%, 40% and 10% of modem costs respectively. Note that some of the device cost is also attributable to A/D and D/A cost. These costs are considered to be less significant than baseband, RF and CPU cost. The A/D and D/A cost scale with bandwidth.
3.1 RF cost breakdown

Figure 1 shows an initial estimate of the RF cost breakdown for a category 1 LTE UE. This UE implements receive diversity.
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Figure 1 – Initial cost breakdown of MTC LTE UE RF cost

Possible methods of reducing RF cost include:

· reduction of number of RF chains (the simplest device would not implement receive diversity)

· reduction in UE transmit power

· implementation of a half-duplex mode UE

The maximum reduction in power amplifier cost could be achieved by essentially removing the RF power amplifier such that the UE’s transmissions are driven by the RF transceiver directly. This would reduce RF cost by a maximum of 25% (see Figure 1).

Duplexing cost can be reduced by eliminating the full duplex FDD duplexer. This would create a half-duplex FDD device (note that any impact on UE peak rate or latency from the use of HD-FDD mode would be insignificant for many undemanding LTE applications). A half-duplex mode device would implement a switch instead of a duplexer, hence duplexing cost cannot be eliminated completely through the use of HD-FDD mode, however it is understood that the duplexing cost could be reduced by up to 90%.
Implementing a single receive branch UE would reduce RF transceiver cost. There are elements of the RF transceiver that cannot be eliminated (or halved) when the number of RF chains is halved (from two to one). Hence it is considered that a 33% cost reduction can be achieved by implementing a single branch receiver (assuming an initial split in RF transceiver cost of 33% per receive branch and 33% for common functions).

Based on the above discussion and the original estimate that the RF cost accounts for about 40% of modem cost, the possible cost reductions are:

· reduced transmit power: 40% ( 25% = 10% cost reduction

· half duplex mode: 40% ( 25%  ( 90% = 9% cost reduction

· reducing number of RF chains: 40% ( 40%  ( 33% = 5% cost reduction

3.2 Baseband cost breakdown

Baseband processing consists of a set of functions. The complexities of these functions have a relationship with either UE transport channel processing capability (a term that is defined by the UE category [3]), supported bandwidth, implementation of multi-antenna techniques or is fixed. Table 1 categorises UE baseband processing functions according to these relationships.
Table 1 – Categorisation of UE baseband processing functions
	function
	relationship
	notes

	DL front end processing
	bandwidth
	Number of filtering operations depends on sampling rate which is a function of bandwidth

	Time domain processing
	bandwidth
	FFT. 

	Sub-frame tracking
	fixed
	Provides knowledge of sub-frame boundaries.

	Synchronisation filtering
	fixed
	Initial synchronization to PSS / SSS.

	Controller
	none
	Controls timing and flow of data in ASIC.

	UL modulator
	category
	

	UL bit level processing
	category
	Transport channel processing etc.

	UL front end processing
	bandwidth
	Filtering. Complexity is a function of sample rate.

	DL control bit level processing
	bandwidth
	PDCCH, PCFICH etc. Reduced complexity if PDCCH etc. bandwidth reduces with user data bandwidth.

	PDSCH bit level processing
	category
	Transport channel processing etc.

	Turbo decoder + HARQ memory
	category
	HARQ memory complexity greater than Turbo decoder complexity.

	soft decision calculation
	category
	1 soft channel bit required for each received physical bit. 

	Channel estimator
	bandwidth
	Number of channel estimates required is a function of the number of reference signals that the UE has to decode.

	MMSE detector
	bandwidth
	

	SFBC detector / MIMO functions
	multi-antenna techniques
	MIMO and tx diversity reception. 

	Subframe buffering
	bandwidth
	Buffering of received samples prior to decoding.


The complexity figure for each of the functions referred to in Table 1 depends on implementation. In particular, the implementation could be either ASIC based or DSP based. However there is a relationship between the complexities of the two design approaches: if a cost reduction approach leads to a reduction in the number of ASIC gates, that approach will also often lead to a smaller number of DSP processor cycles being required. 

Out of the functions listed in Table 1, the functions with the greatest complexity for a category 1 20MHz LTE UE are given in Table 2 / Figure 2. The associated approximate complexities are based on experience of implementation of 3GPP modem functions. This table also states the mathematical relationship of the function’s complexity with either category or bandwidth. This relationship is linear for the most complex functions. Other UE functions have a complexity that scales at a greater rate than linearly (for example FFT complexity scales as N ( logN) and have a less significant starting complexity. The complexity of these functions becomes increasingly insignificant as bandwidth is reduced.

Table 2 – Functions with greatest complexity in a category 1 20MHz LTE UE and scaling relationships
	function
	scales with
	relationship
	approx. proportion

	Channel estimation / MMSE
	bandwidth
	linear
	~ 40%

	Turbo decoding / HARQ memory
	category
	linear
	~ 20%

	Subframe buffering
	bandwidth
	linear
	~ 15%

	Synchronization
	fixed
	N / A
	~ 10%
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Figure 2 – Functions with greatest complexity in a category 1 20MHz LTE UE
The scaling relationships of the functions are discussed below:
· synchronization. The PSS and SSS signals are contained within the central 1.08MHz of the LTE carrier for all carrier bandwidths. Hence the synchronization decoding complexity does not depend on either bandwidth or category.

· Turbo decoding / HARQ memory. The complexity of the Turbo decoder is linearly related to the number of bits that need to be decoded per transport block (and hence to the UE category). It is assumed that a single Turbo decoder is employed (and hence there are no step changes in complexity as the transport block size is reduced) and that the complexity of the Turbo decoding circuit can be reduced by for example making greater reuse of  internal elements (such as butterfly functions) as the transport block size is reduced.
The amount of HARQ memory required (number of soft channel bits) is a function of the transport block size when a minimum code rate is assumed for the largest transport format (Release 10 UE capabilities [3] are based on such an assumption). The amount of HARQ memory thus scales linearly with the transport block size and hence with UE category. 
· channel estimation. The number of channel estimates that are required is a function of the number of reference signals that need to be decoded. Reference signals are evenly spaced in the subcarrier domain, hence the number of reference signals is linearly related to the bandwidth of the transmission. The channel estimation function typically supports some form of interpolation between reference signals. The number of reference signals across which this interpolation occurs is generally less than the UE bandwidth.

· subframe buffering. The number of physical channel bits that must be buffered is a linear function of the bandwidth: each resource element across the channel bandwidth needs to be sampled and stored before the subframe can be decoded. The control channels (PDCCH etc.) span the entire channel bandwidth and the sub-frame buffer needs to be dimensioned for this bandwidth. The location of the PDSCH in the subframe is unknown until the control channels are decoded, hence the PDSCH must be buffered across the entire bandwidth.
 Given the proportions and relationships detailed in Table 2, the following complexity saving targets could be applied:

· reduction of category from 10Mbps to ~100kbps would reduce baseband complexity by ~20% (i.e. the transport channel processing complexity would become negligible).

· reduction of bandwidth from 20MHz to 1.4MHz would reduce baseband complexity by 55% ( (20 – 1.4) / 20 = 51%
Assuming UE cost is related to complexity and that the baseband cost accounts for 50% of UE cost in a category 1 20MHz LTE UE, the available cost reductions are:

· reduction of category from 10Mbps to ~100kbps reduces cost by 50%  ( 20% = 10%. With a lower UE category, the CPU cost of transferring data around the modem will also be reduced. An overall cost reduction of 13% is thus assumed.

· reduction of bandwidth from 20MHz to 1.4MHz would reduce cost by 50% ( 50% = 25%. A 1.4MHz bandwidth is the minimum bandwidth that is compatible with PSS / SSS and PBCH signals and at this stage in the study is considered to be the simplest minimum bandwidth to consider. 
The potential cost reductions detailed in this section are indicative and are considered suitable as an initial estimate. During the progress of the study item, the potential cost reductions can be considered in greater detail based on an agreed evaluation methodology [4]. 
3.3 CPU cost

Section 3.2 identified that some CPU cost reduction could be achieved by specification of a lower category UE (since the CPU would control the transfer of fewer bits around the modem in a cost-reduced LTE modem). That aspect of cost reduction is included in the baseband cost estimates described in that section.

It may be possible to further reduce the CPU cost by minimizing the required layer 1 processing (associated with defined UE procedures such as UL power control, CQI operation etc.) and by minimizing the required protocol processing (associated with MAC, RLC, RRC etc.). Whereas it might be possible to reduce the number of CPU cycles required for these processing functions, it is assumed that overall processing cost could be halved. The actual cost reduction that can be achieved in practice can be studied as the study item progresses. For this initial estimate it is assumed that the 50% CPU cost saving is equally divided between L1 processing and protocol processing, leading to 10% ( 50% ( 50% ( 3% cost savings for both the L1 processing and protocol processing functions.
3.4 Summary of potential cost savings

Based on the analysis of the preceding sections, Figure 3 summarises the cost savings that could potentially be achieved by cost reduction of a category 1 20MHz LTE UE to a 100kbps UE operating in a 1.4MHz bandwidth. The greatest cost savings are achieved by reducing UE bandwidth, followed by reduction of the peak supported data rate, reduction of UE transmit power and support of half-duplex mode. Other cost savings may be achieved by reducing the number of RF chains and reducing the layer 1 and protocol processing requirements.
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Figure 3 – Percentage savings from cost reduction strategies
4 Conclusions
This document has provided an initial indicative cost / complexity analysis of MTC UEs. More detailed complexity analyses can be performed as the study item progresses, however this initial study allows RAN1 to focus on those areas where the greatest complexity savings can be made. This analysis shows that:
· The greatest complexity saving is achieved by reducing UE bandwidth.

· Lowering the peak data rate of a UE (UE category) provides a significant, but secondary, cost saving.

· Other significant cost savings could be achieved by a reduction in UE transmit power, operation in half-duplex mode and reducing the number of RF chains.

· Reduction of L1 processing and protocol processing may also lead to UE cost savings.

Based on these identified cost savings, a companion document [2] proposes which cost reduction approaches should be prioritized in RAN1 based on a balance of the cost savings achieved and the standards impacts. 
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