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1
Introduction

The study item description sheet [2] for the study on provision of low-cost MTC UEs based on LTE has been updated to include the need to study a 20dB improvement in coverage in comparison to “normal LTE”. This coverage improvement should be consistent with lowering the cost of MTC UEs.
This document discusses potential ways of improving the coverage of LTE in line with the objectives of the study item description.

The document proposes that increasing the power spectral density and reducing the number of resource blocks transmitted should be considered in the study item as a viable approach to improving coverage.

While significantly improving the coverage of LTE is important for MTC applications such as smart metering, it is also important for LTE applications such as public safety. In public safety applications, there may be cases where there are coverage issues (e.g. due to limited infrastructure after a disaster, rescue work being undertaken in collapsed buildings etc.). Although technologies such as device to device communications (D2D) are essential to public safety when there is limited infrastructure, improving the coverage of the remaining infrastructure at times of disaster is also important. Hence although the current interest in coverage improvement is particularly motivated by smart metering applications, it would be beneficial if technologies that are developed as part of this MTC study can be more generally applied to the LTE system.  

2
Coverage Extension: The Conceptual Problem 

Whether an information bit is correctly decoded by the UE fundamentally depends on the energy per information bit divided by the noise power spectral density (Eb/N0).

Eb/N0
The required Eb/N0 for successful decoding of a bit depends on various factors including:
· Modulation format. Higher order modulations generally require higher Eb/N0 figures than lower order modulation formats. At the limit of coverage, a low order modulation format such as QPSK or BPSK would be used. The Eb/N0 performance of QPSK and BPSK are similar.
· Channel model. The Eb/N0 requirements change as a function of the channel model. If the same channel model is assumed at the cell edge for both the coverage extension case and the normal deployment case, there is no Eb/N0 difference between the two cases. 
· Transport channel processing. The degree and sophistication of the interleaving can affect the Eb/N0 requirement in a fading channel. The Eb/N0 performance of error control coding schemes (such as Turbo coding) also varies. LTE uses sophisticated error control coding and interleaving schemes and there is probably limited scope to improve the Eb/N0 performance by more than a fraction of a dB.
Observation 1: there is limited scope to improve the Eb/N0 performance of LTE.
N0: noise power spectral density

The noise power spectral density experienced at the UE’s and eNodeB’s digital front-end is a function of physical parameters (including temperature, Boltzmann’s constant etc.) and the noise figure of the RF stages of the receiver. Many of the physical parameters are fixed and there is little scope for improving the UE or eNodeB noise figure, especially if the overall goal of the exercise is cost reduction. Attempting to change the receiver’s noise power spectral density, N0, is thus not considered to be a fruitful approach to improving coverage. 
Observation 2: there is limited scope to reduce the noise power spectral density, N0, at the receiver.
Eb: energy per bit
The received energy per bit depends on the transmitted energy per bit in the direction of the UE and the pathloss:
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In order to increase the coverage, either:

· The transmitted energy per bit can be increased. Increasing the energy transmitted per bit from the base station does not necessarily increase the power consumed by the base station, since fewer bits can be transmitted to coverage-limited UEs. 
· The pathloss can be reduced.  This would require changes to the deployment, e.g. installing more basestations, employing relays, etc. Changes to the deployment may not be palatable.

· The direction of the energy transmitted by the eNodeB and / or received by the UE can be more focussed. Multi-antenna techniques would enable the transmit energy to be focussed to a UE, but would require the addition of antenna arrays to the eNodeB and may require the use of more antennas at the UE. Use of antenna arrays at the eNodeB is not consistent with the study item’s aim to not necessarily require changes to the LTE base station hardware. Use of more antennas at the UE is not consistent with lowering the cost of the MTC UE.
Observation 3: increasing the energy transmitted per bit will increase coverage.

3
Increasing the energy transmitted per bit

In section 2, it has been observed that increasing the energy transmitted per bit is the most likely strategy to significantly improve the coverage for MTC UEs. This section considers how the energy transmitted per bit can be increased.

The energy transmitted per bit is a function of the transmitted power per bit and the time over which the bit is transmitted:
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Hence the energy transmitted per bit can be increased by either increasing the transmit power or increasing the time duration over which the bit is transmitted.
Increasing time duration of bit transmission

The time duration of the bit transmission can be increased by increasing either the symbol length or the number of symbols over which the data bit is transmitted. 
Increasing the symbol length would require a new OFDM / SC-FDMA numerology: this would require a significant amount of specification, including consideration of the coexistence of that new numerology with LTE systems using the Release-10 numerology.
Increasing the number of symbols over which a data bit is transmitted maps to increasing the repetition coding applied to a bit. As the amount of repetition coding is increased, channel estimation performance will soon become the limiting factor with the current density of LTE reference signals. In order to allow for an increased amount of repetition coding, the density of reference signals would have to be increased (although in a slow moving channel that might be typical in a smart metering deployment, it may be possible to integrate across symbols in the time domain. Ultimately channel coherence time and frequency accuracy will place a limit on the maximum integration time, at which point an increased reference symbol density will be necessary). These new reference signals would require significant specification work, including consideration of the coexistence of these new reference signals with the Release-10 reference signals.

Observation 3: increasing the time duration of bit transmission would probably require significant modification to the specifications.

Increasing transmitted power per bit
More power can be transmitted per bit by either increasing the overall transmit power of the base station or concentrating the eNodeB / UE’s transmit power in a limited number of subcarriers. Concentrating transmit power is essentially the approach taken in the LTE uplink where the cell edge UEs can concentrate their transmit power into a single resource block whereas cell centre UEs can transmit their transmit power across all resource blocks in the carrier.

Figure 1 shows an example of how the power per transmitted bit can be increased. A 20MHz eNodeB with a total output power of +43dBm transmits 100 resource blocks where each RB is transmitted at a power spectral density of 43dBm / 100RB = 23dBm / RB. If it were possible to transmit that power in a single resource block, the power spectral density of downlink transmissions would be 43dBm / 1RB = 43dBm / RB. Note that the power spectral density of both the data bearing resource elements and the reference signals is increased by this method. 

If the UE is allocated a single physical resource block (whether the eNodeB transmits 100RB or 1RB in total), then the increase in the energy transmitted per bit is 43dBm – 23dBm = 20dB (a 100-fold increase). I.e. the factor by which the energy per bit is increased is the same as the factor by which the bandwidth is reduced.

Note that reducing the bandwidth of transmissions by 100 leads to a 20dB increase in the transmitted energy per bit. Hence the received Eb/N0 at the UE would be increased by 20dB and the coverage requirement in the SI description sheet could be achieved.
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Figure 1 – Improving coverage by concentrating eNodeB transmit power into less physical resource

Figure 1 shows the eNodeB’s transmit power being concentrated into a single resource block. In the limit, the eNodeB could transmit with less than a single resource block, allowing for 20dB coverage gains to be achieved in system bandwidths less than 20MHz. 
An alternative way to increase the power per transmitted bit would be to simply increase the transmit power of the eNodeB across the entire LTE bandwidth. In order to achieve a 20dB coverage increase, the transmit power of the eNodeB would need to be increased by 20dB (e.g. from +43dBm to +63dBm): this power increase would certainly require new base station hardware and would be unpopular with the general public. Hence a simple gross increase in transmit power of the eNodeB is not considered to be feasible.

Although Figure 1 relates to the downlink, the approach of narrowing the bandwidth of an eNodeB’s transmission can also be applied to uplink transmissions. In Release 10, the minimum amount of physical resource that can be applied in the uplink is 1 resource block (12 subcarriers). TR36.888 [1] assumes that two resource blocks are used by PUSCH when calculating the maximum coupling loss for LTE FDD (Table 5.2.1.2-2 of [1]). If UE’s were able to transmit using a single subcarrier, then (compared to the LTE FDD system assumed in [1]) the power transmitted per uplink bit could be increased by a factor of 24 (2 resource blocks containing 12 subcarriers in comparison to transmission on a single subcarrier). Hence a 14dB improvement in link budget (and coverage) would be possible by reducing the number of subcarriers transmitted in the uplink.
Observation 4: the energy per transmitted bit and hence coverage can be increased by applying all the transmit power of both the eNodeB and UE to fewer subcarriers.

4
Increasing Transmit Power Spectral Density in LTE

Section 3 identified that increasing the power spectral density of transmissions from the eNodeB will be an important concept for increasing the coverage of LTE to support coverage-limited devices such as smart meters. There are several challenges that have to be overcome when implementing this concept:
· Backwards compatibility. Legacy UEs would not be aware that certain subframes (i.e. the subframes where coverage limited UEs are scheduled) contained transmissions at a higher power spectral density than other subframes. To provide for backwards compatibility, the subframes where coverage limited UEs are scheduled could be defined as almost blank subframes / MBSFN subframes to legacy UEs. As shown in Figure 3, within the MBSFN subframes, only the legacy control channel region would be transmitted across the entire system bandwidth: other symbols would transmit a reduced number of resource blocks at a higher power, would not transmit reference signals outside of those resource blocks and would contain a separate control channel region (as already envisaged in TR36.888 [1]). Note that coverage-limited UEs might need to be signalled the number of resource blocks active in subframes assigned for coverage-limited UEs: this would enable those UEs to determine the available reference signals for the purpose of channel estimation (ensuring that UEs do not interpolate to reference signals outside the resource blocks that are actually transmitted by the eNodeB).
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Figure 3 – transmission at a higher power per RB in MBSFN subframes
· Reduction of data rate. When there is less physical resource available in the system, the data rate that can be applied to a UE is reduced. In addition the data rate of the control channels will be reduced. Although the packet sizes envisaged in the SI description (20 bytes in the DL and 100 bytes in the UL) are smaller than would be transmitted in a typical LTE deployment, more than a single subframe would probably be required to transmit these packets and their associated control channels. The relationship shown in Figure 2 for the control and data channel structure might hence be appropriate for improving the coverage of MTC UEs. This figure shows a single PDCCH allocating a single PDSCH where the PDCCH and PDSCH are both spread across more than one subframe. An analogous approach could be employed in the uplink.
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Figure 2 – Relationship between PDCCH and PDSCH for improving LTE coverage

· Interference mitigation. It is possible that the downlink transmissions to coverage limited UEs could interfere with transmissions to legacy UEs in neighbour cells. In particular a high power transmission in the central resource block(s) of a neighbour cell (where the neighbour cell is serving coverage-limited UEs) could create interference in the serving cell that is restricted to those central resource blocks. This narrow band interference could have a detrimental effect on UEs scheduled in the serving cell in those resource blocks. This interference issue could be mitigated by frequency hopping transmissions destined for coverage-limited UEs, randomising the interference observed in neighbour cells by legacy UEs. Frequency hopping can be compatible with low cost, reduced bandwidth UEs of type DL-1 [1] when a time gap is inserted between frequency hops and other low cost UEs’ transmissions are time multiplexed into those time gaps (for reduced bandwidth UEs of type DL-2 or DL-3, there is probably no requirement for a time gap).
5
Other Factors Improving Coverage

Section 3 identified that concentrating the transmit power of the eNodeB into a restricted number of subcarriers has the potential to significantly improve both downlink and uplink coverage. The following techniques could additionally be applied to further improve coverage:
· TTI bundling could be applied, assuming that the baseline LTE system considered in TR36.888 does not assume TTI bundling. In a static channel, doubling the number of TTIs over which a given number of bits is transmitted should improve the link budget by 3dB (with a consequent reduction in data rate). 

· Use lower order modulation formats. Use of BPSK decreases the rate at which bits are transmitted over the channel and increases the transmission time per bit. At a given transmit power level, the use of BPSK thus doubles (relative to QPSK) the time required to transmit a bit of information. In a static channel, a link budget gain of approximately 3dB should be possible from the use of BPSK for coverage limited UEs. In order to be able to operate at the lower SNRs associated with BPSK cell edge performance, the density of reference signals may have to be increased.
· Account for static channels observed by smart meters. Smart meters are fundamentally stationary devices. The channel observed by a smart meter is hence likely to be stationary (although some reflectors in the vicinity of the smart meter may be mobile, giving some degree of mobility in the channel). The coverage impacts of the techniques considered in TR36.888 [1] may not be as significant for smart meters since TR36.888 considered non-zero channel speeds when analysing coverage.

· Increase observation time. The observation time of some channels, such as the synchronisation could be increased. As the observation time of these channels increases, the effective SINR observed by the UE increases, helping to improve coverage. The increased observation time would increase cell search times and connection times, but these may not be significant issues for UEs that are stationary (such as smart meters): such UEs would not have to continually monitor synchronisation signals from neighbour cells as they are not going to physically move to the location of those neighbour cells. 
6
Impacts of Increasing Power Spectral Density of LTE
This section provides an initial analysis of the impacts of increasing the power spectral density of LTE transmissions in order to improve coverage.

It should be borne in mind that these impacts only affect a subset of the MTC UEs (for example smart meters and other UEs that the coverage improvement aspects of the SI targets). There are many MTC applications for which these coverage improvements are unnecessary (such as tracking devices, environmental monitoring sensors, vending machines, street furniture devices etc.).

Coverage

Reduction of the number of resource blocks transmitted by a factor of 100, with a concomitant increase of the transmit power per resource blocks of the remaining resource blocks, would increase the received energy per bit by 20dB and would hence achieve the objectives of the study item.

The coverage improvement for PDSCH and PDCCH could be achieved solely by increasing the power spectral density of the LTE transmissions (noting that from TR36.888, PDSCH and PDCCH have a 5dB superior MCL to PUSCH). If only a 15dB coverage improvement were required for PDSCH and PDCCH, the number of resource blocks transmitted would only have to be reduced by a factor of 30, hence:

· a 5MHz system could transmit 1 RB instead of 25, achieving a 15dB coverage improvement
· a 10MHz system could transmit 2RBs instead of 50

· a 20MHz system could transmit 4 RBs instead of 100

Increasing the power spectral density of UL transmissions through the transmission of a single subcarrier in the UL would provide a 14dB coverage improvement (section 3) relative to the PUSCH format used as a baseline in TR36.888. Use of BPSK and TTI bundling could potentially provide a further 6dB coverage improvement, leading to an overall coverage improvement of 20dB.
Minimum data rate

At the limit of coverage, the minimum data rate supported in both the UL and DL is reduced. This is entirely consistent with the observation that coverage is extended by concentrating the transmit power of a UE or eNodeB into individual information bits: when power is concentrated into individual bits, there is no remaining transmit power to apply to other bits. This is the nature of the beast: significantly increasing LTE coverage will reduce the minimum data rate.

The study item objectives show that packet sizes for coverage-limited UEs can be small and that these UEs are delay tolerant. Hence a decrease in the minimum data rate is not necessarily a problem for coverage-limited UEs.

Power consumption
Significantly increasing coverage requires the energy transmitted per bit to be increased. This would appear to be a fundamental truth. Hence for the same packet size, the transmit energy consumed in transmitting that packet will increase. Increasing coverage will hence increase the power consumption of the UE.

Impact on specifications

There will be an impact on specifications from increasing coverage. Some aspects that would have to be addressed in the specifications may include:

· Definition of a separate control channel region (this is probably required in any case when the bandwidth is reduced to lower the cost of an MTC UE).
· Signalling to coverage-limited UEs of the nature of the subframes in which they will be scheduled.

· Definition of physical and transport channels occupying a number of subcarriers that is less than for Release-10 LTE.

· Definition of frequency hopping patterns (if frequency hopping is required to mitigate intercell interference or to regain the benefits of frequency diversity when otherwise narrowband transmissions are used).

· Modification of HARQ cycles and timing relationships between PDCCH and PUSCH / PDSCH. There will also be modifications to the timing relationships related to PDSCH and PUCCH/PUSCH; and between PUSCH and PHICH.

· RAN4 specifications covering aspects including performance requirements, coexistence studies etc.

Cell spectral efficiency
When UEs transmit UL signals in less physical resource than Release-10, the unused physical resource can be applied to other UEs, hence this aspect of increasing coverage does not in itself reduce uplink cell spectral efficiency. If techniques such as the use of BPSK and TTI bundling are used, the message transmission time is increased and the cell spectral efficiency will be negatively affected.

When the eNodeB concentrates its energy into a restricted number of resource blocks, the amount of physical resource available is decreased and the cell spectral efficiency is impacted. This is not really an effect of an inherent inefficiency in the transmission scheme: it is merely a consequence of the fact that an eNodeB with a limited transmit power capability (e.g. +43dBm) cannot increase the power spectral density of all its downlink resource blocks. If the overall transmit power of the eNodeB were increased, DL traffic could be applied to previously unused resource blocks.

The study item description sheet states that “a relatively small proportion of traffic requires the coverage improvement, and the traffic can be scheduled at quiet times”. If coverage-limited MTC UEs are scheduled at quiet times, a loss in cell spectral efficiency could be considered to be moot since the cell’s resources being used by these coverage-limited UEs are not being taken away from other UEs (those other UEs are “quiet” and have no use for the cell’s resources). In addition, any cell spectral efficiency loss will be diluted since only “a relatively small proportion of traffic requires the coverage improvement”. 

7
Coverage Improvement for All LTE Channels
The coverage of all appropriate LTE physical channels needs to be improved (unless it can be identified that some channels are unnecessary for MTC operation).
For the sake of brevity, this Tdoc has used specific control and data channels (PDCCH, PDSCH, PUSCH) to show how an increase in the power spectral density can improve coverage. We believe that this principle can also be applied to other channels (PRACH, SCH, PBCH, PHICH etc.). 

A document of a reasonable length cannot fully explore all the issues related to coverage improvement for all of these channels, but the concept of increasing the power spectral density should be applicable to these other channels. The details of how the power spectral density of these channels can be increased can be addressed in a future document, in a future meeting.
8
Conclusion

This document shows at a conceptual level that coverage can be extended by increasing the power spectral density of transmissions (in LTE, this is achieved by concentrating the eNodeB’s or UE’s transmit power in a limited number of resource blocks or subcarriers). In this regard, we consider the following observation to be the most significant:
Observation 4: The energy per transmitted bit and hence coverage can be increased by applying all the transmit power of both the eNodeB and UE to fewer subcarriers.
The requirement to deliver a sufficient energy per bit to the receiver to achieve successful decoding is not peculiar to LTE: it applies to communication systems in general (whether 3GPP-based, IEEE 802.15.4 based, based on TV white space technologies etc.). Technologies that claim significantly better coverage than LTE will either be transmitting at a higher power, at a lower data rate, using carrier frequencies with particularly favourable propagation characteristics or will use large antenna arrays. These techniques can equally be applied to LTE with sufficient will.

The proposal that this document makes is:

Proposal: Increasing the power spectral density and reducing the number of resource blocks or subcarriers transmitted should be considered in the study item as a viable approach to improving coverage.  

If accepted by RAN1 as a viable approach, we would be happy to prepare a text proposal for TR36.888 based upon text from this document.
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