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1 Introduction
During RAN1#67 discussion of the study item of low-cost MTC UEs [1], a few concepts were agreed to be further considered because they were identified to have >= 10% cost reduction [2]. These concepts are:
· Reduction of maximum bandwidth

· Single receive RF chain

· Reduction of peak rate

· Reduction of transmit power

· Half duplex operation

Among these concepts, reduction of maximum bandwidth was estimated to provide the most significant cost reduction, about 25% reduction from 20MHz bandwidth to 1.4 MHz bandwidth according to [2].
In this contribution, we discuss the possible solutions to support the reduced maximum bandwidth and the performance impact.

2 How to Support Reduced Maximum Bandwidth
In order to keep the UE cost low and with the low data rate required by the MTC applications, it is reasonable to assume that the MTC UEs do not support carrier aggregation. This is also a natural assumption given that the reference UE is Cat-1, as agreed in [3].
Reduced maximum bandwidth means that the bandwidth that the MTC UE supports is smaller than the deployed system bandwidth. This kind of bandwidth scalability is not currently supported by LTE Release 8-10. In this section, we discuss the issues associated with the DL/UL channels and propose potential solutions to address them.
1. PSS/SSS/PBCH/SIB/Paging
In Rel 8-10, PSS/SSS/PBCH are always transmitted in the innermost 1.08 MHz bandwidth. As long as the maximum bandwidth supported by the low cost MTC UEs is no less than 1.08 MHz, these channels/signals can be received by the MTC UEs without any issue. Therefore, it makes sense to require that the maximum bandwidth supported by the low cost MTC UEs shall not be less than 1.08 MHz, so that no new design is needed for PSS/SSS/PBCH.
The PRB locations of SIB and paging messages are controlled by the eNB, and the eNB can intentionally schedule these messages within the bandwidth supported by the MTC UEs.

2. PCFICH/PHICH/PDCCH

PCFICH/PHICH/PDCCH are currently distributed across the entire bandwidth, so they cannot be correctly received by UEs supporting a smaller bandwidth. There are two main options to solve the issue:

a. Design new PCFICH/PHICH/PDCCH channels
A new design for PCFICH/PHICH/PDCCH can be introduced to support UEs with reduced bandwidth.

For PDCCH, ePDCCH, covered in a Rel 11 WI [4], is currently being designed. ePDCCH is expected to support localized DCI transmission. In that case, the UE-specific DCI messages for the MTC UEs can be sent within the bandwidth supported by the UEs.

A common search space within the reduced bandwidth would also need to be defined for these MTC UEs, so that the system messages, paging messages and RACH procedure can be supported. This would mean that these DCI messages may need duplicate transmissions in both the legacy common search space and the new common search space defined for MTC UEs. Note that if the supported bandwidth is only 1.08 MHz, the search spaces of most (if not all) MTC UEs are anyway likely to overlap. 
Similarly, PHICH for MTC UEs would need to be confined within the reduced bandwidth too. Enhanced PHICH, which is covered by the same WI [4], is also under discussion (e.g. see [5]). It can possibly be designed together with ePDCCH to support localized transmission. The reduced bandwidth support for low cost MTC UEs can be considered as one use case for ePHICH.
If the new designs of ePDCCH and ePHICH support localized transmission, there may not be a need for the MTC UEs to decode legacy PCFICH any more.
b. Use carrier aggregation (no specification impact)

If we want to avoid the specification change associated with new PCFICH/PHICH/PDCCH design, one possible option is to use carrier aggregation to split the system bandwidth and introduce a low bandwidth carrier. The low bandwidth carrier would have the same bandwidth as what the MTC UEs support, so that no new channel design is needed. All MTC UEs would be served by this carrier. Non-MTC UEs can use carrier aggregation to take advantage of the other carrier(s) on the rest of the bandwidth. It is possible that the two adjacent carriers may be able to be treated as a single contiguous set of RBs for the non-MTC UEs, which would potentially improve system efficiency for the non-MTC UEs..

The advantage of using carrier aggregation to create a new narrow bandwidth carrier is certainly that it does not need any standard change at all. But there are also disadvantages.

· There could be a need for guard band between two carriers, which immediately reduces the system throughput. This can possibly be avoided if the new carrier type is designed in such a way that no guard band is needed. But most likely the new carrier type would not be able to support legacy UEs. 

· If the eNB and the non-MTC UEs do not support carrier aggregation, with one carrier being segregated into two carriers with smaller bandwidth, the system performance is degraded due to reduced trunking efficiency. The data rate of each UE is also reduced due to less bandwidth per carrier.
· If the eNB supports carrier aggregation, it is additional complexity on the eNB. The performance of non-CA capable UEs will be affected by the lower bandwidth per carrier.
The second option is already supported by the current specification, so it is always a viable option for the operators. At the same time, since ePDCCH/ePHICH design is being discussed, it is recommended that new PCFICH/PHICH/PDCCH design take into account the needs here so to minimize the impact on legacy non-MTC UEs.

3. PDSCH/PUSCH

PDSCH and PUSCH transmissions are always scheduled by the eNB. As long as the MTC UEs can be identified, the eNB can always choose to schedule these UEs within the supported bandwidth.

4. PRACH

On the UL, the frequency location of PRACH can be configured by the eNB to be the center 6 PRBs, or any 6 PRBs within the reduced bandwidth, to support the MTC UEs. In addition, Msg2/3/4, associated with RACH procedure, should all be scheduled to transmit within the reduced bandwidth. At this point, since the UE identity is still unknown, the eNB cannot differentiate whether the UE is a MTC or non-MTC UE. Therefore, the message transmissions for all the UEs need to be scheduled in the same way.
5. PUCCH

For PUCCH, the common practice is that PUCCH lies on the edge of the system bandwidth, which would pose a problem for reduced bandwidth MTC UEs. Fortunately, this does not have to be the case. The specification allows the eNB to configure PUCCH flexibly, so that it is located within the reduced bandwidth. It results in fragmentation of UL bandwidth for PUSCH, thus possible performance degradation.
3 Performance Impact
In this section, we discuss the potential performance impact associated with the support of reduced maximum bandwidth for the MTC UEs. The reference is the performance for the MTC UEs that support the normal system bandwidth. Note that there may be some performance degradation that is introduced by the MTC traffic characteristics, which are not connected with the changes made to reduce the UE cost. One example is that small packets generated by MTC traffic can result in lower system spectral efficiency resulting from more padding, more signaling overhead, and more feedback overhead, etc. These aspects are not included in the discussions below since they are not caused by the reduced bandwidth support.
When the maximum bandwidth is reduced, there is some limitation on the PDSCH and PUSCH scheduling.

· If frequency-selective scheduling is used for DL and/or UL, the eNB can only pick the more favorable part of the channel within a smaller bandwidth. Therefore, its benefit becomes smaller, diminishing as the bandwidth approaches 1.08 MHz.
· If PUSCH hopping is enabled for MTC UEs, it shall hop only within the reduced bandwidth. Since all the UEs within a cell share the same hopping parameters (unless this is modified), it means both MTC and non-MTC UEs can only hop within the reduced bandwidth, thus less gain from PUSCH hopping for both types of UEs.

·  If PUSCH hopping is disabled for MTC UEs, it would not affect the non-MTC UEs, but the MTC UEs would completely lose the diversity gain from hopping.
1. Spectral efficiency

The average and edge spectral efficiency is expected to be smaller due to the loss in PUSCH/PDSCH frequency-selective scheduling gain and/or PUSCH hopping gain.
2. Coverage

The coverage in LTE Rel 8-10 is typically UL limited. When reduced bandwidth is supported, PUSCH is expected to have smaller coverage due to the loss in PUSCH hopping or frequency-selective scheduling gain. The coverage of PRACH and PUCCH is not expected to be impacted.

3. Power consumption

Due to the reduced spectral efficiency, the power consumption of the RF module may be higher because of the longer transmission/reception time and/or higher transmit power. On the other hand, the power consumption of the baseband should be less because the baseband only needs to process the signals for the reduced bandwidth.

One important question to be answered for the support of the reduced maximum bandwidth is what bandwidth should be supported. It is preferable to have only one bandwidth supported for all low cost MTC UEs, in order to make full advantage of economy of scales and to minimize the eNB complexity in terms of handling different types of UEs. From the perspective of cost reduction, it is always better to use a smaller bandwidth. However, the capacity should be considered at the same time. As a simple example, if we assume the reduced bandwidth consists of only 6 PRBs, it is very typical that 2~4 PRBs are reserved for PUCCH in a 10 or 20 MHz carrier, which leave only 2~4 PRBs for PUSCH transmission. Given that many MTC applications have more UL data transmission, it can become questionable whether these PRBs would be sufficient to support all MTC UEs. Therefore, when choosing the reduced bandwidth, it is very important to understand the capacity (in terms of the number of MTC UEs to be supported), and to consider the system scalability in the future as more and more MTC UEs are deployed in LTE.
4 Conclusion
It is assumed that the low cost MTC UEs do not support carrier aggregation, and the reduced maximum bandwidth is no less than 1.08 MHz.
The main challenge for supporting reduced bandwidth lies in PCFICH/PHICH/PDCCH. It can be solved either by a new design that supports localized transmission in frequency, or by using carrier aggregation to split the carrier frequency. The former has significant specification change, but may possibly be taken into account in the Rel 11 WI for enhanced downlink control channel(s). The latter has no specification impact, but may result in some system performance degradation and some impact on legacy UEs.
The reduced bandwidth can adversely impact the spectral efficiency and coverage due to less or no gain from frequency-selective scheduling and/or PUSCH hopping. The impact on power consumption includes possible higher consumption for RF module but lower consumption for baseband module. The overall impact needs more detailed analysis.
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