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1. Introduction

A major objective of the MTC WI in [1] is to define a new low-cost UE category. This new UE category would have 1 Rx antenna, maximum TBS size of 1000 bits, and reduced downlink channel bandwidth of 1.4 MHz in baseband. In this contribution, we examine the potential benefits of supporting downlink data channel bandwidth reduction in addition to TBS restriction.  Specifically, we provide additional analysis on cost, specification impact, performance, and power consumption for this feature.  
2. Downlink bandwidth reduction vs. TBS restriction
From [1], reduced channel bandwidth of 1.4MHz is to be supported for the downlink data channel in baseband. The control channel, however, is allowed to use the carrier bandwidth. For the uplink channels, there is no bandwidth restriction. Furthermore, the RF bandwidth for both uplink and downlink remains the same as that of Cat-1 UE (i.e. 20 MHz). This decision allows for the reuse of existing control and data channels with some restrictions imposed on the system. A static MTC region may be configured as shown in Figure 1(a). To allow for frequency diversity, the MTC region may hop from one 1.4MHz band to another as shown in Figure 1(b). This hopping may be done on a subframe basis or longer depending on how the signaling is supported for MTC.   Alternately, a hopping pattern may be configured on a semi-static basis or specified. 
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Figure 1. MTC downlink channels with reduced bandwidth.
To support this reduced bandwidth deployment, some specification changes may be necessary for system access and for determining the MTC narrowband region. For instance, UEs must be able to read system information such as paging or system information blocks which may be transmitted outside of its assigned MTC region.  Alternately, all such information must be transmitted within the MTC region, resulting in additional overhead, especially when there are more than one MTC regions within a wideband carrier.  
Furthermore, for UEs in poor radio conditions, reduced channel bandwidth will artificially limit their throughput. As a result, the eNB may have to break up the downlink data into several packets. This may be problematic for coverage-limited UEs due to the increased overhead from segmentation and since each transmission may require a corresponding scheduling grant. It can also increase the overhead for group-based transmission (e.g. software or parameter updates) for the same reason.
Also note that repetition is one of the ways to do the coverage enhancements for MTC. With reduced bandwidth, there will not be the possibility to provide the repetition in frequency domain.  Frequency domain repetition can reduce latency and allow for greater amount of repetition to support large coverage improvement.
In addition, bandwidth restriction may introduce some scheduler restriction when TBS restriction is also considered.  For instance, there is no way to use really 6 PRBs (only 5 PRBs with I_TBS 11 & 4 PRBs with I_TBS 13 possible).  Thus, the scheduler may not be able to select MCS & TBS independently in some cases. 
At the same time, TBS restriction is also supported where the maximum TBS size is to be restricted to 1000 bits. Without considering bandwidth restriction, this TBS size allows up to 36 RBs to be assigned to the UE. For UEs that are in poor conditions, this may allow packet size of up to 1000 bits to be transmitted to the UE in one subframe using up to 36 RBs. This provides saving from segmentation overhead, reduce latency, and provide some power saving at the UE. Furthermore, fully distributed allocation can also be used to take advantage of frequency diversity, improving performance and reducing the traffic overhead. In addition, from an implementation perspective, TBS restriction is already supported for some UE categories.  Thus, it can be easily supported in the product, reducing the development time and required testing.  Finally, there will not be a need for any specification changes to support this TBS restriction.
From the discussion, it can be seen that TBS restriction is preferred compared to bandwidth reduction. Additional cost saving, however, is a key motivation for considering bandwidth reduction.  In the rest of the contribution, we will examine the benefits of specifying downlink data channel bandwidth reduction in addition to TBS restriction. 
3. Cost analysis

For the cost analysis, we assume that TBS restriction is supported and consider the additional cost saving from bandwidth reduction. In [2], such cost saving analysis was performed and the relevant results are summarized in Table 1.  
Table 1. Estimated modem cost saving from bandwidth reduction [2].

	Supported techniques
	Average overall UE cost reduction gains

	Peak rate reduction (TBS) + Single receive RF
	42%

	Peak Rate reduction (TBS) + DL-3/UL-2 BW Reduction + Single receive RF
	50%


From the table, it is seen that the additional cost saving from bandwidth reduction of the baseband module is 8%. This gain is due to (1) reduced complexity in the receiver module, especially in channel estimation, and (2) smaller post-FFT data buffering.  There are, however, several important points to note –
· The cost saving calculation is based on reduction in computational complexity and buffering requirements.  Actual component cost saving may be less.

· Post-FFT data buffering remains the same for control while the size of the data buffer depends on how bandwidth reduction will be supported.  Unless the data region is known beforehand, the UE may also have to buffer several OFDM symbols while it is decoding the control channel, thus reducing the potential savings.
· Full carrier bandwidth (i.e. wideband) channel estimation is needed for the PDCCH anyhow. Thus, the saving in the receiver processing block may be less than estimated in [2] and only be fully applicable for DM-RS based DL transmission modes.
As a result, the expected 8% cost saving may be somewhat optimistic and may not be realized in practice. 
Observation: The estimated cost saving on the modem from reduced downlink channel bandwidth in baseband is up to approximately 8%.  However, actual saving may be less.
4. Performance analysis

Figure 2 - Figure 5 illustrate link-level performance impact from the loss of frequency diversity when bandwidth reduction is used. In this case, the carrier is 10MHz with 2Tx-1Rx and 4Tx-1Rx. Two different packet sizes and RB values are considered – 1000 bits in 6 RBs, and 208 bits in 2 RBs. From Figure 2 - Figure 3, it is seen that there is a performance gap of 2–2.5 dB when bandwidth reduction (localized allocation within the same 1.4 MHz) is used compared to distributed transmission over 10 MHz. If inter-TTI hopping is allowed with bandwidth reduction (1.4 MHz carrier changes every TTI), then the gap reduces by approximately 0.5 dB. As expected, the gap is bigger with larger number of resource blocks.

Similar results are shown for 4Tx antennas at the eNB. From Figure 2 - Figure 3, it is seen that there is a performance gap of 1–1.5 dB when bandwidth reduction (localized allocation) is used compared to distributed transmission over 10 MHz. If inter-TTI hopping is allowed with bandwidth reduction, then the gap reduces by approximately 0.5 dB.
Observation: The estimated performance loss from reduced downlink channel bandwidth is approximately 1.5-2dB for 2Tx, and 0.5-1dB for 4Tx.
5. Power consumption analysis

With downlink data channel bandwidth reduction, the number of required computations may be reduced, leading to some power consumption saving at the UE. The saving, however, depends on the details of how this feature is implemented. The biggest reduction is achieved when the UE knows the frequency position of the bandwidth beforehand, thus reducing the need to perform the FFT for a larger number of subcarriers and extended channel estimations. To estimate the amount of saving, the UE’s power consumption may be estimated by –
PUE = PtxTtx + PrxTrx + PleakageTidle
where P denotes the power consumed by the UE at different stages (transmit, receive, or idle) and T denotes the amount of time spent in the corresponding stage. From [3], the following power consumption model may be used - Pleakage of 0.01 unit per subframe, Prx of 1 unit per subframe, and Ptx of between 1-20 units per subframe depending on the transmit power.
From simulations, it is estimated that the computation time can be reduced by approximately 40-60% on the FFT and channel estimation blocks with reduced bandwidth for DM-RS based data reception.   These blocks, however, comprise only a fraction of the total reception time at the UE.  Further, based on the MTC data model from [2], the UE is mostly idle (e.g. traffic once per hour) with most traffic is in the uplink direction. Using a traffic model of 1 uplink report of size 1000 bits every 5 minutes, and average UE transmission power of 15 dBm, it is estimated that the power consumption saving is less than 0.1% for most UEs. 
On the other hand, for coverage limited UEs, reduced bandwidth may increase UE power consumption if the eNB has to use additional subframes to transmit the data packet to the UEs (due to 1–2dB link performance loss with reduced bandwidth as shown in Section 4). This problem may be especially severe at very low SINRs where poor channel estimation performance results in significantly longer transmission time compared to theoretical limit.
Observation: The estimated power saving from reduced downlink channel bandwidth is negligible in most cases and potentially negative for coverage-limited UEs.

6. Conclusion
From the analysis shown in this contribution, the following observations may be made –

· The estimated cost saving on the modem from reduced downlink channel bandwidth in baseband is up to ~8%. However, actual saving may be less.
· The estimated performance loss from reduced downlink channel bandwidth is approximately 1.5-2dB for 2Tx, and 1-1.5dB for 4Tx.
· The estimated power saving from reduced downlink channel bandwidth is negligible in most cases and potentially negative for coverage-limited UEs.
· Some specification changes may be necessary for system access and for determining the MTC narrowband region.
· The bandwidth restriction has strong impacts on eNB scheduler implementation and operation in mixed regular UE and MTC UE traffic.
Based on these observations, it is seen that the main benefit for supporting bandwidth reduction in addition to TBS restriction is the additional 8% cost saving, which may not be realized in practice.  On the other hand, there is 30-40% performance loss and higher overhead which may result in lower system efficiency, especially for coverage-limited MTC UEs. There are also specification and implementation impacts with this feature. Therefore, it should be carefully considered whether reduced bandwidth is needed.
Proposal: Carefully consider whether reduced downlink data channel bandwidth in baseband is needed in addition to TBS restriction. 
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Figure 2. PDSCH performance – 2Tx-1Rx, 10MHz, 1000 bits, 6 RBs. 
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Figure 3. PDSCH performance – 2Tx-1Rx, 10MHz, 208 bits, 2 RBs. 
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Figure 4. PDSCH performance – 4Tx-1Rx, 10MHz, 1000 bits, 6 RBs. 
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Figure 5. PDSCH performance – 4Tx-1Rx, 10MHz, 208 bits, 2 RBs. 
