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1
Introduction
Reducing maximum bandwidth supported by an MTC UE was investigated in the Rel-12 study item “Study on Provision of low-cost MTC UEs based on LTE” [1]. Three options (DL-1, DL-2 and DL-3) were proposed for DL bandwidth reduction, and corresponding study related to these three options was concluded in 3GPP TR 36.888 [2]. 

DL-1: Reduced bandwidth for both RF and baseband

DL-2: Reduced bandwidth for baseband only for both data channel and control channels

DL-3: Reduced bandwidth for data channel in baseband only, while the control channels are still allowed to use the carrier bandwidth.

These can be paired with two uplink bandwidth options:


UL-1: Reduced bandwidth for both RF and baseband.


UL-2: No bandwidth reduction.

It is commonly assumed that DL-1 would be paired with UL-1; while DL-2 and DL-3 would be paired with UL-2.
In the Rel-12 work item “Low cost & enhanced coverage MTC UE for LTE”, reduced DL bandwidth according to option DL-3 was incorporated in the objectives to specify a new UE category/type for MTC operation in all LTE duplex modes [3]: 
Reduced downlink channel bandwidth of 1.4 MHz for data channel in baseband, while the control channels are still allowed to use the carrier bandwidth. Uplink channel bandwidth and bandwidth for uplink and downlink RF remains the same as that of normal LTE UE.
NOTE:
Reduced downlink channel bandwidth for control channels in baseband could also be considered if EPDCCH with CSS is already considered in Rel-12 timeline by other work.

However, the reduced DL bandwidth was not standardized in Rel-12. For Rel-13 MTC, further cost reduction based on LTE would be attractive to provide competitive devices in comparison to GSM/GPRS and LTE Rel-12. It has been proposed that reduction of maximum bandwidth should again be included in the scope of Rel-13 MTC considering the cost savings it offers.
In this contribution, options DL-1, DL-2 and DL-3 for reduced downlink bandwidth are analyzed from aspects of cost saving, performance impact and standardization effort. This detailed analysis leads to a proposal for the bandwidth reduction in Rel-13 LC-MTC. 
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Cost Analysis
In view of peak rate reduction, a single receive RF and HD-FDD had been supported in Rel-12 MTC, the cost saving gap between DL-1 and DL-2 or cost saving gap between DL-2 and DL-3 would be decreased to apply DL bandwidth reduction on top of those adopted cost saving techniques. 

Actually, if DL-1 is applied to DL bandwidth reduction, it implies UL-1 should be used in the uplink. Moreover, as stated in the TR 36.888, “reduced bandwidth on the UL provides very small savings in the overall UE cost, because the RF component cost is not sensitive to the bandwidth” and “Reduction of maximum bandwidth provides minimal or small savings for the RF components”.

Observation 1: Reduction of maximum bandwidth provides minimal or small savings for the RF components, and the RF component cost is not sensitive to the bandwidth.
Considering the pressure already apparent on Rel-13 TUs in RAN1 and RAN2, it is essential that the content of a potential Rel-13 LC MTC WI is achievable in a realistic time budget that makes efficient use of TUs. Bandwidth reduction is just one proposed aspect to the work. Therefore we now analyse the incremental cost saving for DL-3, DL-2, and DL-1 to select the proper bandwidth reduction option. 
Based on 7.1 in TR 36.888, Table 2 below calculates the relative additional cost saving measured wrt a Cat.1 UE of the bandwidth reduction options taken in sequence (i.e. the incremental cost savings). As seen in Table 2, without UL Tx power reduction (e.g., Max 23dBm Tx power):

· If 6 PRB DL data restriction is adopted (i.e. DL-3 is supported), about 8% extra cost saving over Rel-12 MTC can be obtained. 
· If 6 PRB control restriction is adopted on top of “6 PRB DL data restriction + Rel-12 MTC UE” (i.e. DL-2 is supported), about 6% extra cost saving over DL-3 can be obtained. 
· If 6 PRB RF and UL restriction is further adopted (i.e. DL-1 is supported), about 3% extra cost saving over DL-2 can be obtained. 

With UL Tx power reduction, if the PA is retained, about 2%-7% cost saving can be obtained according to the evaluated results in TR 36.888. Therefore, the medium of cost saving of UL Tx power reduction (with PA) is about 5%. Considering the UL Tx power reduction (with PA): 
· If 6 PRB DL data restriction is adopted (i.e. DL-3 is supported), about 13% extra cost saving over Rel-12 MTC can be obtained. 

· If 6 PRB control restriction is adopted on top of “6 PRB DL data restriction + Rel-12 MTC UE” (i.e. DL-2 is supported), about 6% extra cost saving over DL-3 can be obtained. 

· If 6 PRB RF and UL restriction is further adopted (i.e. DL-1 is supported), about 2% extra cost saving over DL-2 can be obtained.
In Table 2, the cost values agreed in TR 36.888 are used, where UL Tx power reduction brings further 2-7% saving. The extra cost saving for DL-1 is reduced from 3% to 2% if UL Tx power reduction is assumed because there are overlapping cost savings on the RF functional blocks such as PA and RF transceiver between UL Tx power reduction and 6 PRB RF restriction.   
Table 2:  Relative additional cost saving compared to Cat. 1 UE of bandwidth reduction options (w/o HD-FDD)
	
	Incremental cost saving 
	Incremental cost saving w/ UL Tx power reduction

	Cat.1 UE
	-
	N/A

	Rel-12 MTC UE (w/o HD-FDD)
	42%
	N/A

	+ 6 PRB DL data restriction
  ( DL-3/UL-2 
	8%
	15%

	+ 6 PRB control restriction 
  (DL-2/UL-2
	6%
	6%

	+ 6 PRB RF and UL restriction
  ( DL-1/UL-1
	3%
	2%


Having an objective of DL-2 reaches substantial amount of total cost saving by combining:
Rel-12 LC MTC + HD-FDD
    50% of Cat. 1
DL-2 alone





    14% of Cat. 1

Reduced UL Tx power alone
    7% of Cat. 1

Total cost saving wrt Cat.1 UE
 71%

Compared to this, DL-3 has 6% less cost saving, with a little less standardization effort. But DL-1 has substantially more performance impact and standardization effort, for just 2% extra saving – see Sections 3 and 4.
Observation 2: Rel-12 MTC + HD-FDD + UL Tx power reduction + DL-2 can achieve 71% cost reduction wrt a Cat.1 UE.
Restricting the maximum modulation order to QPSK was reported in 36.888 as having an additional 3–10% total cost saving, which could be complementary to the reduced power class but would need balancing against the loss in spectral efficiency analysed in Rel-11.

The proposed Rel-13 WID [4] includes some complexity reduction techniques. There is not a reliable relationship between complexity reduction and future cost optimization, and this is clear already where 36.888 states “it should be noted that the impact of complexity reduction on cost and/or performance is dependent on various factors including implementation”. As efficient use of time in the WI is important, the miscellaneous complexity reduction proposals in [4] should not be a focus or a priority in Rel-13 MTC work. This is especially true as a 71% cost reduction is available without any of them. Efforts spent on these reductions could also result in bandwidth reduction or coverage enhancement not being completed on time and being pushed from Rel-13 scope, as happened previously in Rel-12.   
Observation 3: General complexity reduction can not be directly transferred to cost saving, and complexity reduction impact on cost would be dependent on various factors including other cost saving techniques and implementation.
3
Performance Impact
There are performance impacts on both the uplink and the downlink if a narrowband RF (UL-1 and DL-1) is adopted.

If UL-1 is introduced, it may not be efficient to support PUSCH frequency hopping, which would cause the loss of frequency diversity gain. Moreover, the subband CSI measurement will also be limited to the DL-1 bandwidth, which would lead to the loss of frequency selective scheduling (FSS) gain across the system bandwidth.
The difficulty to support frequency hopping with UL-1 in general will also impact the number of repetitions needed for coverage enhancement for PRACH.

Moreover, for UL-1, multiple UL narrowbands could be configured, and if PUCCH resource is configured on each UL narrowband, the frequency resource fragmentations on the uplink carrier would become more, which would lead to restriction on legacy UE’s uplink resource allocation and have performance impact on legacy UE’s PUSCH transmission. Even in contiguous configurations of UL-1, such as positioning it adjacent to PUCCH, there would be reduced resource within which non-MTC PUSCH could then hop, leading to frequency diversity loss.
For DL-1, if PSS/SSS, PBCH or common messages (SIB, Paging and RAR) are transmitted on one fixed narrowband, an MTC UE may switch/retune the central frequency from the narrowband of unicast data reception to that of PSS/SSS, PBCH or common messages detection, which may increase the MTC UE’s power consumption. Alternatively, if PSS/SSS, PBCH or common messages (SIB, Paging and RAR) are transmitted on each narrowband, the resource overhead of copied PSS/SSS, PBCH or common messages would be large, especially when seen in total across all the MTC subsystems when more than one exists at a time.

To sum up above analyses, the spectral efficiency would be decreased for DL-1 compared to that of DL-2 or DL-3.

Table 3 compares the performance impact for DL-1, DL-2 and DL-3. As seen from Table 3, compared to DL-2 or DL-2, DL-1 has large performance impacts.
Observation 4: DL-1/UL-1 would incur substantial performance impact, and possibly impact resource allocation for non-MTC UEs
Table 3: Performance impact of DL-1/UL-1, DL-2/UL-2 and DL-3/UL-2
	Impacts identified in TR36.888
	DL-1
	UL-1
	DL-2
	DL-3

	Reduced MTC PUSCH frequency hopping and frequency selective scheduling gain
	
	Yes
	No
	No

	Reduced MTC PUCCH coverage due to less frequency diversity
	
	Yes
	No
	No

	Increased UL resource fragmentation for non-MTC UEs
	
	Yes
	No
	No

	Increased UL Tx power due to PUSCH/PUCCH losses
	
	Yes
	No
	No

	Reduced PDSCH coverage due to lost FSS gain
	Yes
	
	No
	No
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Physical Layer Standardization Effort 
For DL-1, new DC subcarrier(s) on each DL narrowband should be defined, which would have substantial impact on the resource allocation (PRB size) and standardization work (DC subcarrier location). 
For DL-1, as analyzed in Section 3, if PSS/SSS, PBCH or common messages (SIB, Paging and RAR) are transmitted on one fixed narrowband, an MTC UE may alternately switch/retune its central frequency from the narrowband of unicast data reception to that of PSS/SSS, PBCH or common messages detection. Thus, we would need to specify corresponding mechanisms (e.g., retuning period/gap or timing) to support UE’s retuning.

Alternatively, if PSS/SSS, PBCH or common messages (SIB, Paging and RAR) are transmitted on each DL narrowband, the specification may need to specify the transmission occasions of PSS/SSS, PBCH or common messages on each DL narrowband. Moreover, new PSS/SSS design or PBCH would be needed to forbid legacy UEs and potentially control the camping of MTC UEs on other DL narrowbands to camp on MTC UE’s narrowband. It could also be necessary to design new contents for these messages in the case that it becomes too difficult, or too slow, for the MTC UE to acquire other broadcast messages such as SIBs.
Wideband control channels generally are impacted by DL-1 compared to DL-2/DL-3. In particular PCFICH, PHICH, and PDCCH are unavailable and would either need replacing or having their functionality carried elsewhere in DL-1. Compared to DL-3, the standardization effort on EPDCCH CSS would be needed to support the transmission of common messages for DL-1 and DL-2. Considering the number of potential applications and scenarios that EPDCCH CSS might apply to, beyond low-cost MTC, this work could have large scope.
PMCH operation would need revising for any of the DL options since it currently is mapped to every PRB of the system bandwidth.
Table 4 compares the standardization effort for DL-1, DL-2 and DL-3. As seen from Table 4, the standardization effort is increasingly aggravated for DL-3, DL-2 and DL-1. Moreover, compared to DL-2 or DL-3, much more standardization efforts are needed for DL-1.
Observation 5: DL-1 would require significant additional standardization effort compared to DL-2 or DL-3.
Table 4: Standardization effort of DL-1, DL-2 and DL-3
	Spec impact to handle…
	DL-1
	DL-2
	DL-3
	In TR 36.888?

	Loss of PCFICH or replacement of CFI
	Yes
	No
	No
	(

	Loss of PHICH
	Yes
	No
	No
	(

	EPDCCH CSS design
	Yes
	Yes
	No
	(

	DC subcarrier issue
	Yes
	No
	No
	

	Mechanism to support retuning or copied common message
	Yes
	No
	No
	

	PBCH operation if copied messages
	Yes
	No
	No
	

	PSS/SSS operation if copied messages
	Yes
	No
	No
	

	Restricted bandwidth PMCH
	Yes
	Yes
	Yes
	


There are further impacts to UL specifications from UL-1 compared to UL-2. Exactly what these would be depends on what might be included in the detailed design of UL-1, making it hard to fully evaluate the scope and impact of UL-1 until WG time has already been spent on the topic. We list some possible impacts which arise at least in simpler UL-1 cases, below:
· Specification rules may be needed to protect non-MTC PUCCH from UL-1 regions when non-MTC PUCCH is re-configured.

· UL guard periods or guard subframes may be needed when RF retuning is needed. These may be the same or different for PUSCH and PUCCH, and may or may not be aligned with similar guard periods needed for DL retuning. This may also impact UL CQI and HARQ timelines and consequently DL scheduling decisions at eNB.

· Definition of PUCCH inside UL-1 regions requires consideration at least in terms of signalling design.

· Co-scheduling of PRACH/PUSCH/PUCCH in the same UL-1 region in certain subframes will be needed. According to resource requirements, this could affect relative priorities of these channels in terms of e.g. dropping rules or network configuration.

· Possible SRS restrictions between UL-1 UEs and non-MTC UEs.
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Conclusion
In this contribution, different options (DL-1, DL-2 and DL-3) for reduced downlink channel bandwidth are analyzed from aspects of cost saving, performance impact and standardization effort. The following observations are provided to help make decision on the baseline option for DL bandwidth reduction.
Observation 1: Reduction of maximum bandwidth provides minimal or small savings for the RF components, and the RF component cost is not sensitive to the bandwidth.

Observation 2: Rel-12 MTC + HD-FDD + UL Tx power reduction + DL-2 can achieve 71% cost reduction wrt a Cat. 1 UE.
Observation 3: General complexity reduction can not be directly transferred to cost saving, and the complexity reduction impact on cost would be dependent on various factors including other cost saving techniques and implementation.
Observation 4: DL-1/UL-1 would incur substantial performance impact, and possibly impact resource allocation for non-MTC UEs.
Observation 5: DL-1/UL-1 would require significant additional standardization effort compared to DL-2 or DL-3.
We therefore propose:

Proposal 1: DL-1/UL-1 should not be an objective of a low-cost MTC WI, as it provides only 2% additional cost reduction, while incurring substantial performance impact and standardization effort compared to DL-2/UL-2 or DL-3/UL-2.

6

Reference
[1] RP-121441. “Study on Provision of low-cost MTC UEs based on LTE”, Vodafone, etc.
[2] TR 36.888, Machine-Type Communications (MTC) User Equipments (UEs) based on LTE, V12.0.0.
[3] RP-140522, “Revised Work Item on Low cost & enhanced coverage MTC UE for LTE”, Vodafone, etc. 
[4] RP-140990, “New Work Item on Even Lower Complexity and Enhanced Coverage LTE UE for MTC”, Ericsson, NSN.
