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1. Introduction
In the approved Work Item “Low Cost & Enhanced Coverage MTC UEs for LTE” [1], the first objective is to define a new UE category/type:
· Specify a new UE category/type for MTC operation in all LTE duplex modes supporting the following capabilities:

· 1 Rx antenna.

· Downlink and uplink maximum TBS size of 1000 bits.

· 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.

This paper discusses:
· How to capture the such UE category/type in the specifications via a combination of UE category definition and UE capability definition
· Clarification of cost saving measures, namely reduced bandwidth options and half-duplex FDD as analyzed in the study item phase TR36.888 [2], that relate to the capability discussion here
· Relationship of the UE category and capabilities definition with the coverage enhancement feature to be defined in the second objective. 
2. UE Type Discussion 
There is no “UE type” definition in TS36.306 [3]. But the new MTC UE type as described in the WID objective may be introduced through a combination of UE category definition and UE capability definition. This MTC UE type is characterized by the following aspects based on the WID:
1. 1 Rx antenna 
2. Reduced DL channel bandwidth of 1.4MHz 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.
3. DL and UL maximum TBS size of 1000 bits
4. Including all duplex mode, i.e., FDD (both Full-duplex and half-duplex) and TDD
2.1.  Single Rx antenna
This UE implementation can be signaled to eNB via capability signaling. A new parameter “ue-SingleRxAntenna” can be added to, for example, section 4.3.4 of TR36.306 “Physical layer parameters” which is a subsection of 4.3 “Parameters independent of the field ue-Category”. Since single-Rx may only be allowed for the new UE category, a note of such bundling needs to be made or otherwise single-Rx can be implied from the UE category definition and performance requirement, i.e., cat-0 UEs will be tested against relaxed performance tests in 36.101 on several affected physical channels. With the introduction of an explicit parameter “ue-SingleRxAntenna” however, the implementation of UE cat-0 with dual-RX can also be signaled.  
Proposal # 1:  Introduce a new parameter “ue-SingleRxAntenna” in TR36.306 to accommodate MTC UE category-0 with optional dual-Rx capability. 
2.2.  Maximal PDSCH bandwidth of 1.4MHz in baseband
The WID objective clearly indicates the choice of option DL-3 and UL-2 as defined in section 6.2 of TR36.888:
· DL

· Option DL-1: Reduced bandwidth for both RF and baseband
· Option DL-2: Reduced bandwidth for baseband only for both data channel and control channels
· Option DL-3: Reduced bandwidth for data channel in baseband only, while the control channels are still allowed to use the carrier bandwidth
· UL

· Option UL-1: Reduced bandwidth for both RF and baseband

· Option UL-2: No bandwidth reduction

· This option does not have any impact on coverage, power consumption, specifications, performance, and UE cost.

However, a few clarifications are still needed since the TR said that “For all these options, the reduced bandwidth is assumed to be no less than 1.4MHz, and the frequency location of the reduced bandwidth is assumed to be fixed at the center of the carrier bandwidth…. If the frequency location of the data channel is semi-statically configured, it is expected to provide the same cost saving as DL-3, with some additional specification impact.” It was observed that the cost saving from reduced buffer size can reach 19% as a standalone technique (see below), or about 10% when in combination with peak rate reduction and/or single Rx technique. At the same time, fixing PDSCH at the center of the carrier bandwidth is not a preferred operation due to the imposed scheduling constraint for a potentially large number of MTC UEs to be served in a subframe, as well as the fact that PBCH may occupy most of resources in the middle 6 PRBs in the case of coverage enhancement operation. The total 6-PRB worth of PDSCH can be non-contiguous to allow more efficient resource utilization. Hence a dynamic, or at least semi-static, configuration of the PDSCH resource is preferred for the same reason. 
Proposal # 2:  Support dynamic or at least semi-static configuration of the frequency location of PDSCH, while maintaining the cost saving benefit of DL-3 by limiting the total number of PRBs (contiguous or non-contiguous). 
Table 7.1: Summary cost and performance (coverage/spectral efficiency) impacts of techniques for cost reduction 
	
	Average degradation to cell coverage
	Average overall UE cost reduction gains

	Half Duplex FDD (HD-FDD) (assuming single-band UE)
	None
	7%-10%

	Uplink Tx power Reduction 
	>5dB in UL and is proportional to the Tx power reduction
	10%-12%

(If PA is removed)

2%-7%

(If PA is retained)

	Transmission mode (TM) reduction (E.g. TM1/TM2  + TM8/9 (Rank 1) only)
	None
	2%-10%

	Peak Rate reduction (TBS 1000 bits)
	None
	10.5%-21%

	Reduced bandwidth (BW) for both RF and baseband for DL and UL.

DL-1/UL-1 BW Reduction 

(1.4 MHz)
	1~3dB
	~39%

	Reduced BW for baseband only for DL and no BW reduction for UL.

DL-2/UL-2 BW Reduction

(1.4 MHz)
	1~3dB
	~28%

	Reduced BW for only data and only in baseband. No BW reduction for UL
DL-3/UL-2 BW Reduction

(1.4 MHz)
	None
	~19%

	Single receive RF
	4dB
	24%-29%

	Peak Rate reduction (TBS) + Single receive RF
	 Same as for Single receive RF (4dB)
	42%

	Peak Rate reduction (TBS) + DL-1/UL-1 BW Reduction 
	Same as for BW reduction (1~3dB)
	44%

	Peak Rate reduction (TBS) + DL-2/UL-2 BW Reduction  
	Same as for BW reduction (1~3dB)
	36%

	Peak Rate reduction (TBS) + DL-3/UL-2 BW Reduction 
	None
	26%

	Peak Rate reduction (TBS) + DL-1/UL-1 BW Reduction + Single receive RF
	5~9 dB
	59%

	
	
	

	Peak Rate reduction (TBS) + DL-2/UL-2 BW Reduction + Single receive RF
	Same as for BW reduction + Single receive RF
(5~9dB)
	56%

	
	
	

	Peak Rate reduction (TBS) + DL-3/UL-2 BW Reduction + Single receive RF
	Same as for Single receive RF 

(4 dB)
	50%

	TM(1/2+9) + Peak Rate reduction (TBS) + DL-2/UL-2 BW Reduction
	Same as for BW reduction (1~3dB)
	37%

	TM(1/2+9) + Peak Rate reduction (TBS) + DL-2/UL-2 BW Reduction+ Single receive RF
	Same as for BW reduction + Single receive RF

(5~9dB)
	56%

	NOTE:
Analysis of coverage degradation is for downlink unless explicitly indicated. Transmission bandwidth is reduced to 1.4 MHz for BW reduction techniques unless explicitly specified.




However, the notions of “PDSCH bandwidth”, to be differentiated from “control bandwidth”, are both undefined previously. Even though TS36.101 defines 6PRB for the carrier bandwidth of 1.4MHz, one may argue that 180KHz * 7 PRB= 1.26MHz is also within 1.4MHz. At the same time, the control channel bandwidth can be the entire carrier bandwidth of 3/5/10/15/20MHz. Since the maximal number of PRBs that the new MTC UE type will be able to receive for PDSCH will affect the computation of the soft buffer size to be defined for UE category 0, we need to clarify that:
Proposal # 3:  Use NPRB=6 to calculate soft buffer requirement for category 0 UE.
Another issue is whether we need and how to accommodate implementations that can receive and process NPRB>6 PRBs (e.g., NPRB=12, 25, 50), but not the full bandwidth as PDCCH. If the answer is yes, multiple, instead of just one, new UE categories will need to be defined then. It is unclear whether the benefit to allow such MTC UE segmentation will outweigh the complexity introduced to eNB scheduler.  
Proposal # 4:  Define only one new MTC UE category assuming the support of a maximal NPRB=6 for PDSCH. 
2.3. Importance of HD-FDD 
In section 6.6.3 of TR36.888, the cost reduction benefit of HD-FDD was described as: “A half duplex mode UE does not need a duplexer. Instead of a duplexer a half duplex LTE MTC modem uses a switch. Additional savings from reduced complexity and memory may also be possible in the baseband module. This is because in half duplex mode there is no need to provision processing power and memory for concurrent downlink and uplink operations…. Given that the duplexer cost is in the range of 15-25% of the RF module (which is 40% of the total LTE reference modem cost), HD-FDD mode provides an overall cost saving based on the reference LTE modem of 4-8%. It is further noted that the potential relative cost reduction may be even larger for multi-band devices (that may have multiple duplexers) than for the assumed single-band reference modem.” Two other sources estimated the saving to be up to 12-19%. 
The RF front end complexity for a HD-FDD UE is the same as for a TDD UEs. FD-FDD requires a duplexer for each band. Given the fragmented LTE spectrum, HD-FDD MTC’s cost advantage with respect to FD-FDD will be very significant due to the removal of band-specific duplexers, and will bring the RF complexity to a similar level as for TDD bands. With HD-FDD, all FDD and TDD bands can be supported to achieve the economy of scale needed for truly low-cost M2M devices.
TS36.306 already supports HD-FDD with the definition of the following parameter in UE capability exchange. As to additional spec impact, an analysis was also provided in TR36.888. 
4.3.5
RF parameters

4.3.5.1
supportedBandListEUTRA

This field defines which E-UTRA radio frequency bands [6] are supported by the UE. For each band, support for either only half duplex operation, or full duplex operation is indicated. For TDD, the half duplex indication is not applicable.

Proposal # 5:  Support HD-FDD operation for low-cost MTC devices. Include HD-FDD capability in the definition of the new UE category/type. 
3. UE Category 0 definition
UE category 0 can be added to the following UE category table in TR36.306. If we limit to <=6PRB, there are two ways to get exactly 1000 bits in table 7.1.7.2.1-1 of TS36.213:
1. 1000 bits based on (ITBS=11, NPRB=5) or (ITBS=21, NPRB=2): Only 5 (or 2) PRBs will be used if 16QAM (or 64QAM) is supported. 
There are many other options if we wan to consider TBS close to 1000 bits, such as:
2. 1032 bits based on (ITBS=10, NPRB=6): with 16QAM 
3. 936 bits based on (ITBS=9, NPRB=6): ITBS<=8 ensures only QPSK be used. For ITBS=9, QPSK and 16QAM are both possible depending on scheduler, i.e., IMCS=9/10 (QPSK/16QAM). 
4. 1096 bits based on (ITBS=9, NPRB=7): Still only need QPSK, but 7 PRB is technically still less than a max of 1.4MHz for data channel? 
Limiting the maximal modulation order to QPSK can have cost saving from less restrictive power amplifier TX EVM requirements, relaxed RX EVM on RF transceiver, less precision needed for the ADC, and post-FFT data buffering. If limiting to QPSK, option 3 above (i.e., 936 bits) should be considered instead of 1000bits. Once the modulation and NPRB are defined, 
Proposal # 6:  Define UE category 0 in the UE category table of TS36.306 based on TBS=1000 bits or 936 bits if limiting to QPSK (i.e., @ ITBS=9, NPRB=6).  The soft buffer size can be derived later based on # of CRS port (assuming TM2), # of OFDM symbols used for PDCCH (e.g., 1), and maximal HARQ process number (e.g., 1).  
Table 4.1-1: Downlink physical layer parameter values set by the field ue-Category
	UE Category
	Maximum number of DL-SCH transport block bits received within a TTI (Note)
	Maximum number of bits of a DL-SCH transport block received within a TTI
	Total number of soft channel bits
	Maximum number of supported layers for spatial multiplexing in DL

	Category 0
	1000 (or 936 if QPSK)
	1000 (or 936 if QPSK)
	TBD [based on 6PRB, # of CRS port, # of OFDM symbols for PDCCH, and maximal HARQ process number]
	1

	Category 1
	10296
	10296
	250368
	1

	Category 2
	51024
	51024
	1237248
	2

	Category 3
	102048
	75376
	1237248
	2

	Category 4
	150752
	75376
	1827072
	2

	Category 5
	299552
	149776
	3667200
	4

	Category 6
	301504
	149776 (4 layers)

75376 (2 layers)
	3654144
	2 or 4

	Category 7
	301504
	149776 (4 layers)

75376 (2 layers)
	3654144
	2 or 4

	Category 8
	2998560
	299856
	35982720
	8

	NOTE:
In carrier aggregation operation, the DL-SCH processing capability can be shared by the UE with that of MCH received from a serving cell. If the total eNB scheduling for DL-SCH and an MCH in one serving cell at a given TTI is larger than the defined processing capability, the prioritization between DL-SCH and MCH is left up to UE implementation.


Table 4.1-2: Uplink physical layer parameter values set by the field ue-Category

	UE Category
	Maximum number of UL-SCH transport block bits transmitted within a TTI
	Maximum number of bits of an UL-SCH transport block transmitted within a TTI
	Support for 64QAM in UL

	Category 0
	1000 (or 936 if QPSK)
	1000 (or 936 if QPSK)
	No

	Category 1
	5160
	5160
	No

	Category 2
	25456
	25456
	No

	Category 3
	51024
	51024
	No

	Category 4
	51024
	51024
	No

	Category 5
	75376
	75376
	Yes

	Category 6
	51024
	51024
	No

	Category 7
	102048
	51024
	No

	Category 8
	1497760
	149776
	Yes


4. MTC coverage enhancement feature
The coverage enhancement feature to be defined in this WI is expected to be an important aspect for UE category 0 with single Rx antenna. A PHY capability parameter (say “enhanced-MTC-coverage”) can be defined to represent whether the coverage enhancement feature is supported or not. Our view on the relationship between this parameter and UE categories is:
· For UE cat-0 with “ue-SingleRxAntenna”=1, “enhanced-MTC-coverage” should be mandatory, because the coverage reduction, as opposed to normal LTE coverage, due to single Rx, needs to be compensated for based on this feature.
· For UE cat-0 with “ue-SingleRxAntenna”=0, “enhanced-MTC-coverage” may also be very desirable since it will enhance deployment coverage when operating delay tolerant MTC applications. 
· For cat-1~8 UEs (i.e., normal LTE UEs) which have 2 Rx antennas per performance test requirement, the question is whether these UEs will be used for delay tolerant MTC applications. If so and coverage enhancement is still much desired for those applications, the “enhanced-MTC-coverage” feature may be still required for some markets. 
The second objective of the WID says that “Provide a relative LTE coverage improvement – corresponding to 15dB for FDD - for the new UE category and other UEs operating delay tolerant MTC application with respect to their respective nominal coverage”, so relative enhancement target is the same for UE cat-0 and “ue-SingleRxAntenna”=1, or UE cat-0 and “ue-SingleRxAntenna”=0, or UE cat-1~8. This understanding is clarified here because it is relevant to the note of the WID which states “... divergence of solutions between the new UE category/type and other UEs (mentioned above) should be minimized where possible”. 
Proposal # 7:  MTC coverage enhancement feature should be required for UE cat-0 with single Rx antenna. It may also be required or desirable for cat-0 UEs but with 2 Rx and even UE cat-1~8, depending on the market requirement. The relative enhancement target, with respective to different nominal coverage of different UEs, is the same. Divergence of solutions for these different UEs should be minimized.
5. Conclusion
In this paper, we discuss:

· How to capture the such UE category/type in the specifications via a combination of UE category definition and UE capability definition

· Clarification of cost saving measures, namely reduced bandwidth options and HDD as analyzed in the study item phase TR36.888 [2], that relates to the capability discussion here

· Relationship of the UE category and capabilities definition with coverage enhancement feature to be defined in the second objective. 

Proposal # 1:  Introduce a new parameter “ue-SingleRxAntenna” in TR36.306 to accommodate MTC UE category-0 with optional dual-Rx capability. 

Proposal # 2:  Support dynamic or at least semi-static configuration of the frequency location of PDSCH, while maintaining the cost saving benefit of DL-3 by limiting the total number of PRBs (contiguous or non-contiguous). 

Proposal # 3:  Use NPRB=6 to calculate soft buffer requirement for category 0 UE.

Proposal # 4:  Define only one new MTC UE category assuming the support of a maximal NPRB=6 for PDSCH. 

Proposal # 5:  Support HD-FDD operation for low-cost MTC devices. Include HD-FDD capability in the definition of the new UE category/type. 

Proposal # 6:  Define UE category 0 in the UE category table of TS36.306 based on TBS=1000 bits or 936 bits if limiting to QPSK (i.e., @ ITBS=9, NPRB=6).  The soft buffer size can be derived later based on # of CRS port (assuming TM2), # of OFDM symbols used for PDCCH (e.g., 1), and maximal HARQ process number (e.g., 1).  
Proposal # 7:  MTC coverage enhancement feature should be required for UE cat-0 with single Rx antenna. It may also be required or desirable for cat-0 UEs but with 2 Rx and even UE cat-1~8, depending on the market requirement. The relative enhancement target, with respective to different nominal coverage of different UEs, is the same. Divergence of solutions for these different UEs should be minimized.
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