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Background
The requirements for mMTC battery life from the Email Discussion [RAN#71-09] “Harmonization of verticals” are shown below. 
	
	Fixed Autonomous reporting mMTC (e.g. utility meters)
	wearable mMTC
(including mobility up to 500 km/h)

	Scenario
	?
	?

	Coverage
	164 dB
	?

	Stored energy capacity
	5Wh
	1.5Wh

	Battery life
	15 years = 780 weeks
	4 weeks

	DL
	20B per day (1440 minutes)
	200B per 10 minutes

	UL
	200B per day (1440 minutes)
	15kB per 10 minutes



Please note in the table above that the fields for Scenarios and Coverage for wearable mMTC are not defined yet by 3GPP, but this is not the significant characteristic for this contribution. Here, we want to address the battery life time of 15 years for the case of fixed autonomous reporting mMTC. In order to achieve this KPI, the design should be optimized for energy efficiency. 
For the time being, there exists no model for the battery energy consumption in an mMTC device. Therefore, it cannot be evaluated if a certain solution meets battery life time requirement or not. What can be done, on the other hand, is to compare different solutions relative to each other.
Below, a passage is copied from Nokia’s R1-165008 addressing the need of a energy consumption model for mMTC. It also states that there is no model for the evaluation ready yet and that such model should be in place first, before different solutions can be compared.    
“The target UE battery life and the corresponding evaluation methodology under definition for TR38.913 requires and agreed UE power consumption model. In addition, in order to compare different technical proposals, a more refined model for comparative evaluations assuming traffic models should be used in RAN1. Such models can be derived from those used in the NB-IoT evaluation.” and also “In this contribution we provide our first input on the UE energy consumption modelling that could be used both in establishing that a particular proposal is capable of meeting the set 5G New Radio requirements for UE battery life, as well as in a more refined comparisons to be conducted in RAN1 when assessing merits of different solution proposals.”  
Additionally, in [1] it has been observed when investigating the energy efficiency of LTE and Wifi: “If the target is machine type communication, with low data rate, none of the systems seem optimal, because the energy efficiency rapidly decreases when the data rate is lowered.”
Thus, we can summarize the current situation in the following observation:
Observation 1:
· Energy consumption requirements on NR are very tough
· LTE energy consumption is not optimal for low rate mMTC
· So far there does not exist a model how to evaluate the energy consumption for mMTC in NR

The choice of numerology has a big impact on the lowest sampling rate a device can operate with. Sticking to the LTE numerology without any further consideration, especially since LTE already is known to be energy-inefficient for low-rate mMTC, would be irresponsible at this point of time. As shown in the following sub-section, numerologies with uniform symbol duration (such as Alternative 2 and 3 as described in R1-164271) offer a much higher potential for power and energy savings.
To conclude, a very long battery life is a key criterion for mMTC use cases. Therefore the power consumption of the devices must be kept at a minimum. For NR, the energy efficiency needs to be improved compared to NB-IoT. The energy efficiency depends on many factors, an important one is sampling rate at which a device can operate.
Therefore, we make the following proposal:
Proposal 1:
· Power efficiency shall be considered for the choice of numerology
· The minimum sampling rate at which a device can operate shall be one criteria for the choice of numerology  

In the following sub-sections we compare the minimum sample rates for the LTE-based numerology and other candidates for NR which provide uniform symbol duration.
Discussion - Down-scaling of numerologies
An important factor for the power dissipation is the sampling rate at which a device can operate. This is, because a major part of the power dissipation comes from toggling transistors and when the sample rate is decreased then the transistor toggling rate follows accordingly. 
Therefore, in this section, we look at the minimum sampling rate in DL and UL direction that a device can use when employing either uniform symbol durations or using the LTE numerology. This is also described in detail in R1-164693 from Qualcomm:
DL direction:
The LTE numerology design considers bandwidth scalability from 20MHz to 1.4MHz. When the supported bandwidth is decreased, the sampling rate can also be lowered. 
For a BW of 20 MHz, typically a sampling rate of 30.72 MHz is used and for a BW of 1.4 MHz, the corresponding sampling rate is 1.92 MHz.
For NB-IoT applications, however, the supported BW can be as low as 180 kHz. It would be desirable to decrease the sampling even further than the 1.92 MHz which can be used for a BW of 1.4 MHz.
However, due to the non-uniform symbol duration which is used in LTE, this cannot be done. In each slot, the cyclic prefix for symbol0 is 0.52 us seconds longer than for the rest of the symbols. This time difference would need to be maintained even for lower sampling rates. At fs = 1.92 MHz, 10 samples are used for the CP of symbol0 and 9 samples for the CP of the remaining symbols. This cannot be reduced further.  Also, the FFT size stays at 128 points and cannot be shortened anymore. When only 12 subcarriers are used (180 kHz), this FFT size is significantly over-dimensioned.
That means, that due to the different CP durations, the sampling rate of NB-IoT can only be scaled down to 1.92MHz, despite the much lower NB-IoT system BW of 180KHz. This leads to 10x over-sampling rate (OSR) at the baseband. As a result, also the FFT size of the NB-IoT system is substantially larger than the number of active subcarriers, causing extra implementation complexity and power consumption. 
Observation 2:
· Due to its non-uniform symbol duration LTE/NCP cannot be down-sampled to less than 1.92 MHz and the FFT size can only be reduced to 128 points. 
· This is over-dimensioned for low bandwidth applications where power efficiency is of high priority

If NR adopts the LTE/NCP numerology, the same problem will be seen. The lowest possible sampling rate to be used at mMTC applications is then 1.92 MHz
Proposal 2:
· NR shall adopt a numerology that facilitates operations at significantly lower sampling rate that what is possible with LTE/NCP  

The minimum sample rates for the different numerologies are listed in the table below. It can be seen that Alt2 and Alt 3 have a 4 to 8 times lower sample rate than the LTE-based solution and also use a 4 times lower FFT (alt2) or a 15 points DFT (alt3).
Alt2 and Alt3 are different flavors of the same concept, to have 2^m symbols per ms of equal duration. They do not need to be compared with each other in this context. What is important to notice is that both clearly outperform the LTE-based numerology.   
	Mode
	BW
	Sampling rate
	FFT size
	Symb0 CP (sample)
	Other Symbs CP
(sample)
	Symbol Length (sample)

	LTE
	1.4 MHz
	1.92 MHz
	128
	10
	9
	128

	NB-IoT
	180 kHz
	1.92 MHz
	128
	10
	9
	128

	Alt2
	TBD
	0.56 MHz
	32
	3
	3
	32

	Alt3
	TBD
	0.256 MHz
	15 (DFT)
	1
	1
	15



An example for the downlink processing is illustrated in the figure below: Consider an mMTC device comprising an ADC, FFT and some simple signal processing block to carry out a low complexity task. Since, the signal processing itself is not demanding, a bigger portion of the power consumption will be spent on the digital front-end (ADC + FFT). For IoT devices with relaxed latency requirements, it is also possible to run the application signal processing with very low clock frequency, thereby reducing the energy consumption of that part. Hence, optimizing the front-end part will give a substantial power saving gain for the entire device.
The figure below illustrates the processing that would be needed if NR adopts the LTE numerology. The ADC has to provide samples at a rate of 1.92 MHz. After that, the CP is removed, for symbol 0 in a slot, 10 samples are removed and for symbols 1-6, 9 samples are removed. Finally, a 128 point FFT must be carried out.
[image: ]
This processing can be substantially simplified if a numerology consisting of uniform symbols is used. Consider the examples below for using Alternative 2 or 3.
First, the sampling rate can be reduced to 0.56 MHz (Alt2) or 0.256 MHz (Alt3). Then for each symbol, the same CP is removed. Finally, a much shorter FFT of 32 points in the case of Alt2 or a 15 point DFT in the case of Alt3 are needed. This is illustrated below for the example of downscaling alternative 2.
[image: ]
Observation 3:
· In DL direction, uniform symbol durations in result much lower sampling rates and shorter FFT/DFT sizes in the downlink direction

UL direction:
For the uplink, it has been recognized in the NB-IoT studies, that single-tone transmission (1 sub-carrier) is the key to long battery life. For the case of single-tone transmission, the difference between the LTE based numerology and uniform symbol duration can become even larger than it is for the downlink. 
A single tone UL transmission concept for the LTE numerology is illustrated in the figure below: When only one sub-carrier is used, the usual DFT is not necessary. Instead, the symbol (or a weighted symbol) is directly mapped to the desired sub-carrier “m” in the IFFT. The rest of the input values to the IFFT is then set to zero. For the LTE-based numerology, exactly as for the DL, also in the UL direction the FFT size needs to be 128 points and the sampling rate needs to be 1.92 MHz. This is required in order to keep the non-uniform symbol duration (including CP). Thus, the IFFT will have 1 transmit symbol and 127 “0”s as input. 
Consider the IFFT output signal y(n) in the figure below. For a 128 point IFFT, the signal y(n) is generally described as  


where X(k) = a_m for k=m and 0 otherwise. 
Thus, the signal y(n) is calculated to:


With this set of input values (one symbol at sub-carrier “m” and 127 zeros, the IFFT calculation requires 128 complex multiplications for each transmit symbol. 
After the IFFT has been carried out, the CP needs to be added: 10 samples for symbol 0 and 9 samples for the remaining symbols of a slot. Finally, after D/A conversion, the signal is shifted to the IF or RF frequency.    

[image: ]

When using a numerology with equal symbol duration, similar to the downlink, much more efficient implementations for the single tone transmission can be done. 
Two variants are illustrated below, the first one performs a sub-carrier mapping in the digital baseband domain and uses the same concept as illustrated for the LTE numerology. The second one, one the other hand, does not perform any SC mapping in baseband and modulates the transmit symbol directly to the intended IF or RF.
Variant 1: SC mapping in baseband:
This method uses a much smaller IFFT size (resulting in fewer multiplications) and a shorter uniform CP length than what is needed for the LTE numerology. The same numbers as for the downlink are applied. This is illustrated for the examples of alternative 3 in the figure below. The transmit symbol is mapped onto one sub-carrier and then a 15 points IDFT is performed. But, since only one SC is active, the IDFT corresponds to just 15 complex multiplications per transmit symbol, 1/8 as for the case of the LTE numerology. After that, 15 samples are produced (instead of 128 in LTE) and a CP of 1 sample is added for every symbol (uniform symbol duration). Finally, after D/A conversion, the signal is shifted to an IF or directly to RF. This method is similar to the one that need to be used for the LTE numerology, but requires only 1/8th of the multiplications. 
[image: ]

Variant 2: Direct frequency shift to IF/RF:
The uniform symbol duration provides a very efficient way for scaling down the sampling rate to the extreme scenario. For example, when the UL operates at the single subcarrier mode, thanks to uniform symbol duration, the sampling rate at the transmitter side could be as low as 2m KHz (e.g. 16 kHz when having 2^m=16 symbols per ms, 4 kHz when 2^m=4 symbols per ms). Thus, when having uniform symbols duration and single-tone transmission, the sample rate in the uplink is equal to the symbol rate. 
This has tangible benefit in the very low BW scenario. It should also be noted that, such complexity could be pronounced for mMTC as a competitive edge when compared with alternative IoT technologies such as 802.15.4, SIGFOX, etc. 
Using a suboptimal numerology design like the LTE-based approach, would eventually put the 3GPP based solution in a disadvantage, not just for NB-IoT but also for future mMTC in NR for the next 10 to 20 years.
This second implementation method does not use any oversampling and sub-carrier mapping in the digital domain. It operates on symbol rate until D/A conversion. The DAC delivers a constant transmit symbol for the period of 1/(16 kHz) which also includes the CP. The analogue multiplier shifts then the baseband signal directly to the desired IF or even to RF. This can be done, since single tone transmission is used.  
[image: ]
Please note that in this realization, there is a slight difference compared to the analogue mixer used in the previously described methods where the transmit symbol was first mapped to a sub-carrier in baseband. In the first cases, the analogue mixer implemented a fixed frequency shift for the “wideband” baseband signal, where the specific subcarrier was generated in baseband. In this latter realization, however, the baseband signal is not in a first step mapped to a specific subcarrier but shifted directly from baseband to the intended IF or RF.
A similar implementation for the LTE-based numerology is not possible due to the different CP lengths used for the symbols within a slot. In order to maintain the different CP durations, the transmit symbol needs to be interpolated to a rate of 1.92 MHz first, then 138 samples are used for symbol0 and 137 samples are used for symbols1-6. 
To summarize the UL figures for single-tone:
	Mode
	BW
	Sampling rate
	“FFT size”
Mults / symbol

	Symb0 CP (sample)
	Other Symbs CP
(sample)
	Symbol Length (sample)

	NB-IoT
	Single tone
	1.92 MHz
	128
	10
	9
	128

	NR with LTE num
	Single tone
	1.92 MHz
	128
	10
	9
	128

	Alt2: Uniform symbol duration, SC mapping in dig baseband
	Single tone
	0.56 MHz
	32
	3
	3
	32

	Uniform symbol duration, SC mapping in dig baseband
	Single Tone
	0.256 MHz
	15
	1
	1
	15

	Uniform symbol duration, SC mapping in analog
	Single Tone
	0.016 kHz
	None
	None
	None
	



Observation 4:
· In UL direction, the sampling rate advantages for uniform symbol duration is > 100 

Considering the advantages of the uniform symbol duration of Alt2 and Alt3 the following proposal is made:

 Proposal 3:
· NR shall adopt Alternative 2 or Alternative 3 since they significantly outperform LTE/NCP in terms of minimum supported sampling rate. Alternative 2/3 are more suited to meet the battery lifetime KPI for mMTC than the current working assumption.

Conclusions
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]From the discussions in this contribution, we have the following proposals:
Observation 1:
· Energy consumption requirements on NR are very tough
· LTE energy consumption is not optimal for low rate mMTC
· So far there does not exist a model how to evaluate the energy consumption for mMTC in NR
Observation 2:
· Due to its non-uniform symbol duration LTE/NCP cannot be down-sampled more than 1.92 MHz and the FFT size can only be reduced to 128 points. 
· This is over-dimensioned for low bandwidth applications where power efficiency is of high priority
Observation 3:
· In DL direction, uniform symbol durations in result much lower sampling rates and FFT/DFT sizes in the downlink direction
Observation 4:
· In UL direction, the sampling rate advantages for uniform symbol duration is > 100 

Proposal 1:
· Power efficiency shall be considered for the choice of numerology
· The minimum sampling rate at which a device can operate shall be one criteria for the choice of numerology  
Proposal 2:
· NR shall adopt a numerology that facilitates operations at significantly lower sampling rate that what is possible with LTE/NCP  
Proposal 3:
· NR shall adopt Alternative 2 or Alternative 3 since they significantly outperform LTE/NCP in term of minimum supported sampling rate. Alternative 2/3 are more suited to meet the battery lifetime KPI for mMTC than the current working assumption
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