Text proposal for Technical Report on the implications of battery characteristics
The current version of the GERAN Technical Report on CIoT has two sections dealing with power consumption and batteries.  The first is in Chapter 4, "Objectives":
[bookmark: _Toc393355408][bookmark: _Toc405798808]4.1.4 	Improved power efficiency
The power consumption of MTC devices compared with legacy GPRS (non EGPRS) should be reduced so that they can have up to ten years battery life with battery capacity of 5 Wh (Watt-hours), even in locations with adverse coverage conditions, where up to 20 dB coverage  extension over legacy GPRS might be needed. 
The second is in Section 5.4 which describes a detailed power consumption evaluation methodology.
Both of these sections focus on the energy demands of the system but do not consider other implications of battery characteristics.  Clearly the available battery energy is a constraint on the system performance, as are other aspects such as the feasible noise figure of RF amplifiers or the potential performance of demodulation algorithms.  A contribution to GERAN 64 pointed out that the available peak current from a battery is also an important constraint, and it is proposed that this should be reflected in the Technical Report.  For convenience, the previous contribution is included here in edited form as an annex, some or all of which is suggested to be appropriate for inclusion (probably also as an appendix) as it provides important technical background.
To take account of these factors the following revision of Section 5.4 is proposed.



Begin revised text
[bookmark: _Toc405798822]5.4 	Energy consumption evaluation methodology
The purpose of energy consumption analysis is to calculate the achievable battery life for an MTC device using a specific candidate solution. A 5 Wh battery capacity should be assumed, without consideration of battery leakage impact since this depends on battery technology. 
An example of the different events that affect energy consumption when an MS has to send an IP packet and receive an IP acknowledgement for that packet is shown in Figure 5.4-1.  


Figure 5.4-1: Example of events affecting energy consumption for IP packet exchange.
NOTE: Example in Figure 5.4-1 assumes GSM logical channels are used but the actual logical channels for ‘clean slate’ solutions may be different.
PSS denotes a Power Saving State such as that achieved with the Rel-12 Power Save Mode feature. In Idle, the device may be consuming more power than in the PSS state because, for example, it is maintaining a more accurate time/frequency synchronisation with the network.
The energy consumption methodology comprises of two steps: 
1. 	Declaration of key input parameters as shown in Table 5.4-1.
Table 5.4-1 Key input parameters for energy consumption analysis
	(1) Battery capacity
(Wh)
	(2) Battery power during Tx
(mW)
	(3) Battery power for Rx
(mW)
	(4) Battery power when Idle but not in PSS (mW)
	(5) Battery power in Power Save State (PSS)
(mW)
	(6) Time between end of IP packet carrying “report” and start of IP packet carrying “ack” on radio (ms)
	(7) Number of reports per day

	5
	
	
	
	[0.015]
	1000
	

	

	(8) Rx time from PSS exit to re-entry into PSS
 (ms)
	(9) Idle time from PSS exit to re-entry into PSS 
(ms)
	(10) Tx time from PSS exit to re-entry into PSS
 (ms)
	(11) Time from last Rx or Tx activity to entry into PSS1
(ms)
	
	
	

	
	
	
	20000
	
	
	



2.	The battery life is calculated as follows:
a. Energy consumed per data report: 
e1 (mW×ms) = energy for Tx + energy for Rx + energy for tasks in idle
         =  (10) × (2)    +   (8) × (3)   +    (9) × (4)
E1 (Joules) = e1 / 1 000 000

b. Energy consumed per day:
E2 (Joules) = energy consumed per report × reports per day + energy in PSS per day
         =                     E1× (7)           +   (5) ×3600*24/1000
e2 (Watt Hours) = E2/3600

c. Days of battery life:
D = battery energy capacity / energy consumed per day = (1)/e2

d. Years of battery life:
Y = D/365
Begin inserted text
3	The peak current is calculated as follows:
The peak current is calculated as 
Ipk = Battery power during transmit / 3 volts
i.e. it is assumed that the nominal supply voltage is 3 volts which is typical for the battery types of interest.
End inserted text

NOTE: In order to permit a focus on optimised battery life, the 20 second duration from last transmit/receive activity to entry into Power Save State implies the use of a GPRS Ready State timer that is deliberately different to the 44 second default value for T3314 (clause 11.2.2 of TS 24.008[6]), and a PSM-Active time that is probably different to the suggested value of “2 DRX cycles plus 10 seconds” (clause 4.5.4 of TS 23.682[7]). For the case where REL-12 Power Saving Mode is used for PSS, the PSM-active timer is assumed to be 0 and ‘ready timer’ is 20s.Battery life analysis should be done as per step 2 above. The energy consumed per report is dependent on the packet size of the uplink transmission and downlink reception associated with a report and the coverage condition of the device. The analysis is done for Mobile Autonomous Reporting (MAR) periodic traffic for two packet sizes (with packet size = application layer payload + COAP+DTLS+UDP+IP header overhead) of 50 bytes and 200 bytes and three coverage levels: GPRS reference MCL + 0dB, GPRS MCL reference+10 dB and maximum achievable coverage of candidate technology.  
Editor’s note:  The assumption for DL packet size (for DL Application layer ACK) needs to be defined for battery life analysis.
The energy consumed per day by each device is also dependent on the reporting interval. Two reporting intervals of two hours and 24 hours are used in the analysis. 
 Table 5.4-3 provides an example of how the battery life analysis can be captured as a matrix for the different cases to be evaluated. 


Replace table with revision below
Table 5.4-3 Presentation of battery life analysis evaluation for 2 packet sizes, 2 reporting intervals and 3 coverage levels
	
	Battery life/years (1 year = 365 days) for three coverage levels
	Supply current

	Packet size, reporting interval combination
	Coupling Loss = GPRS reference MCL +0 dB
	Coupling Loss = GPRS reference MCL+ 10 dB
	Coupling Loss = maximum supported value
	Peak Tx Current (mA)
	[bookmark: _GoBack]Total Tx burst duration (ms)

	50 bytes, 2 hours
	
	
	
	
	

	200bytes, 2 hours
	
	
	
	
	

	50 bytes, 24 hours
	
	
	
	
	

	200 bytes, 24 hours
	
	
	
	
	


End revised text

The power consumption in Power Save State is assumed to be [0.015] mW, which only includes the contributions of a low power crystal, a minimal amount of active circuitry such as timers, plus leakage. 
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Annex:  Primary battery constraints on peak current
1. Introduction
A system designed to support cellular IoT communications needs excellent coverage, very long battery life, and low cost.  The first of these implies that the link budget should be maximised in both uplink and downlink.  In the uplink the link budget is a function of the transmit power, BTS sensitivity, and transmission scheme.  All else being equal it is desirable to maximise the transmit power.  This however increases the energy required from the battery, and also the peak current, which affects its life.  The cost of the complete MS, installed in the end product, has to include the battery, and therefore a low cost battery is preferred.  This contribution gives a short discussion of battery powering issues and their implications for system design, in particular the Working Assumption on maximum terminal transmit power.
Transmission time
The transmission time for a given data packet obviously depends on the details of the protocol, channel coding, modulation, multiple access scheme, and multipath/Doppler channel conditions.  However for the purposes of comparison it can be noted that under conditions of extreme coverage extension with an AWGN channel, all systems must be approximately equivalent, the transmission time depending only on equivalent thermal noise; required information-bit Eb/N0  after channel coding and spreading/repetition; coverage extension; physical layer data block size; and transmit power.

For an 80 octet data packet, assuming that a reasonable Eb/No to ensure a block error rate that does not generate too many MAC layer retransmissions is 3 dB, BTS noise figure of 3 dB, MCL of 164 dB, the total energy required is therefore +24.1 dBmJ or 255 mJ.  This gives the transmission times given in the table below for various transmit powers.  The table also gives the required supply current assuming an overall 45% Tx PA efficiency and a nominal 3V supply.

	Tx power W
	Tx time ms
	PA supply current mA

	2
	127
	1481

	1
	255
	741

	0.2
	1274
	148

	0.02
	12739
	15


(Note that the time for 0.02W = +13 dBm has been given for comparison as this is a common Tx power for ISM band devices.)
Table 1:	Transmit time & supply current for 255 mJ for various powers & PA efficiency 45%, 3V supply
An obvious observation is that the electrical charge used in the transmission is independent of the transmit power, but the peak current varies widely.
Deployment Considerations
CIoT devices will be often deployed in hostile locations, examples being manholes (e.g. for water metering); remote facilities (e.g. for alarms or environmental monitoring); in the chassis of a vehicle (e.g. for security alarms); worn on the body (e.g. for child and animal tracking).  In such locations the operating temperature may be rather low or rather high compared with normal ambient.  For example automotive grade devices must operate down to -40 and up to +85°C.  In many territories winter temperatures can easily be -20°C and often lower and these would obtain also in unheated structure.  Even for body worn applications it cannot be assumed that any advantage can be taken of body heat as the device may be worn outside clothing, and of course it may be dropped.  Operation at temperature extremes especially low temperature therefore has to be considered.
A fundamental requirement is that in many cases there is no local power supply either for convenience (water meter, tracker, covert security sensor) or safety (gas meter).  The operational justification for an application often depends on not having to visit a location to replace a battery as the cost of a "truck roll" is high.  For long life, rechargeable battery types also tend to have unacceptable self-discharge characteristics.  Therefore primary batteries are preferred.  
Battery cost and device size are also important considerations.  Whilst quite exotic battery types could be considered in critical applications, the system should ideally use standard battery types in high volume production.  This contribution considers two types of battery, both in the "AA" size case, using alkaline-manganese-dioxide and lithium-thionyl-chloride chemistries. The latter is specified for applications such as utility meters which require long operating life, but are significantly more expensive as the production volumes are smaller and special handling precautions are needed to deal with environmental and safety concerns.
Candidate Battery Types
Battery efficiency & available power
An important battery parameter is the effective series resistance (ESR).  This characterizes the voltage drop when current is drawn.  In practice the ESR is not constant with current drain or battery state.  The maximum power available from a battery is obtained when the voltage drop across the ESR is equal to half the open circuit voltage, but in this state an equal amount of power is dissipated in the battery as heat.  In an application dominated by data transmission half the energy available would be wasted.  For good energy efficiency the device should be operated such that the battery voltage drop is minimized.  A typical criterion might be that the power lost in the ESR is no more than 10% of the total power taken during transmit.  An implication of this is that the current draw has to be slightly increased to obtain the required power into the PA.  
Alkaline manganese dioxide 
The normal primary alkaline AA cell has the IEC "LR6" designation.  It accounts for ~50% of global battery sales and is therefore widely available and cheap.  Nominal capacity is often quoted as ~2500 mAh at room temperature, indicating a nominal energy capacity of ~7.5 Wh for 2 cells.  However effective capacity is strongly dependent on operating temperature and current drain.
Typical characteristics are shown in Figure 1.
[image: cid:image002.png@01CFD299.4BD7B210][image: cid:image004.jpg@01CFD299.4BD7B210]
(Source: Energiser Alkaline Handbook V Alk2.0 www.energizer.com)
Figure 1:	Typical LR6 characteristics
Assuming the ESR and temperature effects compound linearly, the ESR & available power for 1 & 2 cells can be predicted as shown in Table 2.
	One cell

	
	-20°C
	0°C
	20°C
	Voltage

	Full charge
	0.4
	0.2
	0.15
	1.5

	EOL[footnoteRef:1] charge [1:  EOL = End of Life] 

	1.73
	0.867
	0.65
	0.8

	Two cells

	Full charge
	0.8
	0.4
	0.3
	3.0

	EOL charge
	3.46
	1.734
	1.3
	1.6


Table 2:	Predicted ESR (ohms) for LR6 batteries
Table 3 shows the maximum (2-cell) ESR to obtain battery efficiency of 90% or better for both rated voltage and at end of life.



	Tx power W
	Tx time ms
	PA supply current A @ 3V
	Max. ESR for nominal voltage, ohms
	Max. ESR for EOL voltage, ohms

	2
	127
	1.65
	0.18
	0.05

	1
	255
	0.82
	0.36
	0.10

	0.2
	1274
	0.16
	1.82
	0.52

	0.02
	12739
	0.02
	18.23
	5.18


Table 3:	Maximum ESR for various Tx power levels, 90% battery efficiency
It is evident that two LR6 cells in series will not be able to power 2W transmitters when fully charged without significant efficiency loss.  A 1W transmitter may be powered but only with fresh batteries.  The situation is significantly worse at low temperature.  For 200 mW however fresh batteries will just meet the requirement even at -20°C; but battery life is likely to be curtailed as the EOL ESR is well in excess of that required for good battery efficiency even at normal temperature.
Lithium thionyl chloride (LTC) batteries
LTC batteries have high capacity and are available in various form-factors including the AA size for which the IEC designation is 14505.  They are commonly used in critical applications such as utility meters.  A typical data sheet for such a battery[footnoteRef:2] gives the following characteristics. [2:  http://www.evebattery.com/asp_bin/upimg/pdf/2014723141854.pdf ] 

	Rated voltage
	3.6 V
	

	Nominal capacity
	2.7 Ah
	

	Energy capacity
	9.72 Wh
	

	Max continuous current
	40 mA
	

	Pulse capability (For voltage ≥ 3V
	150 mA
	

	Operating temperature range
	-60°C / +85°C
	


For this battery the pulse current capability is adequate for a 0.2W transmitter but not for higher powers.  Special versions in this size can handle higher pulse currents up to 1A[footnoteRef:3], allowing a 1W transmitter but not 2W.  It should also be noted that battery capacity and peak current capability can be affected by low temperatures as indicated by the following performance curves. [3:  http://www.evebattery.com/asp_bin/upimg/pdf/2014723141350.pdf ] 

[image: ][image: ]
These curves shows how effective capacity is adversely affected by increasing current drain and reducing temperature.  A practical terminal may need a dc-dc converter to adapt the varying output voltage for the PA, which will draw more current at lower voltage for the same output power. The information is for continuous drain and little data is available for pulse discharge.
[image: ]
The above graph for the second battery type shows that at maximum pulse current drain the available voltage is reduced by ~15% for a fully charged battery at normal ambient.  Again, little data is available showing performance at lower temperatures and charge states, or for lower pulse discharge currents.
Anecdotal evidence from the utility meter industry suggests that the effective capacity of a given battery type should be de-rated by of the order of 50% from the data-sheet nominal to account for self-discharge over a period of ~10 years, pulse discharge, and low temperatures.
Conclusions
Cellular IoT terminals must combine low cost, ability to work with extended coverage, and long battery life using primary cells.  As the up-link budget is a function of the terminal transmit power, the ability of the battery to support the required discharge currents is of concern.  Various types of battery in the commonly available AA style case are widely available and low in cost because of economies of scale.  In addition their energy density is of the same order of magnitude as specified in the Study Item description – i.e. ~5 Wh (or more).  Because of these factors this battery type is attractive for powering CIoT devices.
This short analysis has shown that both alkaline manganese and lithium thionyl chloride battery chemistries in the AA form-factor will be challenged by operating at a power level of +33 dBm.  LTC batteries should be able to support the demands of a +30 dBm transmitter though operating life may be shortened compared to nominal capacity.  In addition, LTC batteries may only be suitable for certain applications due to safety/environmental issues, as well as being significantly more costly than alkaline batteries. Both battery types should be able to well support +23 dBm transmit power, though the effective battery life for lower temperature operation with alkaline batteries is likely to be much shorter than might be expected on the basis of nominal capacity.  Further investigation is required of battery performance for pulse discharge at low temperatures.  Generally, on the basis of the peak current limitations of batteries of the nominal capacity specified for CIoT, there are significant benefits to operating lifetime of reducing peak transmit power.
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