[bookmark: _Toc436619014][bookmark: _Toc436619251][bookmark: _Toc451844181][bookmark: _Toc466346620][bookmark: _Toc466348853][bookmark: _Ref32174880][bookmark: _Ref32174894][bookmark: _Toc33937155][bookmark: _Toc33937288][bookmark: _Toc64436179][bookmark: _Toc201556294]3GPP TSG RAN WG1 Meeting #86	R1-167792
Gothenburg, Sweden 22nd - 26th August 2016
Agenda Item:	8.1.7
Source: 	u-blox AG, Sony
Title:	Battery Assumptions for NR
Document for:	Discussion / Decision
1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
[bookmark: _Toc446354195]3GPP RAN has been working on NR requirements for mMTC [1] and recently approved updated KPIs for UE battery life in [2] as follows. 
7.11	UE battery life
UE battery life can be evaluated by the battery life of the UE without recharge. For mMTC, UE battery life in extreme coverage shall be based on the activity of mobile originated data transfer consisting of 200 bytes UL per day followed by 20 bytes DL from MCL of 164 dB, assuming a stored energy capacity of 5Wh.
The target for UE battery life should be beyond 10 years, 15 years is desirable.
Motivated by [1], RAN1#85 [3] discussed the need for a corresponding evaluation methodology and UE energy consumption model for assessing the merits of different technical solutions. According to [4], companies are invited to propose a simple UE energy modelling approach for NR mMTC radio access energy efficiency analysis as follows:
Conclusion:
· Discuss until RAN1#86 to define simple UE energy modelling approach for NR mMTC radio access energy efficiency analysis which is not specific to any particular radio access solution (contact: Karri Ranta-aho)
It is recognised that NR evaluation assumptions related to battery life need to be applicable for a wide range of applications that will be applied for NR mMTC, including for example utility meters and wearable devices [5]. The actual device lifetime however, can be impacted by non-ideal performance of the batteries used in these devices, for instance: operating temperature, current drain, and discharge rate. 
This contribution discusses additional considerations on evaluation assumptions for NR mMTC related to battery life, in particular real-life usage considerations when taking into account non-ideal characteristics of the battery, hence their potential impacts on NR mMTC design (e.g. maximum transmit power, duty cycles, signalling overheads, power control mechanisms, PA designs etc.). 
2. [bookmark: _Ref458614187]Characterisation of Battery
Various primary batteries technologies available in the market for utility metering (as an example) were discussed in [6] and [7]. These include Lithium Ion Polymer (LiPo) secondary batteries, alkaline manganese, Lithium Manganese Dioxide (Li-MnO2) and Lithium-thionyl-chloride (LTC) batteries. 
The latter are specified for applications such as utility meters which require long operating life and low operating temperature, but they are significantly more expensive than some other primary battery technologies as the production volumes are smaller. Due to its potent battery chemistries, special handling precautions are needed to deal with environmental and safety concerns. 
They typically have a self-discharge rate of about 3% per year at ambient temperature, so for operation over a 15 year life (a requirement for some utility meters) the battery may need to have nearly 100% additional capacity. 
Typical data for LTC batteries includes the following characteristics.
Table 1 Examples of LTC Batteries with Capacity >5Wh
	
	ER14505[9]
	ER14505M[11]
	LS17500[12]

	Nominal Capacity (Ah)
	2.7
	2
	3.6

	Nominal Voltage (V)
	3.6
	3.6
	3.6

	Maximum recommended continuous current (mA)
	40
	400
	130

	Pulse capability
	<= 150mA / 0.1 sec pulses
	<= 1000mA / 0.1 sec pulses
	<= 250mA / 0.1 sec pulse

	Size
	AA
	AA
	A

	Operating range
	-55o/+85o
	-60o/+85o
	-60o/+85o

	Battery Capability (Wh)
	9.72
	7.2
	12.96



These values are helpful to characterise the energy output of the battery and help with battery life calculations, however, the performance of the battery can be significantly different if the battery is discharged beyond its nominal operation conditions (e.g. temperature range, discharge current and pulse drain). 
Temperature
Operating temperature of NR mMTC devices varies among use cases. Many mission-critical applications such as metering are required to operate at low temperature, for example down to -20oC. In many places, such temperature (or even lower) will be experienced in winter on a nightly basis. Figure 1 illustrates the effects of temperature on battery capacity: discharging the battery at lower temperatures results in a reduction of capacity. For example, discharging at 100mA, a 45 degree temperature drop from 25oC to -20oC leads to capacity (Ah) reduction by nearly 43%. This is due to reduction in chemical activity and increase in the internal resistance of the battery at low temperature. The amount of reduction is dependent on cell design, energy density and battery chemistry. 
[image: ]
[bookmark: _Ref458527934]Figure 1 Effect of temperature on battery capacity, from -40oC to 85oC [11]
Discharge Current
Ideally, a battery has constant discharge current and capacity, however both vary in reality. The capacity of a battery generally decreases with increasing discharge current. As illustrated in Figure 2: a 20mA to 400mA increase in the current drain leads to battery capacity drop by 38% @3V end-of-life supply voltage. In other words, the battery capacity reduces with higher discharge rate or “C-rating”. 
Furthermore, it can be observed that battery voltage drops over the course of discharge. As the battery internal resistance or the discharge current is increased, the discharge voltage decreases. Generally speaking, voltage is relatively lower at high discharge current than at low discharge current. In addition, as the internal resistance of the battery becomes more significant at low temperatures, the discharge voltage drops more as illustrated in Figure 3.
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	[bookmark: _Ref458534244]Figure 2 Typical Continuous Discharge Characteristics of a battery operating at +25oC [11]
	[bookmark: _Ref458534523]Figure 3 Typical capacity versus current and temperature of a Li-SOCI2 battery [11]


Observation 1: Effective battery capacity is adversely affected by increasing current drain and reducing temperature.
Pulse Drain
Another consideration is the impact of discharge current on voltage at pulse load. Figure 4 illustrates the voltage characteristics during 100ms pulse loads and 1 second pulse cycles at ambient temperature of 23°. It shows that at pulse current 20mA, the available voltage is reduced by ~13% for a fully charged battery, while at higher pulse current drain 50mA, the available voltage is reduced by nearly 25% at normal ambient temperature. 
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	[bookmark: _Ref458074488]Figure 4 Pulse discharge characteristics of a typical coin cell battery [13]


In summary, it is observed that battery capacity or battery life is a function of non-ideal battery characteristics mentioned above. The actual capacity available from a battery can be significantly less than the theoretical capacity under various storage and discharge conditions. The amount of reduction in capacity varies from manufacturer to manufacturer, and is dependent upon the details of the construction of the battery, but the property is generally true for the majority battery families. 

Observation 2:Non-ideal battery properties (e.g. self-discharge rate, temperature, discharge rate, voltage) can lead to misestimates of battery life.
Observation 3: Reducing peak current during both continuous and pulse load will give more operating margin to allow for non-ideal performance of the battery.
Peukert’s Law is a simple model to predict battery lifetime in particular taking into account some non-linear characteristics of the battery [16]. The Peukert constant k varies with battery technology and the age of the battery. Typical range is quoted between 1.0 and 1.7 [16]. 
Proposal 1: The battery energy model is characterised as per Table 2.
[bookmark: _Ref458613597]Table 2 – Proposed battery energy model for utility meter model
	Characteristic
	Value

	Nominal voltage
	3.6V

	Nominal battery capability
	5Wh (ambient temperature) 

	Self-discharge rate
	3% per year

	Discharge rate capacity backoff
	Peukert’s Law (e.g. k=1.1)

	Usage model
	Appropriate traffic model for utility meters



3. Battery Assumptions for Wearables
Wearables are identified as one of the use case categories for NR mMTC [5]. The METIS requirements [17] identify a marathon use case where there are 70000 tracking devices, 40000 fitness devices and 15000 devices used for mHealth and music streaming. These are all wearable devices. These devices are all active within the start zone of a marathon (typically 1/8 km2), leading to a connection density in excess of 1 million devices per km2. Wearables devices are hence clearly within the scope of massive mMTC. Wearable devices have some unique battery characteristics that need to be considered when NR is evaluated.
In wearable applications, apart from battery life, device size, weight and battery cost are also important considerations. Many consumer wearable applications such as smart trainers, pet collars and trackers are required by design to use small form factor batteries (e.g. <AA size). Whilst quite exotic battery types could be considered in critical applications, the system should ideally use standard battery types in high volume production, or rechargeable batteries for a lower life-cycle cost. 
Typical data for small form-factor (e.g. coin cell) batteries includes the following characteristics.
[bookmark: _Ref458011810]	Table 3 Examples of Small Form-factor Batteries: coin cell	
	Example Cell
	CR2032[14]
	CR2450[15]

	Size (mm)
	20mm x 3.2mm
	24.5mm x 4.25mm

	Nominal Voltage (V)
	3.0
	3.0

	Nominal Capacity (mAh)
	225mAh
	620mAh

	Max recommended continuous current (mA)
	3mA
	3mA

	Pulse capability 
	15mA
	15mA

	Operating range
	-20°/70°
	-40°/85°

	Battery Capability (Wh)
	0.675
	1.86



Coin cell batteries are low in cost and widely used in consumer grade devices and are safe for public use. They belong to the Li-MnO2 family, similar to Li-SOCI2 but have a lower specific capacity as their energy density is 280Wh/kg, almost half the size of Li-SOCI2 batteries (500Wh/kg) [9]. 
The capabilities of Li-Ion rechargeable batteries were considered in [8]. The lifetime of rechargeable batteries is affected in two ways:
· The nominal capacity (“battery discharge capacity”) of the battery degrades as the discharge rate of the battery increases. This is a similar effect to the discharge characteristics discussed in section 2 for primary batteries, for example as shown in Figure 2. The battery discharge capacity of the battery affects the “on time” per device charge.
· The nominal capacity of the battery reduces each time the battery is charged and discharged (this is termed the “capacity fade” of the battery). The capacity fade aspect of the battery occurs due to changes in the chemical structure of the battery as it is charged and discharged. The fade capacity of the battery affects the number of times the device can be charged before the device is considered to “not hold charge”.
In order to minimise the effects of battery discharge capacity and fade capacity, a generally accepted rule of thumb for Li-ion rechargeable batteries is that the discharge rate of the battery should not exceed “1C” [8] (where “C” is the nominal capacity of the battery in Ampere-hours), though lower discharge rates than “1C” give better discharge and fade capacity.
The capacity of a rechargeable battery is related to the size of the battery. For applications such as trackers, health monitors and fitness bands, the capacity of the Li-ion rechargeable battery may be 200mAh or less. For such batteries, the maximum discharge rate of the battery is 200mA.
Observation 4: For a given energy density (Wh/L), battery capacity is proportional to battery size, so small form-factor primary and rechargeable batteries may have less nominal capacity.
As discussed, small batteries are essential to enable the widespread use of small form-factor devices, include wearables. In order to model the battery characteristics of batteries used in these devices, it is proposed that the NR evaluation assumptions for mMTC support small form-factor batteries including coin cell and rechargeable batteries, as per Table 4.
Proposal 2: Additional battery energy model for wearables is characterised as per Table 4.
[bookmark: _Ref458615933]Table 4 – Proposed battery energy model for wearables
	Characteristic
	Coin cell
	Rechargeable

	Nominal voltage
	3.0V
	3.6V

	Nominal capacity
	225mAh (ambient temperature)
	200mAh (ambient temperature)

	Maximum continuous current
	3mA
	100mA

	Pulse capability
	15mA
	100mA

	Usage model
	Appropriate traffic model for tracking application
	Appropriate traffic model for small wearable application 

	Lifetime
	1 year
	2 weeks



4. Impact of Battery Assumptions on NR design
The NR evaluation assumptions related to batteries will impact the NR design and will motivate design choices made in NR. Some of the potential impacts of the battery characteristics that have been identified in this document are:
· Max discharge rate. This can impact the waveform design (e.g. in terms of the PAPR properties of the waveform), the maximum transmit power, the amount of processing gain that NR needs to support, the requirements on support of relays for very low transmit power devices, the power control mechanism, the UL capacity of NR mMTC etc. 
· Self-discharge rate. This impacts the actual battery capacity available to the device over the lifetime of the device and will impact design choices related to energy efficiency.
· Pulse discharge characteristics. These can impact the signalling and DRX design.
· Temperature. The battery capacity assumptions are related to the operating temperature. The mMTC device needs to meet the NR requirements at the extremes of temperature. Other aspects (e.g. frequency stability of oscillators) of the mMTC design also need to be compatible with the extremes of temperature that are applied to the battery.
· Small form-factor battery characteristics. The lower battery capacities of small form-factor devices including small wearables will motivate an NR design that accommodates a range of maximum transmit powers and a design that is appropriate for wearable traffic models. The maximum transmit powers available for pulse capabilities of 15mA (coin cell for tracker) and 100mA (rechargeable battery in small form-factor wearable) are shown in Table 5 (assuming 45% PA efficiency and some power required for baseband / application circuitry).
[bookmark: _Ref458780227]Table 5 – Example Max TX RF power for mMTC devices based on battery limitations
	Characteristic
	Coin cell (tracker)
	Rechargeable (small wearable)

	Pulse capability
	15mA
	100mA

	Max Tx RF power
	10dBm
	21dBm 



The implications discussed above show that the current battery assumptions for NR mMTC (5Wh; 200 byte UL / 20 byte DL per day; 15 year lifetime) are not adequate to motivate the design for mMTC. Hence it is proposed to adopt the richer abstracted models described in this document. The following observation is made.
Observation 5: The battery assumptions used in NR will have an effect on the design and evaluation of NR.
5. Conclusion
In this contribution, we presented our views on battery impacts on battery life assumptions and NR design. Based on the discussion and observations presented, we summarise our views through the following observations and proposals:
Observation 1: Effective battery capacity is adversely affected by increasing current drain and reducing temperature.
Observation 2:Non-ideal battery property (e.g. self-discharge rate, temperature, discharge rate, voltage) can lead to misestimates of battery life.
Observation 3: Reducing peak current during both continuous and pulse load will give more operating margin to allow for non-ideal performance of the battery.
Observation 4: For a given energy density (Wh/L), battery capacity is proportional to battery size, so small form-factor primary and rechargeable batteries may have less nominal capacity.
Observation 5: The battery assumptions used in NR will have an effect on the design and evaluation of NR.
Proposal 1: The battery energy model is characterised as per Table 2. 
Proposal 2: Additional battery energy model for wearables is characterised as per Table 4.
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