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Abstract: In the combination contribution S1-223162, ambient power and energy storage is discussed. This document provides a Text Proposal on aspects such as typical ambient power sources suitable for ambient IoT, brief introduction of the technical principle on how energy is harvested from the ambient power, the amount of power can be available and the potential applicable use cases for each kind of ambient power source.   
Proposal
[bookmark: _Hlk513714389]It is proposed to add the following reference and use case description in TR 22.840.
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[bookmark: _Toc66350859][bookmark: _Toc103935718][bookmark: _Toc49931674]Annex X (Informative):Ambient power and energy storage
X.1 Typical ambient power
For ambient IoT devices, energy can be harvested from different types of ambient power sources. Some examples of which could be ambient power includes radio waves, solar energy/light, thermal energy and mechanical vibration etc.
RF Energy
RF-based energy can be harvested from radio waves ranging from 3 kHz to 300 GHz using a single-stage or multistage converter (i.e., rectifier circuit, as shown in Figure 1). The amount of power that can be harvested depends on the source power, antenna gain, and the distance from the RF source. Ambient RF energy has a relatively low energy density, e.g., from several microwatts to tens of microwatts.
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Figure 1: rectifier circuit For RF energy harvesting
Based on the current state of art, the minimum RF power can be harvested is around -30dB [X1] [X2] . The conversion efficiency for RF Energy is listed in the table below.
Table 4.1-1 Conversion efficiency for RF Energy [X3] 
	Efficiency（%）
	Input power（dBm）
	Center frequency（MHz）
	Reflector unit

	1.2
	-14
	950
	0.3-μm CMOS convertor

	5.1
	-14.1
	920
	0.18-μm CMOS convertor

	10
	-22.6
	906
	0.25-μm CMOS convertor

	11
	-14
	915
	90-μm CMOS convertor

	12.8
	-19.5
	900
	0.18-μm CMOS , CoSi2 - Si Schottky

	13
	-14.7
	900
	0.35-μm CMOS convertor

	16.4
	-9
	963
	0.35-μm COMS convertor

	18
	-19
	869
	0.5-μm CMOS convertor

	26.5
	-11.1
	900
	0.18-μm CMOS convertor

	36.6
	-6
	963
	0.35-μm CMOS convertor

	47
	-8
	915
	0.18-μm CMOS convertor

	49
	-1
	900
	Skyworks SMS7630 Si Schottky


The main advantage of RF-based energy harvesting is its availability in deployed environments and the fact that RF power is controllable (e.g., power can be sent by a transmitter on demand or periodically). Potential applications include logistics/warehouse, manufacturing, smart homes, health monitoring, and environmental monitoring etc. 
Solar Energy/Light
Solar power/light can be transformed into electrical power using photovoltaic cells and it uses photovoltaic effect for energy harvesting with conversion efficiency of 10-40% [X4] . For the outdoor case, solar energy is one of the most common ambient power, it can supply inexhaustible clean energy and has high power density of up to 100 mW/cm2 [X5] . 
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Figure 2: The equivalent electrical circuit of a single diode solar PV cell [X6]

Solar power is unstable, inconsistent, and intermittent. It is highly dependent on the atmospheric condition, surrounding obstructions, etc. It is available during daytime but inefficient on a cloudy day or during the night. Solar energy harvesting can be mainly used for outdoor environmental monitoring, agriculture, husbandry, transportation, etc. 
For the indoor cases, light from the lighting equipment can be used. Although the power density is lower than solar, e.g., 100uw/cm2, it is much stable and controllable. Energy harvested from light can be used for manufacturing, indoor environmental monitoring etc.
Thermal Energy
Thermal energy is another ambient power source that are available for lots of use cases. Electrical power is directly generated by exploiting the temperature difference in thermoelectric devices taking advantage of thermoelectric effects, such as the Seebeck effect or the Thomson effect. Thermoelectric generators have low efficiency (only about 5–6%) [X7] . The power density is 25~1000uw/cm2 depending the environment condition. 
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Figure 3: Seebeck effect
Although with low conversion efficiency, thermal energy can be used in many outdoor applications or indoor cases as long as temperature difference or temperature fluctuation can be expected in the environment. For example, outdoor environmental monitoring, smart grid, agriculture, husbandry etc.
Mechanical Vibration
The piezoelectric effect generates electrical voltages or currents from mechanical strains, such as vibration or deformation. Typical piezoelectric-based energy harvesters keep creating power when there is a continuous mechanical motion, such as acoustic noises and wind, or they sporadically generate power for intermittent strains, such as human motion (walking, clicking a button, etc.). The volume of the piezoelectric power generators is relatively small and typical output power density values of usual piezoelectric materials are around 250 μW/cm3 but they can create more power when a motion or deformation is intense [X8] [X9] .
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Figure 5: Piezoelectric energy harvesting generator [X10]
X.2 Energy storage
From the discussion above, it can be seen that kinds of ambient power have the following characteristics: 
· For typical ambient power, it can be observed the power harvested is very limited, e.g. from 1uW to 100mW (per cm2/cm3).  
· For some ambient power from artificial power source (e.g., light, RF waves), the power can be stable and constant. But for some other kind of ambient power such as solar, heat or vibration, the ambient power will be unstable (intermittent, not constant). It is impossible to use the ambient power as a direct power source for electronic devices. 

Therefore, Energy storage element is needed, at least for some ambient IoT devices due to the following reasons:
· The energy storage element is able to stabilize and control the power output, smooth the fluctuation. 
· It is able to collect the weak harvested power (e.g., in the level of micro Ampere or even nano Ampere) and provide the required higher peak discharge current (e.g., in the level of tens of micro ampere to hundreds of micro ampere) for the ambient IoT devices. 
· Therefore, it makes it possible to use more kinds of ambient power sources for ambient IoT by using the energy storage element.
Note: It is still necessary to have no power storage for some types of ambient IoT devices (e.g. using energy from radio waves).
Capacitor can be considered as the basic energy storage elements for ambient IoT devices. Capacitor have limited power perseverance time and storage capacity, which can restrict the ambient IoT application.
For example, with a fully charged capacitor of 24uF, it can drive the ambient IoT devices for 3.6k bits communication (1.5V, 10uA and 1kbit/s are assumed). 
· 24uF*1.5V= 36uC = 36 uAs

The communication is depending on the power consumption. Capacitor could be used in case power source are stable and constant.
The printed solid-state battery can be considered as an additional power storage with similar durability and higher capacity. With a solid-state battery of 1uAh@1.5V as example, it can drive the ambient IoT devices for even 360k bits communication (1.5V and 10uA).
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