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1. [bookmark: _Ref129681862][bookmark: _Ref124589705]Introduction
In RAN#97e, the SID “Study on Ambient IoT” was approved [1]. An aspect that can be discussed is the device categorization for the new 3GPP IoT segment. 
	This study targets at a new 3GPP IoT technology, suitable for deployment in a 3GPP system, which relies on ultra-low complexity devices with ultra-low power consumption for the very-low end IoT applications. The study shall provide clear differentiation, i.e. addressing use cases and scenarios that cannot otherwise be fulfilled based on existing 3GPP LPWA IoT technology e.g. NB-IoT including with reduced peak Tx power.
In terms of energy storage, the study will consider the following device characteristics:
•	Pure batteryless devices with no energy storage capability at all, and completely dependent on the availability of an external source of energy
•	Devices with limited energy storage capability that do not need to be replaced or recharged manually. 
Device categorization based on corresponding characteristics (e.g. energy source, energy storage capability, passive/active transmission, etc.) may be discussed during the study, in relation with the relevant use cases. The device’s peak power consumption shall be limited by its practical form factor for the intended use cases, and shall consider its energy source.


The SID requires consideration of “pure batteryless devices with no energy storage” and “devices with limited energy storage”, with particular details. This leads straightforwardly to a consideration of how much transmit and receive power a device architecture requires, where that power will come from, and how much (if any) energy needs to be stored to power the device to serve a use case.
In essence, we see that there are two categories of device that suit Ambient IoT: those consisting of only passive RF circuitry, and those including active RF components, such as amplifiers. In the remainder of this paper, we show how to characterize such devices in the terms provided in the SID.
1. Category #1 devices
This category of device consists of RF components which are only passive. Such devices can rely on an RF carrier wave to provide their energy source, and use backscattering circuitry to perform uplink, which modifies the received signal, e.g. amplitude, phase, center frequency, and reflects it. This can be implemented in a single transistor switch, with power consumption down to 1 μW [2].
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Figure 1.  Backscatter communicaiton
On the receive side, devices with only passive components can have ultra-low power consumption by using non-coherent detection, i.e. without the need of mixing the received RF signal with locally generated carrier waves [3]. An example is RF envelope detection such as in [4], which can have a downlink power consumption as low as 1 μW.
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Figure 2.  Envelope Detector for OOK
For indoor scenarios, the available environmental energy sources are relatively limited compared to outdoor scenarios. RF energy is an important controllable energy source supporting a certain effective distance. In addition, the RF energy harvester has the advantages of ultra-low cost and small form factor, which fits the essential requirements of many target use cases such as logistics and supply chain.
Since RF energy degrades quickly with the spreading distance, the received wireless signal power at Ambient IoT device can be very low. For example, the path loss in InF-DH NLOS channel can be larger than 65 dB at a distance of around 30 m from the source. It means that the received signal power is lower than -25 dBm assuming transmit power of 40 dBm for the source. Assuming an energy conversion efficiency of 50%, the harvested power can be around 1.5 uW. If the working power consumption of device is no higher than 1.5 μW, it can be directly powered by the RF energy harvester. In other words, assuming no energy storage for this ultra-low power device, the activation threshold can be around -25 dBm.
Proposal 1: The study defines and the TR captures a Device Category #1A corresponding to devices with only passive RF components, and without energy storage capability:
· A reliance on RF energy for operation
· No energy storage at all
· Passive circuitry only, i.e. cannot produce its own carrier wave
· RF envelope detection for reception
· Backscattering for producing transmit power
· μ-Watt level power consumption for transmitting or receiving
With energy storage, the activation threshold can be improved. For example, assuming -30 dBm for received signal power at the device, the harvested power can be around 0.5 μW, which is lower than the device working power. However, a μF-level ordinary capacitor (typical dimension 10 mm3-level) can be used to store the harvested energy until it is sufficient for the device to complete a report. In this way, the activation threshold can be lowered to  -30 dBm or lower, which approaches the activation threshold of RF energy harvester as discussed in [8], [9]. However, additional time is needed for energy accumulation before each communication. The waiting time depends on the ratio between the harvested power and the working power consumption of device. For example, assuming a device with working power consumption of 10uW, it needs at least 20 seconds in the above case to accumulate the energy to work for 1 second. To avoid too long waiting time, the working power consumption is proposed to be comparable to the harvested power from RF signals for the devices far from energy source in indoor scenarios, which can be μW-level at a distance of 20 – 30 meters from the source with transmit power of 30 – 40 dBm.
Proposal 2: The study defines and the TR captures a Device Category #1B corresponding to devices with only passive RF components, and with energy storage capability:
· A reliance on RF energy for operation and energy harvesting
· Energy storage to a level of an ordinary capacitor, at μF-level.
· Passive circuitry only, i.e. cannot produce its own carrier wave, including the examples of:
· RF envelope detection for reception
· Backscattering for producing transmit power
· μ-Watt level power consumption for transmitting or receiving
The above categories are proposed for discussion in this RAN-level SI, and further consideration would be needed which to take forward into a WG-level SI/WI, based on whether they are likely to be differently represented in detailed feasibility assessments or specification work. For example, the air interface definition for Cat. 1A and 1B may be the same, with only an implementation difference in how energy is obtained.
1. Category #2 devices
For the target use cases of outdoor scenarios, coverage performance and device power consumption are the two most important KPIs. A large portion of use cases require continuous coverage over large local area or wide area, such as environment monitoring in power grid and location service for pet finding. Co-deployment with the existing 3GPP cellular network is preferred for reasonable CAPEX of Ambient IoT network.
The backscattered power levels of a category #1 device depends on the power of received carrier wave from external source, even with an amount of energy storage available from an ordinary capacitor. The power of backscattered signal, which is equivalent to the transmit power of legacy 3GPP device, can be around or lower than -30dBm, considering the activation threshold (e.g., around -30dBm) mentioned in Section 2. Consequently, Ambient IoT devices with active RF components, and correspondingly larger energy storage, need also to be considered in the study.
RAN1 has recently begun studying low-power receiver architectures [5], and has included some heterodyne/homodyne transceiver architectures. These can achieve sub-milliwatt power consumption, particularly if the transmit power the Ambient IoT device is controlled to be ≤100 microwatt (-10 dBm), and can achieve receiver sensitivity of -70 – -100 dBm.
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Figure 3. Illustration of heterodyne transceiver structure
Such devices will need an energy storage method, whilst being constrained to the form factors implied by the SA1 use cases [6]. By extension from considering capacitance storage for category #1 devices, these category #2 devices can use supercapacitors. Smaller supercapacitors can provide storage of hundreds-milliFarad in a volume ~10 mm3. If we consider a typical 10-minute reporting period (as found in many use cases in TR 22.840), a few-hundred mF is sufficient to power a device of the range of power consumption described above for about half a day, due to the duty cycle, which results in a long-term average power consumption of a few μW. 
Larger supercapacitors of Farad-level can support average power consumption of 10 μW or 100 μW-level, in volumes at the 100 mm3-level or 1000 mm3-level [10] (some further details in Appendix A).
To charge such devices in a way suited to the use cases of TR 22.840, energy harvesting is suitable. In Table 1, we show some available power densities. (Note that the RF energy harvesting density is not the same as the use of an incident RF signal as a carrier wave in category #1 devices).
Table 1 Typical energy sources for energy harvesting [7]
	Harvester
	Power density
	Conversion efficiency (%)
	Maturity

	Photovoltaic
	Outdoor: 15mW/cm2
Indoor: 10~100uW/cm2
	≤40
	Mature

	Piezoelectric
	330uW/cm3 shoes insert
	≤30
	Mature

	Electromagnetic
	Human: 4uW/cm3 @ kHz
Industrial: 306uW/cm3 @ kHz
	≤67
	Mature

	Electrostatic
	50uW/cm3 to 100uW/cm3
	9.5~23.6
	Emerging

	Pyroelectric
	3.5uW/cm3 at temperature rate of 85℃/s @ 0.11Hz
	1~3.5
	Emerging

	Thermoelectric
	Human: 100uW/cm3
Industrial: 100mW/cm3
	10~15
	Mature

	Magnetic
	1.8mW/cm3 with 400A at 4cm from conductor
	0.1325
	Emerging

	[bookmark: _Hlk120786040]RF
	GSM: 0.1uW/cm2
Wi-Fi: 0.01uW/cm2
	50~70
	Mature

	Wind and water
	1.16mW/cm3 at the speed of 5m/s
4.91uW/cm3 at the speed of 3L/s
	0.61~17.6
1.7~29.5
	Emerging in small scale

	Acoustic
	1.436mW/cm2 at 123dB
	0.012
	Emerging


Proposal 3: The study defines and the TR captures a Device Category #2 corresponding to devices including active RF components, and with energy storage capability:
· Assumption that energy harvesting can be used to charge the energy storage
· Energy storage to a level of a supercapacitor, e.g. hundreds of mF-level.
· Including active RF components and ultra-low power transceiver, able to produce its own carrier wave
· Include the examples of heterodyne and homodyne transceivers
· sub-milliWatt level power consumption for transmitting or receiving
Proposal 4: Capture in the TR (in addition to the device categories), information relating to the typical power densities reported in literature for energy harvesting sources, such as those shown:
	Harvester
	Power density
	Conversion efficiency (%)

	Photovoltaic
	Outdoor: 15mW/cm2
Indoor: 10~100uW/cm2
(Varies with the input light intensity.)
	≤40

	Piezoelectric
	330uW/cm3 shoes insert
	≤ 30

	Electromagnetic
	Human: 4uW/cm3 @ kHz
Industrial: 306uW/cm3 @ kHz
	≤67

	Electrostatic
	50uW/cm3 to 100uW/cm3
	9.5~23.6

	Pyroelectric
	3.5uW/cm3 at temperature rate of 85℃/s @ 0.11Hz
	1~3.5

	Thermoelectric
	Human: 100uW/cm3
Industrial: 100mW/cm3
	10~15

	Magnetic
	1.8mW/cm3 with 400A at 4cm from conductor
	0.1325

	RF
	GSM: 0.1uW/cm2
Wi-Fi: 0.01uW/cm2
(Depends on the received power of RF signals)
	50~70

	Wind and water
	1.16mW/cm3 at the speed of 5m/s
4.91uW/cm3 at the speed of 3L/s
	0.61~17.6
1.7~29.5

	Acoustic
	1.436mW/cm2 at 123dB
	0.012


1. Conclusions
Proposal 1: The study defines and the TR captures a Device Category #1A corresponding to devices with only passive RF components, and without energy storage capability:
· A reliance on RF energy for operation
· No energy storage at all
· Passive circuitry only, i.e. cannot produce its own carrier wave
· RF envelope detection for reception
· Backscattering for producing transmit power
· μ-Watt level power consumption for transmitting or receiving
Proposal 2: The study defines and the TR captures a Device Category #1B corresponding to devices with only passive RF components, and with energy storage capability:
· A reliance on RF energy for operation and energy harvesting
· Energy storage to a level of an ordinary capacitor, at μF-level.
· Passive circuitry only, i.e. cannot produce its own carrier wave, including the examples of:
· RF envelope detection for reception
· Backscattering for producing transmit power
· μ-Watt level power consumption for transmitting or receiving
Proposal 3: The study defines and the TR captures a Device Category #2 corresponding to devices including active RF components, and with energy storage capability:
· Assumption that energy harvesting can be used to charge the energy storage
· Energy storage to a level of a supercapacitor, e.g. hundreds of mF-level.
· Including active RF components and ultra-low power transceiver, able to produce its own carrier wave
· Include the examples of heterodyne and homodyne transceivers
· sub-milliWatt level power consumption for transmitting or receiving
Proposal 4: Capture in the TR (in addition to the device categories), information relating to the typical power densities reported in literature for energy harvesting sources, such as those shown:
	Harvester
	Power density
	Conversion efficiency (%)

	Photovoltaic
	Outdoor: 15mW/cm2
Indoor: 10~100uW/cm2
(Varies with the input light intensity.)
	≤40

	Piezoelectric
	330uW/cm3 shoes insert
	≤ 30

	Electromagnetic
	Human: 4uW/cm3 @ kHz
Industrial: 306uW/cm3 @ kHz
	≤67

	Electrostatic
	50uW/cm3 to 100uW/cm3
	9.5~23.6

	Pyroelectric
	3.5uW/cm3 at temperature rate of 85℃/s @ 0.11Hz
	1~3.5

	Thermoelectric
	Human: 100uW/cm3
Industrial: 100mW/cm3
	10~15

	Magnetic
	1.8mW/cm3 with 400A at 4cm from conductor
	0.1325

	RF
	GSM: 0.1uW/cm2
Wi-Fi: 0.01uW/cm2
(Depends on the received power of RF signals)
	50~70

	Wind and water
	1.16mW/cm3 at the speed of 5m/s
4.91uW/cm3 at the speed of 3L/s
	0.61~17.6
1.7~29.5

	Acoustic
	1.436mW/cm2 at 123dB
	0.012
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Appendix A: Energy storage
The volume of ordinary capacitor can be as small as at 10mm3 level, such as multi-layer ceramic capacitor. However, the capacitance of capacitor with small form factor and sub-uA leakage current is usually at 1 uF or 10 uF level. Taking a capacitor with capacitance of a few micro-Farads for example, the stored energy can support a device with 1 uW power consumption to work for several seconds. In general, ordinary capacitor is suitable for Ambient IoT device with uW-level power consumption to accumulate energy per report.
Supercapacitor differs from capacitor in the support of high capacitance. Thus it can be used for Ambient IoT device to either accumulate energy for one report or store sufficient energy for persistent operation over a long period (e.g., at hours or even days level). Referring to [10], the key parameters and their typical values of some supercapacitor are illustrated in Table 3.
Table 2 Illustration of typical parameters of supercapacitor
	Supercapacitor
	Form factor
	Rated voltage 
(V)
	Equivalent capacity (mAh)
	Self-discharge current (A)
	Volume 
(mm3)

	7.5mF SMT
	1210
	2.6
	0.005
	5 n
	7.2

	200mF SMT
	Coin
	2.5
	0.14
	150 n
	65

	4F T/H
	Coin
	1.4
	1.56
	1 u
	96

	4F T/H
	Coin
	2.8
	3.11
	5 u
	192

	15F T/H
	Coin
	1.4
	5.83
	5 u
	283

	15F T/H
	Coin
	2.8
	11.7
	10 u
	565


In general, the volume, cost and leakage current of supercapacitor increases with its rated voltage and capacitance. The supercapacitor supporting 10mm3 level or less volume usually has limited capacitance or rated voltage. In addition, the self-discharge current will cause a leakage of the stored energy. For example, a supercapacitor with 4F capacitance and 2.8V rated voltage can self-discharge with a power higher than 10uW, which may be comparable to the output power of energy harvester in some scenarios.
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