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1. Introduction

In RAN#98e, the following agreements and working assumption have been reached on the device categorization for Ambient IoT.
	Agreements:

The following text is included in TR 38.848, with precise location up to later decision:

· “Companies have reported the following energy sources for energy harvesting in literature: RF, solar/light, piezoelectric (kinetic/vibration), electromagnetic, electrostatic, heat/thermal, thermoelectric, magnetic, wind/water, acoustic”
The following set of Ambient IoT devices are considered in the SI:

· Device A: No energy storage, no independent signal generation, i.e. backscattering transmission

· Device B: Has energy storage, no independent signal generation, i.e. backscattering transmission. Use of stored energy can include amplification for reflected signals

· Device C: Has energy storage, has independent signal generation, i.e. active RF component for transmission

FFS: Whether to include device function

FFS: Whether to include a target maximum power consumption for each device

FFS: Whether/how to describe what stored energy is used for (in addition to the statement for Device B)

FFS: if combination of these devices will be considered.
Working assumption:

This framework is used to categorize energy storage:

· Storage 1: no storage at all

· Storage 2: Up to E1 joules

· Storage 3: Up to E2 joules

FFS: In RAN#99 value(s) of E1, E2 and it is possible that E1=E2, in which case we have only two storage categories

FFS: If combining Storage 2 and 3, whether to replace them with one qualitative indication of “with energy storage”


According to the above, the framework of device categorization has already been set up. This paper mainly discusses about the remaining points to be addressed.
2. Device categories of Ambient IoT
2.1 Device function (Tx only, Rx & Tx)
In the last meeting, one remaining point about device characteristics is if to support a device type only supporting transmitting data according to the activation from node. In other words, the device is incapable of receiving signalling or data from node. There are two issues to be considered for this Tx only device.

· For Device A and B, the data transmitting is based on backscattering. The Tx only device will backscatter whenever the received RF signal falls into its effective frequency band. The device cannot receive, so cannot judge whether the received RF signal is for itself or not. It also cannot distinguish if the received signal is carrier wave signal for its backscattering or other type of signals, such as a co-band NR signal. Nearby irrelevant co-band RF resources, such as NR basestation or cell phones, may trigger the device to transmit undesirably, especially in public areas. It can cause interference to both Ambient IoT and other 3GPP technologies working in the same band. In most practical use cases, there will probably be multiple Ambient IoT devices within the coverage of a node. All the Tx-only devices around a node cannot be controlled to transmit by the signalling from the node. There may be some mechanism to make the transmitting time distributed for those devices. However, the efficiency of those mechanisms heavily depends on the detailed number of devices. As Tx only devices cannot get such information, optimal resource efficiency is hard to be achieved, which may even be poor in many cases. In any case, the network should be able to have effective approaches for interference and load management to control the devices at any time. That would require the device to have Rx capability to receive information from the Ambient IoT air interface.
· For Device C, since it generates carrier wave and RF signals by itself, external triggering signal is needed to request the device to transmit. Even for autonomous periodic transmitting, it is reasonable for the network to be able to control the start and the end times of each device, so as to achieve proper load and interference management. In other words, it is necessary for Device C to be able to receive messages in the air interface.
For the device capable of receiving external signalling or control messages, conventional resource allocation mechanism can be referred to. Accordingly, the load and interference of network can be managed by basestation or other nodes. Multiple access among a large number of devices can also be optimized by referring to the corresponding mature mechanisms in 3GPP technologies, which all involve signalling in downlink to indicate necessary information to devices. Besides, only with the capability of receiving external data, the functionality of command can be supported for Ambient IoT device. Consequently, the study shall focus on the device being capable of both receiving and transmitting.
Observation 1: Tx-only device is incapable of receiving messages from other nodes, which will lead to disadvantages due to e.g. interference, load, contention etc., for the cellular system.
Proposal 1: The Ambient IoT study does not include the Tx-only device.
2.2 Target maximum power consumption
In the SID of Ambient IoT, the device power consumption has already been included as one item in the objective of RAN design targets. Consequently, it is proposed that the target maximum power consumption of each device category shall be studied in the corresponding part, as discussed in our RAN design targets paper [1].
Proposal 2: The target maximum power consumption of each device category is handled under the RAN design targets discussion.
For completeness, we show our proposal from [1] here:

· For Device A, the power consumption of transmitting and of receiving should be approximately 1 μW.

· For Device C, the power consumption of transmitting and of receiving should not exceed 1 mW, and strives to be hundreds of μW.

· For Device B, the power consumption of transmitting and of receiving should be between Device A and C.
2.3 Considerations on the usage of stored energy

The main usages of energy storage are discussed in section 3.1 and 3.2. In general, the capability enhancement by stored energy is an implementation issue for Ambient IoT device. The possible impact of energy harvesting and storage on the air interface design can be investigated in detail in the future working group study. There is no need to explicitly limit the usages of stored energy for the following study. The existing statement for Device B is more like informative, which is sufficient to illustrate the difference between Device B and A.
Proposal 3: It is not essential to capture additional descriptions on the usages of stored energy for the device categorization of Ambient IoT.
2.4 Considerations on the combination between device categories
The combination between device categories can be a potential solution of lowering the average power consumption for Ambient IoT device, while still supporting long communication range. When the pathloss between an Ambient IoT device and node is small enough, the “Device A (or B) part” can be applied to achieve low transmitting and receiving power, while the “Device C part” being shut down for power saving. In the case of large pathloss beyond the capability of the “Device A (or B) part”, the “Device C part” would be activated for successful communication, while the “Device A (or B) part” being shut down.
In terms of the air interface, the impact of the combination between device categories depends on the detailed design for each category. It is possible that no dedicated physical layer signal or higher layer signalling in the air interface is needed for the expected usage. In other words, it could be a pure implementation issue. 
Observation 2: Combination between device categories is a device implementation matter, and does not affect the feasibility study in RAN.
3. Categorization of energy storage
	Working assumption:

This framework is used to categorize energy storage:

· Storage 1: no storage at all

· Storage 2: Up to E1 joules

· Storage 3: Up to E2 joules

FFS: In RAN#99 value(s) of E1, E2 and it is possible that E1=E2, in which case we have only two storage categories

FFS: If combining Storage 2 and 3, whether to replace them with one qualitative indication of “with energy storage”


Our understanding of the possible E1, E2 energy values is to describe how much energy a device may need to store, rather than being a limit on how much it is allowed to store, or any statement of the type of storage hardware being used. Thus, RAN can primarily consider a suitable maximum power consumption for a reasonable duration, according to whether it is Device A/B or Device C, and from that derive the limit of needed energy storage. To that, RAN should allow a margin for generalization of the traffic and power consumption in RAN WGs (or SA1). This approach aids later WG-level study by guiding it to not make excessive assumptions on what devices should be expected to store, while not tying the values to any current capacitor types, etc. 

Observation 3: Values E1, E2 are reference values for the amount of energy storage needed by Device A/B or Device C respectively, regardless of storage hardware, rather than a maximum that can be provided by a given storage hardware.

3.1 Capacitor and supercapacitor for Ambient IoT device
For devices powered by energy harvesting, energy storage can be used as a buffer between the variable power consumption of the device and the wide dynamic range of the ambient sources. Compared to rechargeable battery, capacitor/supercapacitor usually has the advantage of low cost and small volume, which is important to many target use cases of Ambient IoT. Besides, the high cycle life of capacitor/supercapacitor is more compatible to the burst-type traffic characteristics of IoT applications and the unstable delivery pattern of environmental energy source.

Capacitor and supercapacitor can both be used as energy storage for Ambient IoT device. Cost and form factor are the two most important factors to be considered, apart from some other essential electrical parameters such as capacitance, rated voltage, and discharge/self-discharge current.
The volume of ordinary capacitor can be as small as 10 mm3 level, such as multi-layer ceramic capacitor. However, the capacitance with such small volume and leakage current less than 1 μA is usually at 1 μF or 10 μF level. Taking a capacitor of a few micro-Farads for example, the stored energy can support a device with 1 μW power consumption to work for several seconds.
Considering the possibly much-higher power consumption of Device C over Device A, supercapacitor is suitable for it 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). In general, the volume, cost and leakage current of supercapacitor increases with its rated voltage and capacitance. The supercapacitor supporting 10mm3 level volume usually has limited capacitance of less than 10 mF. The self-discharging power of a supercapacitor with 4F capacitance and 2.8 V rated voltage can be higher than 10 μW, which may be comparable to, or even higher than, the output power of an energy harvester in some scenarios.
Observation 4: The volume, cost and leakage current of supercapacitor can increase significantly with corresponding rated voltage and capacitance, which depends on device power consumption.
3.2 Energy storage for the improvement of transmitting and receiving capability
Regarding some weak energy sources such as RF signals, energy storage can be used to accumulate energy until it is sufficient for an Ambient IoT device to complete a report. In this way, capacitor can be used to optimize the activation threshold of Device B, compared with Device A. 
Assuming received signal power of -30 dBm and RF energy conversion efficiency of 30% for an Ambient IoT device, the harvested power can be around 0.3 μW. With the assumption of 1 μW power consumption for the transmitting or receiving of Device A, the output power of RF energy harvester is insufficient to activate the device for data transmission. The activation threshold is around -25 dBm for the device.

Based on Device A, a small capacitor can be integrated with Device B to store the harvested RF energy until it is sufficient for the device to complete a report. The corresponding activation threshold can be lowered to -30 dBm or lower, which mainly depends on the activation threshold of rectifier in the RF energy harvester as investigated in [2], [3]. For the purpose, ordinary capacitor with μF-level capacitance can be used to accumulate energy for each report. Assuming a few hundred devices being inventoried within 5 seconds, the device being read last needs to continuously monitor the signalling or control message before being read. It consumes (1 μW * 5 s) = 5 μJ energy during the whole inventory. A capacitor with capacitance of 5 μF and rated voltage of 2V can be used to store the required energy, assuming a working voltage of 1 V for the device. As a reference, a multi-layer ceramic capacitor with similar parameters can reach 10 mm3 level volume and cent dollar level cost, which meets the requirements of the target use cases in the industries such as logistics and supply chain. Furthermore, considering the possible duration of 10 second level for an inventory of thousands of devices per node, a capacitor with capacitance of 10 μF-level can be used to store 10 μJ-level energy for a device to work continuously.
Observation 5: Regarding the energy storage used to accumulate energy for Device B based on integration of Device A and capacitor to work continuously during an inventory lasting for 1 second or 10 second level, the stored energy is assumed to be at 1 μJ-level or 10 μJ-level, respectively.
Allowing a margin for generalization of the traffic and power consumption in RAN WGs (or SA1), we suggest:
Proposal 4: Reference upper bound of needed energy storage E1 = 100 μJoule.
3.3 Energy storage for the support of discontinuous energy supply
Different from the burst type communication for the use cases of inventory, the use cases involving sensors usually require stable periodic reporting by Ambient IoT device. Regarding discontinuous environmental energy sources such as sunlight, there may be no energy delivered to the device for a long time at hour or even day level. Energy storage can be used to store sufficient energy for the device to work persistently during the time. For this purpose, supercapacitor is usually used to store the relatively a large amount of energy, especially for Device C with 100 μW level power consumption for receiving and transmitting.
As described in TR 22.840, many target use cases require periodic reporting every 15 minutes. For each report, the device may need to work for a few seconds (e.g., 2 seconds) to monitor the downlink signalling and send data out, while sleep in the other time. Assuming device power consumption of 500 μW for transmitting or receiving and 1μW for sleep mode, the consumed energy is about 1.9 mJ in each period. If the device has to work for 12 hours without energy delivered from environmental sources, the total energy consumption is about 91 mJ during the time. In this case, supercapacitor with capacitance of less than 100 mF and rated voltage of less than 3 V is sufficient to store the energy, whose volume can be about 100mm3 [4].
Observation 6: Regarding the energy storage used to persistently supply energy to Device C for a duration of hour or day level, the stored energy required to support frequent periodic (e.g., 15 minutes period) reporting is assumed to be at 10 mJ level or 100 mJ level, respectively.
Allowing a margin for generalization of the traffic and power consumption in RAN WGs (or SA1), we suggest:
Proposal 5: Reference upper bound of needed energy storage E2 = 1 Joule.
4. Conclusions

The observations and proposals in this paper are summarized as follows.

Observation 1: Tx-only device is incapable of receiving messages from other nodes, which will lead to disadvantages due to e.g. interference, load, contention etc., for the cellular system.
Observation 2: Combination between device categories is a device implementation matter, and does not affect the feasibility study in RAN.
Observation 3: Values E1, E2 are reference values for the amount of energy storage needed by Device A/B or Device C respectively, regardless of storage hardware, rather than a maximum that can be provided by a given storage hardware.
Observation 4: The volume, cost and leakage current of supercapacitor can increase significantly with corresponding rated voltage and capacitance, which depends on device power consumption.
Observation 5: Regarding the energy storage used to accumulate energy for Device B based on integration of Device A and capacitor to work continuously during an inventory lasting for 1 second or 10 second level, the stored energy is assumed to be at 1 μJ-level or 10 μJ-level, respectively.
Observation 6: Regarding the energy storage used to persistently supply energy to Device C for a duration of hour or day level, the stored energy required to support frequent periodic (e.g., 15 minutes period) reporting is assumed to be at 10 mJ level or 100 mJ level, respectively.
Proposal 1: The Ambient IoT study does not include the Tx-only device.
Proposal 2: The target maximum power consumption of each device category is handled under the RAN design targets discussion.

Proposal 3: It is not essential to capture additional descriptions on the usages of stored energy for the device categorization of Ambient IoT 
Proposal 4: Reference upper bound of needed energy storage E1 = 100 μJoule.
Proposal 5: Reference upper bound of needed energy storage E2 = 1 Joule.
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