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1 Introduction

Ambient IoT RAN led Study Item Rel-18 was approved in RAN#97e [1]. The motivation of Ambient IoT study is to support ultra-low cost and ultra-low power devices for the IoT applications. SA1 completed a study item on ambient power enabled IoT [2], which focuses on use cases and service requirements, and it includes the objective of defining performance requirements and KPIs as well.
Currently, there is on-going RAN study item on Ambient IoT (Internet of Things) in RAN [3], which focuses on 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 provides 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 reduced peak Tx power.

In terms of energy storage, the study will consider the following device characteristics:

· Pure battery less 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 Ambient IoT devices support communication with reader via reflection or transmission which can be supported by very low complexity hardware. The Ambient IoT device can collect energy from environment, such as RF signals, solar energy, vibration, heat, etc., and can potentially also be equipped with a small capacity battery. Hence, Ambient IoT is a promising technique to achieve even lower cost/power requirements compared to existing cellular IoT technologies, e.g. NB-IoT, LTE-M, RedCap, etc. 

The RAN level study will compare and assess the feasibility of meeting the design targets for relevant use cases on the basis of the deployment scenario(s) appropriate to it and identify assumptions on required functionality to be supported.
An essential aspect for ambient IoT is the link budget limitations and the required UE and gNB grid to enable seamless discovery and communications with ambient IoT devices. The link budget considerations discussed here will be focused on backscattering devices.
2 Energy harvesting
An IoT device’s power requirements can be broadly grouped in sensing, processing, and communication. Sensor modules have a power consumption on the order of tens of microwatts (e.g. a humidity or IMU sensor require 3~4μW and a temperature sensor requires 60 μW). Current low-power MCUs (e.g. embedded ARM processors) can require as low as 1 mW for sensor data processing and can fall into ultra low power sleep modes when idle. On the other hand, active radios (WiFi, BLE) consume hundreds of milliwatts due to the presence of multiple active components and power-hungry amplifiers. It can be easily seen that during an active state of an IoT device, communications dominate the power consumption while at the other end of the spectrum, there are RFID tags with very limited functionalities, no sensor or processing modules, that consume less than ten microwatts in fully operational mode. The elimination of active transmission components (LOs, PAs) minimizes the power consumption and allows the full over-the-air energizing of the RFID tag from an RF source. In the middle of the two extremes, there is a new space for IoT devices that can support features such as sensing and energy-aware computation, while minimizing the communication power requirements.
Existing commercial RFID systems with UHF (915 MHz) readers have max EIRP of 36 dBm and passive RFID tags with RF harvesters have a total DC power consumption of 3 μW (-25 dBm DC). At such power levels, RF harvesters have very limited rectification efficiency, which means that a much higher RF power level has to be presented at the rectifier’s input to fully support the tag (output load). For low efficiency levels (e.g. 10%), as much as -15 dBm can be required at the harvester input terminal. An RFID tag dipole can have a gain as high as 2 dBi, which means that at least -17 dBm of illuminating RF power is required at the tag. For max EIRP = 36 dBm, this gives a link margin of 53 dB, or 12 meters max (in free-space), to support over-the-air operation of the tag. Bringing the advantage of much higher EIRP levels from a cellular BTS at 3.5 GHz (e.g. 64 dBm), for a tag of similar capabilities and DC consumption, the link margin increases. In addition to that, for the higher frequencies, a higher tag directivity can be achieved without sacrificing too much real estate for an antenna. For example, a tag antenna with 2-5 dBi gain in all/some directions can be achieved while maintaining a practical size. This then lowers the minimum illumination power level required and boosts the link margin. In section 3, example maximum power-up distances are calculated for passive tags in several cellular environments. All the above refer to the case where a tag is solely supported by an RF field, i.e. the tag is alive only when a strong carrier is present. It is clear that for higher capability devices (e.g. with processing and sensing) with a power consumption of 1 mW (0 dBm DC), a much higher power level has to illuminate the tag and/or additional harvesting methods have to be employed, to guarantee energy availability.

Additional options for energy availability at a backscatter tag include:

· Use of supercapacitors for energy buildup (slow charging) when RF power availability is low; discharge of capacitors when sufficient energy is available for a tag backscattering and/or sensing operation.

· Augmentation of RF harvesting with other sources, such as solar panels. Low-profile flexible solar panels can now even be used indoors in low-to-moderate lighting conditions.

· Thin-film batteries or coin-cell batteries as dedicated power sources. The additional cost can be tolerated in certain applications and the advantage of low or zero maintenance can far outweigh that additional cost.

· Combination of the above, depending on the application constraints.
Assumption 1: For higher capability devices (e.g. with processing and sensing capabilities as proposed in [2]) with a power consumption of 1 mW (0 dBm DC), a much higher power level is needed to illuminate the tag and/or additional energy sources need to be considered, to optimize energy availability.
3 Deployment options and Link budget considerations
During the RAN#98 email discussion [4], it was highlighted the following Ambient IoT devices characteristics that can be used for defining Ambient IoT device types:

	Proposal 5-4: Define the following topologies as starting points for the next meeting:

· Topology (1):BS <-> Ambient IoT device

· NOTE 1: Includes the possibility of BS Rx and BS Tx in different BSs

· Topology (2): BS <-> intermediate node <-> Ambient IoT device

· NOTE 1: Intermediate node can be relay, IAB, UE, repeater, etc. which is capable of ambient IoT

· Topology (3): BS <-> assisting UE <-> Ambient IoT device <-> BS

· FFS: If the two BS can be different

· Topology (4): UE <-> Ambient IoT device

· FFS: Topology (5) UE <-> Ambient IoT device <-> {BS or UE}

NOTE: For potential topology (5), discuss its relation with other topologies, its necessity, etc. in RAN#99.

NOTE for all topologies: The Ambient IoT device may be provided with carrier wave from another node(s)

either inside or outside the topology

NOTE for all topologies: The links in each topology may be bidirectional or unidirectional

FFS: Whether to consider combination of different topologies in the study.

FFS: BS, UE, or assisting UE could be multiple BSs, UEs or assisting UEs, respectively




For a transmitter (Tx) –  Tag – receiver (Rx) link, the following link parameters are relevant:

PT:

Output power from Tx

Ptag:

Received power at Tag

PR:

Received power at Rx

GT:

Tx antenna gain

GR:

Rx antenna gain

Gtag:

Tag antenna gain

λ:

Carrier wavelength

M:

Backscatter tag modulation factor (M=0.25 for passive tags, M=1 for semi-passive tags, Tag modulation factor depends on backscatter signal constellation.)

d1: 

Tx to Tag distance

d2: 

Tag to Rx distance

γ: 

Path loss exponent (γ=2 for free space, γ=3 for fading environment)

The received power at the tag from a given transmitter is:
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The received power is entering the tag’s RF harvester (to be converted to DC power) or reflected for communication (backscattering operation). 

At the receiver, the received backscatter signal power is:
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Note that the above formula is generalized and applies to all backscatter deployment scenarios. For a monostatic case it is imperative that d1 = d2 and GT may be equal to GR. For a bistatic case where the Tx and Rx use equal antenna gain (e.g. two access points) the formula can be simplified by setting GT = GR. For a bistatic case where different equipment is used for Tx and Rx (e.g. a UE and a BTS), all parameters can be set individually.

Considering a tag performing binary modulation with a bitrate of 10 kbps and a target (uncoded) BER = 1%, the required backscatter signal SNR at the Rx is SNRmin = 4.3 dB. Assuming a 15 kHz signal bandwidth, a receiver noise figure NF = 6 dB, a shadowing/fade margin of F=10 dB, the reader reference sensitivity is given by:
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and has a value of approximately S = -112 dBm. 

For battery-less tags that harvest RF energy (Device A), two conditions must be met for successful communication:

1) Received illumination power at the tag Ptag must exceed a certain power up threshold Pthr in order for the tag to “wake up”. In the following calculations, a threshold of Pthr = -19 dBm is assumed (common value for passive RFID tags). This typically governs the “max operating range”.

2) Received backscattered power at the receiver PR must exceed the read sensitivity limit S (S = -112 dBm in the following calculations)

For battery-assisted tags or tags that use other non-RF energy sources, such as solar cells (Device B), the Tx - Tag distance can be greatly increased due much lower Pthr and the second condition is dominant.
Three different bistatic use cases with UE illumination are depicted in Table 2 with some example communication ranges. The path loss exponent γ is assumed to be 3 for outdoor cases and 2.5 for indoor cases, while the Rx reference sensitivity, S, is -112 dBm for 10 kbps data rate. For passive tags (Device A), the modulation factor is M=0.25 and for semi-passive tag (Device B) M=1. Note that all tags are assumed to have an omni-directional antenna (Gtag = 2 dBi), which represents a baseline scenario. In Table 2 the first case from the left is illumination of tags in an area from a UE and reception from a fixed BTS. The middle case involves indoor small-cell deployment with illumination of tags from a UE and reception from small-cell access point. The case to the right involves indoor small-cell deployment with tag illumination and reading by two different UEs. The parameter settings used for the range calculations in table 2 are listed in table 1. 
	UE Tx Power (PTX)
	19 dBm 

	UE Tx Gain (GTX)
	5 dBi

	Rx Gain (GRX)
	5 dBi (UE), 27 dBi (gNB), 17 dBi (indoor gNB)

	Rx Sensitivity (S)
	-112 dBm

	Tag Gain (GTag)
	2 dBi

	Tag power-up threshold (Pthr)
	-19 dBm

	Tag Modulation Factor (M)
	0.25 (Device A), 1.00 (Device B)

	Path Loss Exponent (γ)
	3.0 (outdoor urban), 2.5 (indoor)

	Carrier Frequency (fc)
	3.5 GHz


Table 1. Assumed parameter values for link budget calculations in Table 2.
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	DTX(tag
	Dtag(Rx
	DTX(tag
	Dtag(Rx
	DTX(tag
	Dtag(Rx

	Device A (in proximity to UE)
	1.1 m
	292.5 m
	1.1 m
	360.5m
	1.1 m
	116.5 m

	Device B (in proximity to UE)
	1.5 m
	336.5 m
	1.5 m
	470.5 m
	1.5 m
	156.5 m

	Device B (mid-distance)
	22.5 m
	22.5 m
	26.5 m
	26.5 m
	15 m
	15 m


Table 2. UE illumination scenarios with different receive options for device type A & B.
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Figure 1. Operating regions for UE-tag-gNB scenario.  Device A operation (left) is governed by power-up threshold. Device B operation (right) is receiver-sensitivity limited. Yellow indicates sufficient received SNR.
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Figure 2. Operating regions for UE-tag-indoor gNB scenario.
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Figure 3. Operating regions for UE-UE scenario.

It is interesting to note that for bistatic cases, the two links (illuminator (TX)-to-tag and tag-to-receiver(RX)) maximum distances depend on each other. For a short Tx-tag distance, a significantly higher tag-Rx distance can be achieved. The opposite is also true for semi-passive tags, but not for passive tags that need to be energized by the illuminator. Figure 1 shows this contrast for the UE illumination-gNB reception case, where a yellow shaded region corresponds to successful communication operation. The left sub-figure corresponds to an RF harvesting tag (Device A), for which the Tx-tag distance is very limited, since the tag power up threshold must be exceeded. Despite that fact, very long tag-Rx ranges can be achieved (several hundreds of meters) for a sufficiently sensitive receiver. The right sub-figure corresponds to an energy-assisted backscattering tag (Device B) that does not rely on RF harvesting. Since there is no RF power-up constraint, the total operating region is larger compared to Device A. Keeping a short Tx-tag range allows for exponentially larger tag-Rx range, as well as the opposite. Similar trends are observed for the case of UE illumination and indoor gNB reception (Figure 2), as well as UE illumination and UE reception (Figure 3).
Table 2 provides example numbers for the feasibility of each deployment, for RF harvesting tags (Device A) and energy-assisted tags (Device B). In general, Device B can afford longer Tx-tag ranges than passive tags, due to the relaxed power up requirements, and therefore can be used for larger area coverage. 

For UE illumination cases, where the UE can be brought to the proximity of the tags, both Device A and Device B can be used, and the uplink range from the tag to a base station can reach 300 meters, which can accommodate similar inter-site distances (ISD). 

Assumption 2: The link budget for illuminating a passive IoT device will be the limiting factor for deployment. In realistic case, an illumination distance of less than 20m can be assumed for Device B or proximity (1-2 m) illumination for Device A. 
4 Deployment Recommendations
The energy harvesting and deployment limitation based on link budget analysis was presented in the previous sections. The conclusions were that both significant illumination is needed, and the link budget may be limited to less than 20 m for the illumination session. 
Given these constraints, macros grid deployment cannot be used for ambient IoT. To illuminate passive IoT device an extremely dense gNB deployment is needed which will not be viable from a cost point of view. Thus, the preferred deployment option is to enable UEs as ambient IoT illumination devices. The UE deployment is denser and dynamic in nature such that enabling passive IoT illumination will be a realistic scenario. An enhanced illumination scenario is to use multiple UEs for simultaneously illumination for increased Tx-Tag Range.
Proposal 1: Study ambient IoT with main emphasis on UE illumination deployment scenarios.
5 Conclusion

The contribution suggests the following proposals:
Assumption 1: For higher capability devices (e.g. with processing and sensing capabilities as proposed in [2]) with a power consumption of 1 mW (0 dBm DC), a much higher power level is needed to illuminate the tag and/or additional energy sources need to be considered, to optimize energy availability.
Assumption 2: The link budget for illuminating a passive IoT device will be the limiting factor for deployment. In realistic case, an illumination distance of less than 20m can be assumed for Device B or proximity (1-2 m) illumination for Device A. 

Proposal 1: Study ambient IoT with main emphasis on UE illumination deployment scenarios.
6 References

[1] RP-222685, Study on Ambient IoT.
[2] S1-220192, New SID: Study on Ambient power-enabled Internet of Things.
[3] RP-223396 Study on Ambient IoT (Internet of Things) in RAN
[4] RP-223451 https://www.3gpp.org/ftp/TSG_RAN/TSG_RAN/TSGR_98e/Docs/RP-223451.zip
