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1 Introduction
A study item on ambient IoT was agreed at the RANP#102 meeting, containing the following objectives:
	2. Study necessary and feasible solutions for Ambient IoT as prescribed in the General Scope, including decisions on which functions, procedures, etc. are needed and not needed, and ensuring at least the required functionalities in Section 6.2 of TR 38.848. 
Study of positioning in Rel-19 is RAN3-led, limited to functionalities which would have no, or minimal, specification impact (note: this does not imply any decision relating to WI creation).
Study the feasibility and required functionalities for proximity determination (coordination with SA3 is required for privacy aspects).
· RAN1-led:
For the Ambient IoT DL and UL:
· Frame structure, synchronization and timing, random access
· Numerologies, bandwidths, and multiple access
· Waveforms and modulations
· Channel coding
· Downlink channel/signal aspects
· Uplink channel/signal aspects
· Scheduling and timing relationships
· Study necessary characteristics of carrier-wave waveform for a carrier wave provided externally to the Ambient IoT device, including for interference handling at Ambient IoT UL receiver, and at NR basestation. 
       For Topology 2, no difference in physical layer design from Topology 1.




This document considers aspects of the carrier-wave waveform that is external to the Ambient IoT device. The following aspects are considered:
· Purpose of the carrier wave
· Types of external carrier wave
· Topologies of carrier wave emitters
· Control of carrier wave emitters



2 Purpose of carrier wave
This study considers two categories of devices [1]:
	A. The overall objective shall be to study a harmonized air interface design with minimized differences (where necessary) for Ambient IoT to enable the following devices:
i. ~1 µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, neither DL nor UL amplification in the device. The device’s UL transmission is backscattered on a carrier wave provided externally.
ii. ≤ a few hundred µW peak power consumption1, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both DL and/or UL amplification in the device. The device’s UL transmission may be generated internally by the device, or be backscattered on a carrier wave provided externally.



These two categories of devices can be further divided to the following three types of devices :
· i- A passive device. The device does not contain any active components either at the transmitter or at the receiver. An external carrier wave is required for backscattering in the UL. It is assumed that the carrier wave also provides power to the device’s circuits and can be used to recharge the device’s energy storage device. Other energy sources could alternatively be harvested.
· ii- A semi-passive device. This device is similar to device-i, but the device consumes more power as it may contain amplifiers both at either its transmitter or receiver or both. An external carrier wave is required for the backscattering function and may also provide power for the device’s circuits and energy storage device. Other energy sources could alternatively be harvested.
· ii- An active device. This device is more versatile and it can generate its own RF signal as it contains an active transmitter. An external carrier wave, however, could still be used for providing power to the device’s circuits and energy storage device. Other energy sources could alternatively be harvested. 
The carrier wave can hence be used for two purposes:
· Backscattering, and 
· Powering the device’s circuits and replenishing the device’s energy store.
The power of the carrier wave at the tag should be sufficient to support the above functionalities simultaneously while accounting for power conversion efficiencies (e.g. not all of the power harvested from a carrier wave can be stored in a battery), this is particularly the case in scenarios where other energy sources are not available.
Proposal 1: For the two passive devices, the Ambient IoT system should support an external carrier wave to provide sufficient power to backscatter an UL transmission to the limit of the Ambient IoT link budget.
Proposal 2: The Ambient IoT system should ensure that the carrier wave provides sufficient power to power the Ambient IoT device’s circuitry according to the peak power consumption of the Ambient IoT device.
Proposal 3: In both types of passive device, the Ambient IoT system should ensure that the incident power of the carrier wave on the tag is greater than the sum of the backscattered signal power and the power required to power the device’s circuitry. This power should account for conversion inefficiencies.
Proposal 4: In an ii active device, the Ambient IoT system should ensure that the incident carrier wave provides sufficient power to charge the device’s storage for its UL transmission and to power the device’s circuitry in scenarios where other energy resources are not available. This power should account for conversion inefficiencies.

3 Types of external carrier wave
There are different potential types of external carrier wave:
· Ambient carrier wave. The carrier wave is produced by an ambient source. Examples of ambient sources include NR or LTE base stations, radio stations, Wi-Fi, Bluetooth, TV stations etc.
· Dedicated carrier wave. An ambient IoT node provides a carrier wave whose main purpose is to enable devices to backscatter and harvest power for their operations. The waveform of the dedicated carrier wave can be controlled. The carrier wave could be a pure unmodulated narrow tone carrier or could be a broadband wave.
The type of carrier wave can therefore be generally divided into 1) single-carrier (SC) and 2) multi-carrier (MC). For the uplink backscattering transmission, the carrier wave used for excitation should allow for suitable system configurations on modulation and multiple access. For the power harvesting/wireless power transmission, the carrier wave used to power the device should provide as high energy transmission efficiency for the wireless power device at hand. Integration of data and power transfer is another important aspect that needs to be considered.
In Figure 1, a block diagram of AIoT communication topology is shown with different types of RF sources being considered. The use of ambient carrier waves or dedicated carrier waves is compared in Table 1.
[bookmark: _Ref158837034]Table 1 – A comparison of ambient and dedicated sources for the external carrier wave
	aspect
	ambient
	dedicated

	Deployment
	Lower deployment cost since the ambient RF sources naturally exist
	Higher deployment cost as there might be the need for new hardware deployment and dedicated frequency resources

	Power consumption
	No excess power consumption since ambient source is transmitted anyway
	Power required for carrier wave emitters

	Spectral usage
	No additional spectral usage required
	Spectrum required for carrier wave

	Dependability
	Not under control of network. Communication not possible when ambient IoT source is off
	Under control of network. Carrier waves is available as long as carrier wave emitter is active

	Waveform
	Unknown. Depends on modulation of ambient carrier wave
	Characteristics of carrier wave are known. This allows for a more controlled backscattered signal and wireless power transmission.

	Interference
	Ambient RF signal acts as direct interference at the receiver in a mono-static or bistatic backscattering communication
	Extra interference depending on the waveform design and backscattering topology, i.e., monostatic vs bistatic, described in the following.

	Reliability
	Unknown and unpredictable in nature
	More reliable, deployment of dedicated RF sources could be optimized (emitter selection, location optimization, etc.) and thus yields the enhanced downlink & uplink coverage [5]. 



As part of this study, RAN1 will need to consider the most appropriate form of external carrier wave for Ambient IoT, including the following aspects:
Proposal 5: RAN1 studies both ambient and dedicated as well as both multi-carrier and single-carrier types of external carrier wave.
Proposal 6: For a dedicated external carrier wave, RAN1 considers the following aspects:
· Narrowband vs broadband nature of the external carrier wave
· How the network controls the dedicated external carrier wave emitter
· The potential for the carrier wave signal to transmit signalling as well as power
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Figure 1 – Block diagram of AIoT communication topology, with different types of RF sources being considered. 

4 Topologies of carrier wave emitters
Topology 1 and Topology 2 are considered in this Ambient IoT study. The topologies in TR38.848 did not consider the carrier wave topology of the Ambient IoT network, but only considered the data and signalling topology of the network:
	[bookmark: _Toc145960149]4.2.1.0	Introduction
The following connectivity topologies for Ambient IoT networks and devices are defined for the purposes of the study. In all these topologies, the Ambient IoT device may be provided with a carrier wave from other node(s) either inside or outside the topology. The links in each topology may be bidirectional or unidirectional.



4.1 Topology 1

[image: ]
[bookmark: _Ref158838150]Figure 2 – Topology 1 including carrier wave emitter
Topology 1 is shown in Figure 2 where a carrier wave emitter can be located close to the Ambient IoT device in order to enable backscattering communications and power harvesting/wireless power transmission. Possible carrier wave emitter types include:
· Carrier wave is an ambient carrier wave available through existing UL transmissions, both reference signal and data channels of other UEs and DL transmissions from base-stations including synchronization signals, reference signals and data channels.
· A dedicated carrier wave emitter - This is a device whose sole role is to provide a carrier wave signal.  
· A UE - A UE could be scheduled / programmed to transmit a carrier wave signal. 
· Base station - For AIoT devices close to the base station, the base station can act as the carrier wave emitter.
When the carrier wave emitter is a base station or UE, it is FFS whether the base station or UE are considered to be within the topology or not. For example, a question arises as to whether the base station that emits the carrier wave is the same as the base station that serves the Ambient IoT device (with data and signalling). 
4.2  Topology 2
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[bookmark: _Ref158838241]Figure 3 – Topology 2 including carrier wave emitter
Topology 2 is shown in Figure 3 where a carrier wave emitter can be located close to the Ambient IoT device in order to enable backscattering communications and power harvesting/wireless power transmission. Possible carrier wave emitter types include:
· Carrier wave is an ambient carrier wave available through existing UL transmissions, both reference signal and data channels of other UEs and DL transmissions from base-stations including synchronization signals, reference signals and data channels.
· A dedicated carrier wave emitter - This is a device whose sole role is to provide a carrier wave signal.  
· A UE could be scheduled / programmed to transmit a carrier wave signal. 
· Base station -  For AIoT devices close to the base station, the base station can act as the carrier wave emitter. A 5G-NR gNodeB could alternatively act as a carrier wave emitter even if that gNodeB is not otherwise taking part in Ambient IoT
· Intermediate node - The intermediate node could transmit a carrier wave in addition to transferring AIoT data between the base station and AIoT device.
There are hence multiple different topologies for the support of carrier wave emitters, all of which seem reasonable alternatives.
Proposal 7: The following nodes can act as a carrier wave emitter, if the carrier wave is a dedicated wave:
· Dedicated carrier wave emitter
· UE
· Base station, either an Ambient IoT base station or a gNodeB
· Intermediate node

4.3  Discussion on topology and backscattering communication
 In a backscattering communication, the backscattering is referred to as either monostatic or bistatic. 
Monostatic backscattering - In this scheme, the carrier wave transmitter and the backscattering signal receiver are the same device. The co-existence of the carrier wave source and the receiver means that, both the carrier wave link and backscatter link distances are simultaneously increased when the backscatter device is moved away from the transceiver. The monostatic case also faces self-interference, where the unmodulated excitation signal dominates the incoming backscatter signal by several orders of magnitude. The backscatter signal quality in this scheme is therefore significantly reduced due to the above factors, resulting in very limited coverage.

Bistatic backscattering – In this scheme, the carrier wave source and the receiver of the backscattering signal are not the same device, i.e., they are at different locations. In the literature, bistatic architecture has been found to extend uplink range for the backscattering system [2,3]. This avoids the round-trip path loss as could be seen in the monostatic approach. Additionally, since the carrier wave source and the receiver are no longer co-located, spatial flexibility can be achieved by placing one of them in an optimal location. For instance, placing the carrier emitters closer to backscatter devices resolves the doubly near-far problem experienced by the monostatic scheme.  

Although the bistatic architecture has several advantages over the monostatic scheme, a disadvantage is that it requires additional hardware cost.  It is therefore of importance to study both monostatic and bistatic schemes. 
In Topology 1, the backscattering communication becomes monostatic if the BS provides the carrier wave, as it is expected that the backscattering signal to be received by the BS via AIoT UL transmission. In Topology 2, the backscattering becomes monostatic backscattering if the intermediate node is the source for the carrier wave. The backscattering will become a bistatic in the other cases.
Proposal 8: RAN1 to study both monostatic and bistatic backscattering communications for topology 1 and topology 2.
5 Control of carrier wave emitters
A dedicated carrier wave emitter needs to be controlled in order to:
· Control interference
· Reduce power consumption
· Manage coverage
· Multiplex Ambient IoT devices
5.1  Interference
Carrier wave signals can interfere with:
· The backscattered signal itself through self-interference between the carrier wave and the backscattered signal
· Other signals at the serving cell. These other signals can include backscattered signals from other devices in the deployment, potentially powered by different carrier wave emitters. The carrier wave signal can also interfere with reception of legacy transmissions (e.g. smartphone signals) at the serving cell.
· Neighbouring cells/gNBs and nearby UEs
5.2 Power consumption and resource usage
Carrier wave emitters consume power and spectrum resources. In order to reduce the power consumption and spectrum usage of the Ambient IoT network, the power consumed, and the resources used by the carrier wave emitters should be minimized. The power of carrier wave emitters can be reduced or switched off if:
· There is no communication with Ambient IoT devices in the cell
· The backscattered signal strength is greater than that required to decode the transmissions from the Ambient IoT devices. In this case, the power of the carrier wave emitter can be power-controlled down 
5.3  Coverage
The coverage of the backscattered signal depends on the power that is reflected by the backscattering circuitry in the Ambient IoT device. The amount of backscattered power depends significantly on the location of the receiver, location of the carrier wave emitter and the power of the carrier wave signal that is incident on the backscattering circuitry. This is since, the forward link (from emitter to backscatter device) and backscatter link (from backscatter device to the receiver) strongly influence the link budget and therefore the achieved coverage.  Hence, the coverage of the system can be controlled by controlling the location of both the emitter and the receiver and the power of the carrier wave signals transmitted by the carrier wave emitters.
5.4 Multiplexing
There are expected to be many Ambient IoT devices within the coverage area of an Ambient IoT base station. Depending on the communication protocol, it is possible that all of the devices in the deployment area would simultaneously respond if there were sufficient carrier wave power. It would be possible to spatially multiplex different devices within the deployment area by controlling only certain carrier wave emitters in the deployment area to turn on at a time.
Proposal 9: RAN1 considers methods to control carrier wave emitters in order to:
· Control interference
· Reduce power consumption and resource usage
· Control coverage
· Multiplex Ambient IoT devices
6 Conclusion 
This document has considered external carrier wave for Ambient IoT. The following proposals are made:
Proposal 1: For the two passive devices, the Ambient IoT system should support an external carrier wave to provide sufficient power to backscatter an UL transmission to the limit of the Ambient IoT link budget.
Proposal 2: The Ambient IoT system should ensure that the carrier wave provides sufficient power to power the Ambient IoT device’s circuitry according to the peak power consumption of the Ambient IoT device.
Proposal 3: In both types of passive device, the Ambient IoT system should ensure that the incident power of the carrier wave on the tag is greater than the sum of the backscattered signal power and the power required to power the device’s circuitry. This power should account for conversion inefficiencies.
Proposal 4: In an ii active device, the Ambient IoT system should ensure that the incident carrier wave provides sufficient power to  charge the device’s storage for its UL transmission and to power the device’s circuitry in scenarios where other energy resources are not available. This power should account for conversion inefficiencies.
Proposal 5: RAN1 studies both ambient and dedicated as well as both multi-carrier and single-carrier types of external carrier wave.
Proposal 6: For a dedicated external carrier wave, RAN1 considers the following aspects:
· Narrowband vs broadband nature of the external carrier wave
· How the network controls the dedicated external carrier wave emitter
· The potential for the carrier wave signal to transmit signalling as well as power
Proposal 7: The following nodes can act as a carrier wave emitter, if the carrier wave is a dedicated wave:
· Dedicated carrier wave emitter
· UE
· Base station, either an Ambient IoT base station or a gNodeB
· Intermediate node
Proposal 8: RAN1 to study both monostatic and bistatic backscattering communications for topology 1 and topology 2.
Proposal 9: RAN1 considers methods to control carrier wave emitters in order to:
· Control interference
· Reduce power consumption and resource usage
· Control coverage
· Multiplex Ambient IoT devices
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