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1. Introduction

In RAN#97e, the SID “Study on Ambient IoT” was approved [1]. One objective is to identify key RAN design targets to meet the requirements of target use cases for Ambient IoT.
	· Formulate a set of RAN design targets based on the identified deployment scenarios and their characteristics for the relevant use cases, at least including
· Power consumption

· Complexity

· Coverage

· Data rate

· Positioning accuracy

NOTE: The requirements from SA1 on the relevant use cases shall be taken into consideration.

NOTE: The study shall aim to provide better coverage compared to existing non-3GPP technologies for the relevant use cases.

NOTE: Other RAN design targets in relation to connection density, mobility, security, latency, reliability etc. may be discussed, if necessary for the relevant use cases. 

NOTE: Detailed definitions of the RAN design targets should be discussed during the study.


The RAN design targets for Ambient IoT can be generally divided into two categories. One is tightly related to different device categories, and the other is common across device types.

2. Design targets differentiated by Ambient IoT device types
In RAN#98e, the following agreements were reached on the device categorization for Ambient IoT. It is clear that the power consumption and device complexity can be different between these categories [2]. Correspondingly, the achievable coverage can also be different.
	Agreement:
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.


2.1 Device power consumption 
Ambient IoT differs from existing 3GPP IoT technologies mainly by the support of batteryless device considering various deployment scenarios and traffic characteristics of the target use cases in TR 22.840. As stated in the SID, Ambient IoT device will have significantly lower complexity and power consumption than the existing 3GPP IoT technologies to fit the new very-low end IoT applications well.

Regarding Device A, which does not have energy storage, it is expected to work well when powered by ambient RF energy. Since RF energy degrades quickly with the propagation distance, the received wireless signal power at the 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 from the source. Assuming an energy conversion efficiency in the device of 30%, the harvested power can be around 1 μW. If the working power consumption of device is no higher than 1 μW, it can be directly powered by the RF energy harvester. Consequently, the power consumption of receiving or transmitting can target to be around 1 μW for Device A. Based on the principal techniques of backscatter communication for transmitting, and RF envelope detection for receiving, μW-level device power consumption for transmitting and receiving processing is feasible [3][4].
Regarding Device C, which has energy storage, other ambient energy resources than RF energy can be used. The device is assumed to be able to generate an RF carrier wave by itself. More importantly, it is also assumed to support the link budget for outdoor continuous coverage with existing 3GPP macro-/micro-cell BSs. Consequently, higher power consumption is probably needed to improve the transmit power and receiver sensitivity of the device. Referring to the emerging ultra-low power heterodyne/homodyne receiver architecture [5][6], the design target of sub-mW power consumption for transmitting and receiving can be assumed to be feasible for Device C. This device power consumption is lower than the existing 3GPP LPWA IoT technologies by orders-of-magnitude.
Regarding Device B, there are two cases to be considered. One is the simple integration of Device A and capacitor, to improve the activation threshold of RF energy harvesting compared to device A. In this case, the device power consumption will be similar to Device A. The other is to implement more additional components based on Device A to further improve the transmitting and receiving capability of the device. One example is to introduce a reflection amplifier for the backscattered signal to achieve higher transmit power. It should be reasonable to assume that the power consumption of Device B is no higher than Device C, where Device C is expected to be much more powerful in terms of transmitting and receiving capability. In conclusion, Device B with additional components e.g. amplifier can reuse the design targets of Device C as the constraints on its power consumption.
As an output from the RAN-level SI, it is recommended that further study and work is subject to target the power consumption level which can be provided by the kind of device architectures, and energy sources described above.
Proposal 1: The TR should capture and recommend that further work on Ambient IoT design supports maximum required device power consumption for different device categories as follows:
· 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.
2.2 Device complexity
In general, the complexity of Ambient IoT device shall be much lower than existing 3GPP LPWA IoT technologies, so as to achieve orders of magnitude lower power consumptions.

For Device A, the complexity should aim to be comparable to UHF RFID passive tag to satisfy the requirements for some cost sensitive industries, such as logistics and supply chains. As a reference, the typical chip size of a UHF RFID tag can be as small as 0.1 mm2 by 45nm process [7].
For Device C, to achieve significant gain, both the RF front-end and baseband processor would need to be significantly simplified compared with existing 3GPP UE. The RF front-end implementation can avoid to have some power-hungry components, such as high-performance phase-locked loop and crystal oscillator, and high-speed large bit width analog-to-digital converter. The baseband processing can target small memory size and avoid involving complicated arithmetic unit such as multi-bit multiplier. As a reference, the chip size of ultra-low power Bluetooth device can reach 7.3 mm2 by 65 nm process [8], while 24.4 mm2 by 28 nm process for NB-IoT device [9]. Assuming the same process for both, the chip size of the NB-IoT device can be around 10 times larger than the Bluetooth device. In general, assuming that Device C might be less complicated than Bluetooth device for the purpose of achieving ultra-low power consumption, the complexity of Device C would be significantly (e.g., X times) lower than NB-IoT device.
For Device B, its complexity shall be between Device A and Device C. If it is implemented by the simple integration of Device A and capacitor, the device complexity can be assumed similar to Device A. If it integrates more additional components, such as amplifiers for transmitting and receiving, the device complexity shall be obviously higher than Device A, but still lower than Device C. Similar to the discussion on design targets of device power consumption in section 2.1, Device B can reuse the design targets of Device A or Device C as the constraints on its complexity.
As an output from the RAN-level SI, it is recommended that further study and work is subject to target the device complexity level as described above. 
Proposal 2: The TR should capture and recommend design target on device complexity for different device categories as follows, by reference to existing technologies:

· For Device A, the device complexity should be comparable to UHF RFID passive tag.

· For Device C, the device complexity should be significantly (e.g., X times) lower than NB-IoT device.
· For Device B, the device complexity should be between Device A and C.
2.3 Coverage

The RAN design targets of coverage should consider both communication range requirement from SA1 and deployment scenarios identified in RAN for the target use cases of Ambient IoT. 
The communication range requirement from SA1 could be regarded as two sets in general. One set requires one or several tens of meters e.g. 10-30 m in indoor scenarios, while the other set is requiring several hundreds of meters e.g. 100-700 m in outdoor scenarios. Note that SA1 does not refer to these values as coverage in the RAN or RAN1 sense, and the meaning of “communication range” is somewhat tailored per use case.
The deployment scenario aspects are more related to the base station characteristic, connectivity topology and coexistence with existing 3GPP technologies. First, base station characteristics are basically in two types of indoor BS and outdoor BS, mainly differentiated by coverage range. The cell radius of indoor BS is tens of meters which could cover the first set of 10-30 m communication range requirements from SA1. Also, the typical cell radius of outdoor macro BS is hundreds of meters which could cover the second set of 100-700 m communication range requirements from SA1.
Regarding the communication between Ambient IoT device and basestation, the target communication range is assumed to support continuous coverage based on the typical inter-site distance (ISD) of legacy 3GPP basestation, considering the requirement on co-site deployment. For a majority of indoor use cases, Device A or B is usually recommended due to its low cost and the capability of being powered by RF energy, especially in the industries such as logistics, supply chain, and manufacturing. It is demanded that the effective communication range of Device A and B can support the typical ISD of indoor micro- or pico-cell base station. In outdoor scenarios, Device A and B may not be able to meet the required link budget to support typical ISD of macro- or micro-cell basestation, which is usually several hundred meters or even a few kilometers. It is expected that at least Device C can support the corresponding effective communication range.
On the other hand, RFID normally work at range of 10 meters. Obviously, the cell radius/ISD of a cellular base station has longer range than RFID due to the much more power-capable base station.
Observation 1: The legacy 3GPP typical inter-site distance (ISD) of indoor base station and outdoor base station would be larger than the communication range of RFID.
Observation 2: Having a RAN design target for coverage which allows co-site deployment is a suitable baseline, and new-site deployment can be assumed to share the same coverage performance.

3GPP has developed a number of channel models, and TSG RAN does not need to investigate all of them for the purposes of this SI. Instead, RAN can set a high-level target of supporting typical 3GPP inter-site distances, and let RAN1 decide which channel models are the relevant one(s) to evaluate their designs against in the future. For the purpose of a RAN-level feasibility assessment, it need only be shown in one or a small number of reasonable cases that such a design target could, in principle, be met. 
Hence, we have the following proposal,
Proposal 3: The TR should capture and recommend the RAN design target for Ambient IoT coverage is:

· Support typical 3GPP inter-site distances (ISDs) of indoor base station for all Devices A/B/C, and of outdoor base station for Device C.
· RAN1 would be expected to decide which channel model(s), ISD(s), etc. are most relevant for WG-level study and evaluation of solutions versus this overall design target.
· E.g.: indoor coverage target is ISD ≈ 30 m, and outdoor coverage target is ISD ≈ 500 m or 1732 m for urban and rural area, respectively.

· Deployment scenarios without basestations have the same target as indoor coverage, regardless of environment.
· New-site deployments share the same targets for coverage performance.
3. Design targets common to the device types
The design targets related to application traffic characteristics are assumed to be common for all the device categories. They can be summarized from the corresponding KPIs of the SA1 use cases. The required KPIs on data rate, positioning accuracy, connection density, and latency of each use case are summarized in Table 1, Table 2, Table 3 and Table 4 for the 4 functionalities in Grouping B [10], respectively. 
Table 1 KPIs for the Ambient IoT use cases involving inventory
	Use case
	Latency (s)
	Data rate (bps)
	Device density (devices/100m2)
	Positioning accuracy (m @ 90%)

	Automated warehousing
	1
	<100 / 128
	-
	2~3

	Intralogistics in manufacturing
	>0.1
	<1000
	<150
	3

	Food supply chain
	>60
	<0.12
	150
	-

	End-to-end logistics
	-
	-
	-
	-

	Logistics in flower auction
	10
	5000
	130
	-

	Pig barn
	10
	500
	85
	-

	Smart laundry
	>10
	<100
	20
	-

	Positioning in shopping centre
	0.5
	<1000
	25
	3

	Museum guide 
	2
	<1000
	1
	3

	Airport terminal/shipping port
	>1
	-
	>0.01
	-

	Medical instrument management
	hundreds ms level
	<2000
	≥0.1
	-

	NPN for logistics
	-
	-
	-
	-

	Automated supply distribution
	>10
	<800
	150
	3

	Pressure powered switch
	-
	-
	-
	-

	Summary
	1~>10
	100~5000
	0.01~150
	3


Table 2 KPIs for the Ambient IoT use cases involving sensors
	Use case
	Latency (s)
	Data rate (bps)
	Device density (/100m2)
	Positioning accuracy (m @ 90%)

	Cow stable
	1
	<500
	<0.0001
	-

	Pig barn
	>10
	<500
	85
	-

	Smart agriculture
	>1
	<1,000
	100
	-

	BS machine room monitoring
	1
	<1,000
	-
	-

	Smart home
	20
	-
	-
	-

	Smart laundry
	10
	<100
	20
	-

	Smart grid
	1
	<1,000
	<1
	Several 10

	Bridge health monitoring
	10
	<1,000
	0.1
	-

	Smart dairy farm
	>1
	<500
	<0.52
	-

	Forest fire monitoring
	>10
	
	0.01
	-

	Manhole cover monitoring
	10~30
	<1,000
	0.1
	-

	Summary
	1~30
	100~1000
	0.0001-100
	Several 10


Table 3 KPIs for the Ambient IoT use cases involving positioning
	Use case
	Latency (s)
	Data rate (bps)
	Device density (/100m2)
	Positioning accuracy (m @ 90%)

	Ranging at home
	-
	-
	20
	1 (10 degree)

	Location service
	10
	-
	-
	10 for horizonal, 3 for vertical

	Remote lost item finding
	>5
	
	<750
	-

	Personal belonging finding
	1
	<1,000
	Indoor: 5, 
Outdoor: 10
	1~3 (indoor)

	Summary
	1~10
	<1000
	5-20
	1~10


Table 4 KPIs for the Ambient IoT use cases involving command
	Use case
	Latency (s)
	Data rate (bps)
	Device density (/100m2)
	Positioning accuracy (m @ 90%)

	Medical instrument management
	Hundreds ms level
	<2,000
	Indoor/Outdoor: ≥0.1
	-

	Elderly health care
	1
	<1,000
	Indoor: <20, 
Outdoor: <200
	-

	Device activation and deactivation
	-
	-
	-
	-

	Device permanent deactivation
	-
	-
	-
	-

	Controller in smart agriculture
	Hundreds ms level
	-
	-
	-

	Electronic shelf label
	1
	800
	-
	-

	Summary
	≤1
	800-2,000
	0.1-20
	-


According to the above tables, there can be the following observations regarding the requirements on data rate, positioning accuracy, connection density, and latency, respectively.
3.1 Data rate
The required data rate ranges from 100 bps to 5000 bps, which is generally common among different functionalities. The actual data rate of a particular device depends on the corresponding link quality. Higher data rate can be achieved for devices experiencing smaller path loss. In other words, the actual data rate depends on the network deployment, as the maximum path loss can be determined by network planning. In this case, the maximum data rate of Ambient IoT is expected to be no lower than the highest required data rate from SA1, which is 5 kbps for the use case of “Logistics in flower auction”. Meanwhile, the minimum data rate can be set to 100 bps.
Proposal 4: The RAN design target for data rate is:

· Minimum supported data rate of 100 bps on both the uplink and downlink.
· Maximum data rate no lower than 5 kbps.
3.2 Positioning accuracy
It is seen that there are two types of positioning applications. One accompanies the functionality of inventory in the use cases such as automated warehousing, intralogistics in manufacturing, and automated supply distribution. The required accuracy is about 3 meters at 90 percent. The other is mainly about the positioning of personal belongings, which includes two scenarios. In indoor scenarios, ranging by cell phone is preferred, with required accuracy of 1~3 meters at 90 percent. In outdoor scenarios, location by cellular network can be assumed for wide area positioning, with required accuracy of several 10 meters at 90 percent.
Proposal 5: The RAN design target for positioning accuracy is:

· 3 meters at 90% for indoor location by cellular network.
· 1-3 meters at 90% for indoor ranging by UE-type nodes.
· Several 10 meters at 90% for outdoor location by cellular network.

3.3 Connection density
Regarding the functionality of inventory, sensors, positioning, and command, the number of devices to be supported per 100 m2 by most use cases is from 0.01 to 150, from 0.0001 to 100, from 5 to 20, and from 0.1 to 20, respectively. The supported connection density depends on both the corresponding air interface design and the actual deployment e.g. the density of deployed basestation. It is required that the highest required connection density can be met by Ambient IoT network.
Proposal 6: The RAN design target for maximum connection density is 150 devices per 100 m2.
3.4 Latency
The requirement ranges from 1 second to higher than 10 seconds for most use cases, which is generally common among different functionalities. 
 The latency of wireless transmission mainly depends on the data rate, signalling procedure and protocol overhead. With the same payload size, the transmission latency varies significantly with the link quality for the device, as the data rate depends on the corresponding path loss. On this basis, the achievable latency can be determined by the network deployment in the way of planning the path loss distribution. From the view of air interface, the minimum latency of Ambient IoT should be no higher than 1 second. Meanwhile, the maximum latency can be no lower than 10 seconds for the evaluations of the device at cell-edge.
Proposal 7: The RAN design target for latency is:

· Maximum latency of no lower than 10 seconds.
· Minimum latency no higher than 1 second.
4. Summary and conclusions
According to the discussions on Ambient IoT device category, the design targets on device power consumption and complexity are probably different for each category, while the coverage performance can also be different corresponding to the distinct capability. Meanwhile, there are also some design targets mainly depend on the requirements of the target use cases, which can be summarized from the SA1 KPIs. Consequently, we propose two sets of RAN design targets: a set that is differentiated per Ambient IoT device type, and a set that is common to device types as follows.
Table 1: Summary of design targets differentiated by device type

	Metric
	Target for Device A
	Target for Device B
	Target for Device C

	Power consumption
	1 μW
	Between Device A and C
	≤1 mW

	Complexity
	Comparable to passive RFID tag
	Between Device A and C
	Significantly lower than NB-IoT device

	Coverage
	Support typical 3GPP ISD of indoor basestation
	Support typical 3GPP ISD of indoor and outdoor basestation


Table 2: Summary of design targets common to device types

	Metric
	Target

	Data rate
	Min: 100 bps on both UL and DL

Max: No lower than 5 kbps

	Positioning
	3 meters at 90% for indoor location by cellular network

1-3 meters at 90% for indoor ranging by UE-type nodes.

Several 10 meters at 90% for outdoor location by cellular network.

	Connection number
	150 devices per 100 m2

	Latency
	Max: No lower than 10 sec

Min: No higher than 1 sec


By achieving the above design targets, Ambient IoT is expected to enable the target use cases including those typical ones been discussed in SA1 and many others, which could bring a huge amount of new IoT connections for 3GPP networks.
The observations and proposals in this paper are summarized as follows.
Observation 1: The legacy 3GPP typical inter-site distance (ISD) of indoor base station and outdoor base station would be larger than the communication range of RFID.

Observation 2: Having a RAN design target for coverage which allows co-site deployment is a suitable baseline, and new-site deployment can be assumed to share the same coverage performance.

Proposal 1: The TR should capture and recommend that further work on Ambient IoT design supports maximum required device power consumption for different device categories as follows:

· 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.
Proposal 2: The TR should capture and recommend design target on device complexity for different device categories as follows, by reference to existing technologies:

· For Device A, the device complexity should be comparable to UHF RFID passive tag.

· For Device C, the device complexity should be significantly (e.g., X times) lower than NB-IoT device.
· For Device B, the device complexity should be between Device A and C.

Proposal 3: The TR should capture and recommend the RAN design target for Ambient IoT coverage is:

· Support typical 3GPP inter-site distances (ISDs) of indoor base station for all Devices A/B/C, and of outdoor base station for Device C.

· RAN1 would be expected to decide which channel model(s), ISD(s), etc. are most relevant for WG-level study and evaluation of solutions versus this overall design target.
· E.g.: indoor coverage target is ISD ≈ 30 m, and outdoor coverage target is ISD ≈ 500 m or 1732 m for urban and rural area, respectively.

· Deployment scenarios without basestations have the same target as indoor coverage, regardless of environment.

· New-site deployments share the same targets for coverage performance.
Proposal 4: The RAN design target for data rate is:

· Minimum supported data rate of 100 bps on both the uplink and downlink.
· Maximum data rate no lower than 5 kbps.
Proposal 5: The RAN design target for positioning accuracy is:

· 3 meters at 90% for indoor location by cellular network.

· 1-3 meters at 90% for indoor ranging by UE-type nodes.

· Several 10 meters at 90% for outdoor location by cellular network.

Proposal 6: The RAN design target for maximum connection density is 150 devices per 100 m2.
Proposal 7: The RAN design target for latency is:

· Maximum latency of no lower than 10 seconds.

· Minimum latency no higher than 1 second.
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