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In RAN#102, a new Rel-19 SID “Study on solutions for Ambient IoT (Internet of Things)” has been approved with the following objective as one of the objectives [1]:
	The objectives of the study item are the following:

The following objectives are set, within the General Scope:
1. Evaluation assumptions
a) Conclude at least the following aspects of design targets left to WGs in Clause 5 (RAN design targets) of TR 38.848 [RAN1].
· Clause 5.3: Applicable maximum distance target values(s)
· Clause 5.6: Refine the definition of latency suitable for use in RAN WGs
· Clause 5.8: 2D distribution of devices
b) Define necessary further evaluation assumptions of deployment scenarios for coverage and coexistence evaluations [RAN1, RAN4]
c) Identify basic blocks/components of possible Ambient IoT device architectures, taking into account state of the art implementations of low-power low-complexity devices which meet the RAN design target for power consumption and complexity. [RAN1]
d) Define link budget calculation for coverage, including whether/how to model carrier wave from node(s) inside or outside the connectivity topology.
NOTE: Assessment performance of the design targets is within the study of feasibility and necessity of proposals in the following objectives, e.g. by inspection of reference implementations in the field, simulations, analytically.
NOTE: strive to minimize evaluation cases in RAN1.


In this contribution, we provide input for the third sub-objective of the above objective. The purpose is to discuss possible architectures of devices that meet complexity and power consumption requirements for evaluation.
Discussion
0. Design Target
The design targets largely determine the design of the device architecture. This section will discuss the impact of the following design targets on device architecture.
0. Deployment Scenario
Deployment scenarios are related to channel conditions, interference, mobility, etc., which in turn affect the design of the device architecture. For example, RFID design mainly targets short-range scenarios of about 10m. In this scenario, the channel conditions are ideal and there is less interference in the environment. Therefore, some architectures with lower hardware complexity can be used. 
It can be seen from [1] that the current deployment scenario of Ambient IoT research is the indoor scenario of cellular networks. This scenario obviously has higher requirements than RFID. Mainly reflected in the following aspects: more complex channel conditions, stronger interference in the environment, and larger coverage distance. These requirements require the device to use better RF components than RFID to meet them.
Observation 1: The complex deployment scenarios of Ambient IoT require better RF components to meet the requirements.
0. Coverage Target
The coverage design target given in SI objective is 10~50m. This is a very broad design target because every 10m coverage improvement may affect the design of the device architecture. Therefore, it is recommended to use coverage target as supplementary constraints to other design targets. For example, evaluate the coverage that the device architecture can achieve while meeting other design targets. If it can achieve a coverage range of 10 to 50 meters, this architecture meets the design requirements.
Observation 2: The coverage design target range is large, and the relationship with the receiver architecture cannot be directly determined.
0. Power Consumption Target
Power consumption requirements largely determine the device architecture. For example, the architecture that can be used for receivers and transmitters is directly related to power consumption. It can be seen from [1] that the power consumption of the device needs to meet the following requirements:
· ~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.
· ≤ a few hundred µW peak power consumption, 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.
It can be seen from the above power consumption that the first power consumption requirement is similar to the requirement of RFID passive device. The second power consumption requirement is similar to the power consumption requirements of RFID's semi-passive and active devices. In addition, the application scenarios of Ambient IoT also have many overlaps with those of RFID. Therefore, in the next section we will discuss the device architecture of Ambient IoT with reference to the device architecture of RFID.
Observation 3: The power consumption requirements of Ambient IoT devices are similar to those of RFID device.
Proposal 1: Discuss the architecture of Ambient device with reference to the architecture of RFID device.
0. Ambient IoT Device Architectures
The following agreements have been reached at the last meeting. Therefore, in this contribution we will first discuss the architecture of device 2b, and then further discuss the details of each component.
	Agreement
For the purpose of the study, RAN1 uses the following terminologies:
· Device 1: ~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.
· Device 2a: ≤ a few hundred µW peak power consumption, 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 is backscattered on a carrier wave provided externally.
· Device 2b: ≤ a few hundred µW peak power consumption, 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 is generated internally by the device.
Agreement
Study at least the following blocks for device 1 architecture.
· Antenna could be either shared or separate for RF energy harvester and receiver/transmitter.
· Matching network is to match impedance between antenna and other components (including RF energy harvester and receiver related blocks).
· RF energy harvester can include rectifier performing RF signal (AC) to DC conversion.
· Energy storage (e.g., capacitor) stores harvested energy from RF energy harvester.
· Power management unit (PMU) manages storing energy to energy storage from energy harvester and suppling power to active component blocks which needs power supply.
· Digital BB logic includes functional blocks like encoder, decoder, controller, etc.
· Memory can include two types of memory: 1) Non-Volatile Memory (NVM) such as EEPROM for permanently storing device ID, etc, and 2) registers for temporarily keeping any information required for its operation only while energy is available in energy storage.
· Clock generator provides required clock signal(s).
· Reception related blocks
· RF BPF for improving selectivity.
· Depending on implementation, it may not exist. RAN4 RF requirement (if any, e.g., ACS) and peak power consumption target also need to be considered.
· RF Envelope Detector converts RF signal to baseband.
· BB LPF can filter out harmonics and high frequency components to improve input signal quality to comparator.
· Depending on implementation, it may not exist. Presence of BB LPF is assumed for the study.
· Comparator determines high/low of input signal.
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics. Waveform/Modulation type is FFS.
Agreement
Study at least following blocks for device 2a architecture w/ RF-ED receiver.
· Antenna could be either shared or separate for RF energy harvester (if present) and receiver/transmitter.
· Matching network is to match impedance between antenna and other components (including RF energy harvester (if present) and receiver related blocks).
· Energy harvester.
· Energy storage (e.g., capacitor) stores harvested energy from energy harvester.
· Power management unit (PMU) manages storing energy to energy storage from energy harvester and suppling power to active component blocks which needs power supply.
· Digital BB logic includes functional blocks like encoder, decoder, controller, etc.
· Memory can include two types of memory: 1) Non-Volatile Memory (NVM) such as EEPROM for permanently storing device ID, etc, and 2) registers for temporarily keeping any information required for its operation only while energy is available in energy storage.
· Clock generator provides required clock signal(s).
· Reflection amplifier can amplify reflected backscattered signal.
· FFS study applicability of amplification of rx signal, power consumption.
· At least one of R2D/CW2D and D2R could be amplified by either reflection amplifier or LNA.
· Reception related blocks
· RF BPF filter for improving selectivity.
· Depending on implementation, it may not exist. RAN4 RF requirement (if any, e.g., ACS) and peak power consumption target also need to be considered.
· FFS: LNA for improving signal strength and sensitivity of receiver.
· At least one of R2D/CW2D and D2R could be amplified by either reflection amplifier or LNA.
· RF envelope detector (RF-ED) detects envelope from RF signal.
· BB amplifier amplifies BB signal to improve signal strength.
· BB LPF can filter out harmonics and high frequency components to improve input signal quality to comparator/ADC.
· Depending on implementation, it may not exist.
· Comparator or N-bit ADC
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics.
· FFS: Large Frequency shifter (e.g., tens of MHz) for shifting backscattered signal from one frequency (e.g., FDD-DL frequency) to another frequency (e.g., FDD-UL frequency).


The Architecture of Device 2b
Referring to RFID, the device architecture mainly consists of matching network, power management, demodulation, modulation, and digital baseband modules. Drawing reference from literature [2], a schematic device architecture in Figure 1 is given. The functions of each component are briefly introduced below.
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Figure 1. Ambient IoT device architecture
A. Matching Network
The role of the matching network is to ensure impedance matching between the signal source and load to ensure maximum energy transfer and minimum signal loss. Matching networks can improve the performance and stability of RF circuits while reducing signal interference and noise levels. Finally, an LC matching network is used to match the input impedance of the device to that of the antenna for maximum power transfer.
B. Power Management
Power management mainly includes two circuits: Current recovery and power supply voltage stabilizing.
The power recovery circuit converts the ultra-high frequency signal received by the device antenna into a DC voltage through rectification, boosting, etc., to provide energy for the chip's operation. This circuit can also incorporate other energy harvesting circuits. For example, add photovoltaic and thermoelectric energy harvesting circuits.
The power supply voltage stabilizing circuit needs to meet the following requirements: when the input signal amplitude is high, it must be able to ensure that the output DC power supply voltage does not exceed the maximum voltage that the chip can withstand. When the input signal is small, the power consumed by the voltage stabilizing circuit should be as much as possible to reduce the total power consumption of the chip.
C. Demodulation
In order to reduce chip area and power consumption, most passive RFID tags currently use ASK modulation. For the ASK demodulation circuit of the tag chip, the commonly used demodulation method is envelope detection. The R18 LPWUS SI topic has studied three types of basic architectures of ASK receivers, which can be used as a reference baseline [3].
D. Modulation
The modulation process is the process of moving low-frequency signals to high-frequency bands. The modulation process uses the transmitted low-frequency signal to control the high-frequency oscillator, so that the parameters (amplitude, frequency, and phase) of the high-frequency oscillator output signal change with the low-frequency signal, thereby moving the low-frequency signal to the high-frequency band. Finally, the information of the low-frequency signal is carried and propagated by the high-frequency signal.
The implementation of modulation is the main point of difference between passive and active devices. Passive devices modulate their information by backscattering the carrier signal they receive from the reader. The device antenna should be able to extract energy from the incident RF signal and transmit the backscattered signal. Therefore, an active device usually contains its own internal power supply, which is used to power the device circuitry and generate the transmitted signal. The modulation module in Figure 1 can work in two modes. By switching, it can work in backscattering mode or in active mode that generates its own signal.
E. Digital Baseband Parts
The main activities of the digital baseband in RFID are to decode the incoming data from the reader, to modify the memory contents and to execute the relevant commands to response to different reader interrogations. According to the RFID baseband architecture in literature [4], a reference baseband architecture for Ambient IoT is given. Active devices can modulate information onto signals they generate for transmission.
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Figure 2. Device baseband architecture
Based on the above analysis, we support the proposal for device 2b in [2]. It is recommended that device 2b at least include the following basic modules: Antenna, Matching network, Energy harvester, Energy storage, Power management unit, Digital baseband logic, memory, Clock generator, Reception related blocks and Transmission related blocks.
Proposal 2：The device 2b architecture includes at least the following basic modules: Antenna, Matching network, Energy harvester, Energy storage, Power management unit, Digital baseband logic, Memory, Clock generator, Reception related blocks and Transmission related blocks.
Basic module details
Antenna
Antenna is very essential for the communication of data between the reader and the device. Antenna design and placement play a significant factor in coverage zone, range, and accuracy of communication of a device, because the antenna both harvests the energy from the reader’s signal to energize the device and sends the data to the reader.
Increasing the number of antennas can significantly improve performance, but it will also increase the space occupied, thereby increasing the cost of the device. For Ambient IoT, cost is a very sensitive factor, so it is recommended to consider only a single antenna.
Proposal 3: The device only supports the assumption of a single antenna.
Matching network
The following observations were made during the study on the receiver architecture of LP-WUS [3]:
For the architecture with RF envelope detection,
-	It can achieve relatively low power consumption due to the removal of LO/PLL.
-	Interference suppression for adjacent channel interference requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
-	Interference suppression for interference from legacy NR signals and/or other LP WUS on adjacent subcarriers, if performed in RF, requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
-	The support of multiple bands and/or carriers may require multiple high-Q matching networks and/or RF BPFs or multiple off-chip components.
Observation 4: The interference suppression of adjacent channels will increase the complexity and performance requirements of the matching network, thereby increasing the cost.
Observation 5: Interference suppression within the system will also increase the complexity and performance requirements of the matching network, thereby increasing costs.
Observation 6: Supporting multiple frequency bands may require multiple matching networks, increasing complexity and cost.
Proposal 4: Further study the requirements and impact of interference suppression and multi-band support on the matching network.
Power supply and management unit
The power supply and management unit is an essential module to achieve internal energy supply, and includes three parts: energy harvester, energy storage and power management unit.
These modules completely depend on the method and implementation of energy harvesting and will not change due to the physical layer design. Therefore, the complexity and energy consumption of these modules completely depend on the implementation, and therefore, it is recommended that these modules not be considered when evaluating device complexity and energy consumption.
Proposal 5: Exclude power supply and management unit from the scope of power consumption and complexity evaluation.
In addition, when the energy source is RF, it needs to be constrained by the signal strength of the RF source. The threshold of energy harvesting is significantly higher than the threshold of signal demodulation. Therefore, it is necessary to consider whether the coverage target is decoupled from this.
Proposal 6: Discuss whether coverage target is decoupled from signal thresholds for RF harvesting.
Memory
The design of memory depends on the specific application scenario. For example, the memory of the inventory may be read-only to meet the requirements, while the device memory of the sensor may also need to be writable. Therefore, the EPC standard designs different EPC device types according to different memory types, as follows:
Table 1. EPC Transponder classes
	EPC Class
	Feature
	Transponder Type

	Class 0 
	Read only
	Passive (64 bits only)

	Class 1 
	Write once, Read many (WORM)
	Passive (96 bits minimum)

	Class 2 
	Read/Write
	Passive (96 bits minimum)

	Class 3 
	Read/Write with embedded energy to enhance the operating range
	Passive (96 bits minimum)

	Class 4 
	Read/Write active transmitter
	Passive (96 bits minimum)



Observation 7: The design of memory depends on the application scenario requirements.
Referring to EPC standards, memory design is recommended to be considered in WI, and memory is not included in energy consumption and complexity evaluation.
Proposal 7: Deprioritize memory study and recommend research in WI.
Digital BB logic
As can be seen from Figure 2, Digital BB logic is determined by the encoding and decoding scheme and the design of the state machine. Therefore, this part of the content can wait until the encoding and decoding scheme is roughly determined before evaluating the power consumption and complexity.
Proposal 8: Analyze digital BB logic after the coding scheme is roughly determined.
Reception related blocks
The following observations were made during the study on the receiver architecture of LP-WUS [3]:
RF envelope detection
The architecture with RF envelope detection is based on at least the following diagram for LP-WUR.
-	The RF signal is converted into baseband signal directly via an RF envelope detector.
-	There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
-	1 bit or multi-bit ADC is applied.
-	Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
-	High-Q matching network and/or RF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
-	FFS the support of band and/or carrier tuning
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Figure 3. RF envelope detection based LP-WUR diagram
The components included in the receiver mainly depend on energy consumption and sensitivity requirements. Therefore, it is recommended to first evaluate the sensitivity that meets the coverage requirements, and then analyze whether the addition of components meets the energy consumption requirements.
Proposal 9: Prioritize the coverage targets of different devices, and then evaluate the required blocks.
Transmission related blocks
Regarding the transmission related blocks of Device 1 and Device 2b, it can be roughly determined. Device 1 can only perform backscattering and does not have frequency shifting capabilities due to power consumption limitations. As for Device 2b, it needs to have the ability to generate signals independently. Therefore, it needs to have related modules for carrier signal generation, such as phase-locked loops, etc.
For device 2a, although the transmission method also uses backscattering. However, since its power consumption is larger than that of device 1, it can be evaluated whether to include the frequency offset function. 
First, there are at least the following benefits to supporting frequency offset:
a) Can simplify support for FDD.
b) It can further support FDMA, which is important for Ambient IoT with a large number of devices.
c) Interference can be reduced through frequency shifting.
Observation 8: Supporting frequency shifting can at least provide benefits such as simplified design, support for FDMA, and reduced interference.
Regarding the power consumption of frequency shift, in reference literature [5], relatively reduced energy consumption can be achieved through a hybrid analog-digital backscatter method. And the total IC energy consumption is only 9.25 μW, which can meet the energy consumption requirements of device 2a. Therefore, we recommend that device 2a can support frequency shift-based backscattering.
Proposal 10: Device 2a supports frequency shift-based backscattering.
1. Conclusions
In this contribution, we discuss on Ambient IoT device architectures with the following observations and proposals.
Observation 1: The complex deployment scenarios of Ambient IoT require better RF components to meet the requirements.
Observation 2: The coverage design target range is large, and the relationship with the receiver architecture cannot be directly determined.
Observation 3: The power consumption requirements of Ambient IoT devices are similar to those of RFID device.
Observation 4: The interference suppression of adjacent channels will increase the complexity and performance requirements of the matching network, thereby increasing the cost.
Observation 5: Interference suppression within the system will also increase the complexity and performance requirements of the matching network, thereby increasing costs.
Observation 6: Supporting multiple frequency bands may require multiple matching networks, increasing complexity and cost.
Observation 7: The design of memory depends on the application scenario requirements.
Observation 8: Supporting frequency shifting can at least provide benefits such as simplified design, support for FDMA, and reduced interference.

Proposal 1: Discuss the architecture of Ambient device with reference to the architecture of RFID device.
Proposal 2：The device 2b architecture includes at least the following basic modules: Antenna, Matching network, Energy harvester, Energy storage, Power management unit, Digital baseband logic, Memory, Clock generator, Reception related blocks and Transmission related blocks.
Proposal 3: The device only supports the assumption of a single antenna.
Proposal 4: Further study the requirements and impact of interference suppression and multi-band support on the matching network.
Proposal 5: Exclude power supply and management unit from the scope of power consumption and complexity evaluation.
Proposal 6: Discuss whether coverage target is decoupled from signal thresholds for RF harvesting.
Proposal 7: Deprioritize memory study and recommend research in WI.
Proposal 8: Analyze digital BB logic after the coding scheme is roughly determined.
Proposal 9: Prioritize the coverage targets of different devices, and then evaluate the required components.
Proposal 10: Device 2a supports frequency shift-based backscattering.
1. References
[1] RP-234058, “Study on solutions for Ambient IoT (Internet of Things)”, RAN#102, Dec. 11 - 15, 2023.
[2] Peiqing Han, Niansong Mei and Zhaofeng Zhang, “A UHF Semi-Passive RFID System with Photovoltaic/Thermoelectric Energy Harvesting for Wireless Sensor Networks”, 2019 IEEE 13th International Conference on ASIC (ASICON)
[3] 3GPP TR 38.869
[4] Omar Abdelmalek, “Design and prototyping of robust architectures for UHF RFID Tags”
[5] VAMSI TALLA, MEHRDAD HESSAR, BRYCE KELLOGG, ALI NAJAFI, JOSHUA R. SMITH AND SHYAMNATH GOLLAKOTA “LoRa Backscatter: Enabling the Vision of Ubiquitous Connectivity”
image1.png
Energy Harvester
\ .

Matching
Network

—

Power Management

=

Antenna

Charge Pump
)
r—* Rectifier [—> Limiter
Demodulation
> 2
G %* — :"5
IF Amplifier LPF
Loy 5 Comparator
Detector
Modulation
Frequency Locked
Oscillator
e
e\

Power
Amplifier

Digital
Baseband

EEPROM




image2.png
Input Signaling
p ‘ Decoder decoder

Inf tion bit
Output H Encoder % RN
generator

Timer

CRC Module

transmit clock
generator

Memory “ Memory

Controller





image3.jpeg
sor

atcnng|
network

R

 Emvelope]

Detecor

Lbtor
ol

ool
Jprocessing|





