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Introduction
[bookmark: _Hlk58595024]In RAN#102, a new study item on ambient IoT has been approved and the SID has been further updates in RAN#103 in [1]. From RAN1 perspective, following objectives are included for the study related to device architecture:
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 our views on the remaining aspects on the device architectures relevant for device type1, device type 2a and device type 2b.
Discussion
Device type 1
In RAN1#116 and RAN1#116bis, following agreements have been made related to device type 1 [2] and [3]:



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.
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One key aspect for device type 1 is the feasibility of small frequency shift in the order few 10s of kHz to allow for multiplexing in frequency domain. In our view, such small frequency shift could be possible based on baseband processing. Specifically, line coding schemes with different rates could be utilized for achieving the desired small frequency shift. For example, in UHF RFID, Miller coding with different values of M allows to achieve different frequency shifts, as illustrated in Figure 1 [4]. Based on this observation, it should be feasible to achieve small frequency shift within the constraints of device type 1
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Figure 1: Illustration of small frequency shift with Miller coding with different values of M


Proposal 1: For device type 1, small frequency shift in order of few 10s of kHz is achieved by baseband processing, e.g. by line coding and no dedicated block is studied for small frequency shift 



Another aspect discussed in the feature lead summary in RAN1#116bis is related to the sequence detector [5]. In the currently agreed device architecture, there is no inclusion of not any block for power detection / sequence detection. In our view, sequence detection based on correlation of sequence is not feasible for such low power devices. Therefore, no additional block for sequence detection should be considered for device type 1. For power detection, we can further discuss if any additional block is needed, or RF-ED receiver blocks currently agreed are sufficient or not.

Proposal 2: For device type 1, sequence correlation-based detection should not be further considered for device architecture

Furthermore, in the feature lead summary, power conversion efficiency is also considered for further discussion in the device architecture. In [6], a comparison is provided in terms of activation threshold and peak PCE corresponding to different CMOS technologies, circuit design and operating frequency. Below table from [6] provides a good summary for the achievable activation threshold. 

Table 1: Comparison of different RF energy harvesters
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Another good survey of RF energy harvesting circuits is discussed in [7]. In the table below from [7], for different topologies of rectifier circuit and different diodes components, peak PCE is shown. In addition, [7] also provides an analysis in terms of PCE corresponding to different levels of input powers for different circuit topologies, as shown in Figure 3.

Table 2: Comparison of different RF energy harvesters
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Figure 2: Comparison of PCE for different circuit topologies

Based on the literature survey in [6] and [7], we can make following observations and proposal:

Observation 1: Peak power conversion efficiency can be achieved in the range of 75%-85% for typically high SNR regime

Observation 2: Power conversion efficiency of less than 40% is achievable in the range of achievable activation threshold of -20dBm to -25 dBm

One another key aspect for consideration is the impact of waveform on device architecture. Currently, three options are considered including OOK, PSK and FSK. In [8], a survey of low-power transceivers is provided. In Figure 3 from [8], a comparison of power consumption of the low-power receivers using OOK and FSK/PSK is provided. For OOK based receiver, power consumption as low as ~0.1µW is achievable. For FSK/PSK based receiver, the power consumption targets need to be higher, e.g. more than 10µW. Based on this observation, it seems unlikely to accommodate FSK/PSK blocks for device type 1 and OOK should be the baseline consideration

Furthermore, in [8], for different low-power receivers, a comparison of power consumption and corresponding sensitivity is shown, as illustrated in Figure 4 (a) and a comparison of power consumption and corresponding gross data rate is shown, as illustrated in Figure 4 (b).
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Figure 3: Comparison of power consumption for OOK and FSK/PSK based receivers
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(a) Power consumption vs Sensitivity
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(b) Power consumption vs Gross Data Rate

Figure 4: Comparison of power consumption for low-power receivers
Observation 3: For device type 1, OOK waveform can be accommodated in the constraints of device architecture based on its power consumption requirements

Observation 4: For device type 1, FSK/PSK waveform may not be able to be accommodated in the constraints of device architecture based on their power consumption requirements


Device type 2a
In RAN1#116 and RAN1#116bis, following agreements have been made related to device type 2a, [2] and [3]:

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)
[image: A diagram of a energy source

Description automatically generated]
Agreement
Further study reflection amplifier for Device 2a, considering following aspects:
· Types of reflection amplifier
· Uni-directional/one-way (for D2R)
· Bi-directional/two-way (for both R2D and D2R)
· FFS: switching loss (if applicable)
· One-way Amplification Gain
· E.g. [10, 15, 25] dB
· Considering stability, operating frequency, and power consumption characteristics
· Bandwidth

Agreement
Further study the feasibility of large frequency shift (large FS, i.e. between DL/UL spectrum of an FDD band) for device 2a considering at least following aspects.
· Power consumption characteristics
· Frequency shift range and granularity
· Image suppression or SSB backscatter for large FS
· IF carrier frequency accuracy
· Harmonics suppression
Note: the necessity (including applicable potential scenarios) of large FS can still be discussed in other agendas of the SI

One key aspect for device type 2 is the feasibility of large frequency shift in the order few 10s of MHz to allow for shifting between DL and UL spectrum for R2D and D2R, respectively. For device type 2a, at least based on the power consumption requirements, large frequency support in order of few 10s of MHz could be feasible. In the operating frequency of ~900MHz, ~100s of microwatt of power maybe sufficient for large frequency shift to separate CW2D and D2R in DL and UL spectrum, respectively. However, the need for large frequency shift may depend on the regulatory requirements for the spectrum that can be used for CW2D and D2R transmissions
Observation 5: For device type 2a, at least based on the power consumption requirements, large frequency support in order of few 10s of MHz could be feasible

Observation 6: In the operating frequency of ~900MHz, ~100s of microwatt of power maybe sufficient for large frequency shift to separate CW2D and D2R in DL and UL spectrum, respectively

Regarding sequence detection, similar observation as device type 1 is made, i.e. sequence detection based on correlation of sequence is not feasible for device type 2a. Therefore, no additional block for sequence detection should be considered for device type 2a. For power detection, we can further discuss if any additional block is needed, or RF-ED receiver blocks currently agreed are sufficient or not.

Proposal 3: For device type 2a, sequence correlation-based detection should not be further considered for device architecture

For device type 2a, OOK and FSK/PSK could be feasible within the constraints of device type 2a. For OOK based receiver, power consumption as low as ~0.1µW is achievable. For FSK/PSK based receiver, the power consumption targets need to be higher, e.g. more than 10µW. 

Observation 7: For device type 2a, OOK and FSK/PSK waveform can be accommodated in the constraints of device architecture based on its power consumption requirements


Device type 2b
In RAN1#116bis, following agreements have been made related to device type 2b [3]:

Agreement
Study device 2b architecture w/ RF-ED receiver with following blocks.
· 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 for harvesting energy from e.g., RF signal, solar, vibration/movement, temperature difference, etc
· 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).
· 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, if present
· 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
· Tx Modulator: baseband bits are modulated according to modulation scheme. This block could be the part of BB logic.
· Digital to Analog Converter (DAC) converts digital signal to analog signal.
· Low pass filter for filtering out undesired signal
· Mixer performs up converting baseband signal to RF range.
· Local oscillator (LO) for carrier frequency generation
· FFS: PLL/FLL
· FFS: Power amplifier (PA) amplifies tx signal, if present
· Details on transmitter related blocks depends on tx waveform/modulation.
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Agreement
Study device 2b architecture with ZIF receiver with following blocks.
· 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 for harvesting energy from e.g., RF signal, solar, vibration/movement, temperature difference, etc
· 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, detector, 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).
· Local oscillator (LO) for generating carrier frequency for Tx and Rx
· FFS: PLL/FLL
· FFS: one LO or separate LOs for Tx and Rx
· 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.
· Mixer down converts RF signal to BB stage. 
· Depending on implementation, there could be one or two mixers for Rx and Tx
· BB amplifier amplifies BB signal
· BB LPF can filter out undesired 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
· Tx Modulator: baseband bits are modulated according to modulation scheme. This block could be the part of BB logic.
· Digital to Analog Converter (DAC) converts digital signal to analog signal.
· Low pass filter for filtering out undesired signal
· Mixer performs up converting baseband signal to RF range.
· FFS: Power amplifier (PA) amplifies tx signal, if present
· Details on transmitter related blocks depends on e.g., waveform/modulation, etc
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Agreement
Study device 2b architecture with IF-ED receiver with following blocks.
· 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 for harvesting energy from e.g., RF signal, solar, vibration/movement, temperature difference, etc
· 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).
· Local oscillator (LO) for generating carrier frequency for Tx, or for generating carrier frequency offset by the IF for Rx
· FFS: PLL/FLL
· FFS: one LO or separate LOs for Tx and Rx
· 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, if present
· Mixer down converts RF signal to IF stage. 
· Depending on implementation, there could be one or two mixers for Rx and Tx
· IF amplifier amplifies IF signal
· IF filter for filtering out unwanted RF and LO signals
· IF envelope detector (IF-ED) detects envelope from IF signal.
· BB amplifier
· Depending on implementation, one or both of IF amplifier and BB amplifier may exist.
· 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
· Note: image rejection is required
· Transmission related blocks
· Tx Modulator: baseband bits are modulated according to modulation scheme. This block could be the part of BB logic.
· Digital to Analog Converter (DAC) converts digital signal to analog signal.
· Low pass filter for filtering out undesired signal
· Mixer performs up converting baseband signal to RF range.
· FFS: Power amplifier (PA) amplifies tx signal, if present
· Details on transmitter related blocks depends on e.g., waveform/modulation, etc
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Like device type 1 and device type 2a, due to considerations for harmonized design, following proposals can be made for device type 2b as well:

Proposal 4: For device type 2b, sequence correlation-based detection should not be further considered for device architecture

Observation 8: For device type 2b, OOK and FSK/PSK waveform can be accommodated in the constraints of device architecture based on its power consumption requirements

Energy harvesting considerations
On the aspect of energy harvesting, there was brief discussion in RAN1#116bis on whether/how to study the energy harvesting characteristics for each device type in terms of charging duration, discharge duration, energy storage capacity etc. In our view, we don’t think it is necessary and within the scope of the study item to study these aspects. In RAN#103, it was clarified that device may become unavailable due to energy harvesting/storage issues for few 10s of seconds. In our view, this clarification should be sufficient and used as a starting point to study physical design aspects in other agenda items. 

Proposal 5: Energy harvesting aspects are not further studied under device architecture
· Physical design aspects due to unavailability of device for up to 10s of seconds can be studied under other agendas of this study item.


Conclusion
In this contribution, we made the following observations and proposals on device architecture for ambient IoT devices:
Device Type 1
Observation 1: Peak power conversion efficiency can be achieved in the range of 75%-85% for typically high SNR regime

Observation 2: Power conversion efficiency of less than 40% is achievable in the range of achievable activation threshold of -20dBm to -25 dBm

Observation 3: For device type 1, OOK waveform can be accommodated in the constraints of device architecture based on its power consumption requirements

Observation 4: For device type 1, FSK/PSK waveform may not be able to be accommodated in the constraints of device architecture based on their power consumption requirements

Proposal 1: For device type 1, small frequency shift in order of few 10s of kHz is achieved by baseband processing, e.g. by line coding and no dedicated block is studied for small frequency shift 

Proposal 2: For device type 1, sequence correlation-based detection should not be further considered for device architecture


Device Type 2a
Observation 5: For device type 2a, at least based on the power consumption requirements, large frequency support in order of few 10s of MHz could be feasible

Observation 6: In the operating frequency of ~900MHz, ~100s of microwatt of power maybe sufficient for large frequency shift to separate CW2D and D2R in DL and UL spectrum, respectively

Observation 7: For device type 2a, OOK and FSK/PSK waveform can be accommodated in the constraints of device architecture based on its power consumption requirements

Observation 8: For device type 2b, OOK and FSK/PSK waveform can be accommodated in the constraints of device architecture based on its power consumption requirements

Proposal 3: For device type 2a, sequence correlation-based detection should not be further considered for device architecture

Device Type 2b
Proposal 4: For device type 2b, sequence correlation-based detection should not be further considered for device architecture

Energy Harvesting
Proposal 5: Energy harvesting aspects are not further studied under device architecture
· Physical design aspects due to unavailability of device for up to 10s of seconds can be studied under other agendas of this study item.
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