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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In the approved new SID for Ambient IoT [1], the study objectives, where RAN1 is responsible, are as follows:
	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.

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.




In this contribution, we discuss and present our views about Ambient IoT device architectures, which can be used as a reference for evaluation during the Rel-19 study item. We identify the basic blocks/components for two Ambient IoT device types, a low-power Ambient IoT device with ~1 W power consumption and a high-power Ambient IoT device with ~100s W power consumption.

[bookmark: _Ref115331598][bookmark: _Ref129681832]Discussion 
The general architecture of the Ambient IoT device, shown in Figure 1, may consist of the following main blocks/components: an antenna, an RF switch, a modulator, a demodulator, a power management and energy storage unit, and a baseband processing unit. An energy harvester block/component may be considered where energy harvesting may be performed based on radio waves, light, motion, heat, or any other power source.
[image: A diagram of a power plant

Description automatically generated]
[bookmark: _Ref156377386]Figure 1: Example General Architecture of Ambient IoT devices.
The RF switching block may be considered to support the half-duplex operation expected for the backscattering-based transmissions. The modulator/demodulator blocks may depend on the Ambient IoT device type and are detailed in Section 2.1 and Section 2.2. The baseband processing can be used to support single carrier double-side band (DSB) or single-side band (SSB) OOK/PSK modulation and may include modules such as coder/decoder, memory, clock, and logic controller. Finally, the energy storage block provides the needed power for any of the baseband processing unit, the modulator, and the demodulator.

[bookmark: _Ref156465399]Proposal 1: Adopt the general architecture in Figure 1 as reference for evaluation and analysis of Ambient IoT devices.

In the Ambient IoT SID [1], two Ambient IoT device types are targeted:
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.
Noting that the main differentiating characteristic of the two device types is the peak power consumption, the two device types can be defined going forward as the low-power Ambient IoT device, with ~1W peak power consumption, and the high-power Ambient IoT device, with ~s W peak power consumption.

[bookmark: _Ref156465415]Proposal 2: For convenience, we propose to refer to Ambient IoT devices in (i) and (ii) as low-power and high-power Ambient IoT devices, respectively. 

[bookmark: _Ref156377739]Low-power Ambient IoT devices
As defined in Section 2, a low-power Ambient IoT device is characterized by a peak power consumption of about 1 µW and by having an energy storage. Therefore, the architecture for low-power Ambient IoT devices is expected in general to be similar to the conventional basic RFID tag with an additional energy storage component as depicted in Figure 1. The analysis and evaluation of such an architecture may consider/leverage the low power receiver architectures analyzed in TR38.869, as part of the Rel-18 LP-WUS/WUR SI, as a basis for the demodulator block/component. 
In Rel-18 LP-WUS/WUR SI, various types of low power receiver architectures were examined and analyzed. The relative power consumption of the RF envelope detection (ED) receiver architecture was identified as in the range of 0.01~0.2 units (comparable to an absolute power consumption in the range of 10~400 W) with a noise figure value in the range of 12~22 dB in TR38.869. Therefore, the RF envelope detection receiver architecture might be suitable as a basis for demodulator of the low-power A-IoT device. 
The RF ED architecture is analyzed in TR38.869 based on the diagram in Figure 2, and it is determined that for the architecture,
· It can achieve relatively low power consumption by removing the LO/PLL.
· Suppression of 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.
· Suppression of interference from other signals 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.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The noise figure can be relatively high.

[image: A diagram of a machine
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[bookmark: _Ref156382375]Figure 2: RF envelope detection receiver architecture diagram [TR38.869]

The architecture in Figure 2 may be further simplified for the demodulator of the low-power Ambient IoT device by avoiding the use of LNAs and/or Amplifiers as indicated in the SID [1], which may be reasonable for the short target coverage in indoor scenarios, and by the use of a 1-bit ADC, as interference cancellation and/or signal measurements may be avoided for the low-power Ambient IoT device. The simplified architecture is shown in Figure 3.
[image: A diagram of a block diagram
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[bookmark: _Ref156390010]Figure 3: Reference receiver architecture diagram for low-power Ambient IoT device.

[bookmark: _Ref156465425]Proposal 3: Leverage LP-WUS/WUR study and adopt the demodulator architecture in Figure 3 as reference for evaluation and analysis of low-power Ambient IoT devices.

As indicated by the SID objectives, the UL transmission of the low-power Ambient IoT device is based on backscattering on a carrier wave provided externally without any UL amplification, i.e., passive backscattering. Indeed, passive backscattering may be suitable for the low-power A-IoT device as it does not require an active source of power to generate the transmitted signal but depends on the reflection of an incoming RF signal, i.e., continuous/carrier wave. A passive backscatterer can consist of only a control unit, a load modulator, and an antenna as illustrated in Figure 4. The control unit is responsible for signal processing and encoding as well as the selection of appropriate loads, from a set of modulating loads in the load modulator connected to the antenna via an RF switch, to control the reflection coefficient/scatter aperture of the antenna to effectively modulate the incoming RF signal. 
[image: A diagram of a load modulator
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[bookmark: _Ref156390516]Figure 4: Reference modulator architecture diagram for low-power A-IoT device.

The size of the set of the modulating loads in the load modulator and their values will depend on the modulation scheme, modulation order, and carrier/RF signal frequency. Further, the baseband processing unit may support slight frequency translation as part of the encoding scheme/process, e.g., to simplify notch filter design at the receiver of the backscattered signal and/or support channelization. The slight frequency translation is supported in existing RFID systems using Miller encoding with square-wave multiplication where the square wave is generated at a multiplicative factor M of the symbol rate. 

[bookmark: _Ref156465435]Observation 1: Baseband processing unit of the low-power Ambient IoT device may support slight frequency translation as part of the encoding scheme/process.

[bookmark: _Ref156465444]Proposal 4: Adopt the modulator architecture in Figure 4 as reference for evaluation and analysis of low-power Ambient IoT devices.

[bookmark: _Ref156377749]Reference architecture for High-power Ambient IoT devices
As defined in Section 2, a high-power Ambient IoT device is characterized by a peak power consumption of less than a few hundred microwatts (~100s µW), having an energy storage, and supporting DL and/or UL amplification in the device. The general architecture of the high-power Ambient IoT device can still be depicted as in Figure 1. Further, the analysis and evaluation of such an architecture may still consider/leverage the low power receiver architectures analyzed in TR38.869, as part of the Rel-18 LP-WUS/WUR SI, as a basis for the demodulator block/component.
In Rel-18 LP-WUS/WUR SI, the relative power consumption of the heterodyne receiver architecture with IF envelope detection was identified as in the range of 0.1~4 units (comparable to an absolute power consumption in the range of 100 W~8 mW) with a noise figure values in the range of 9~15 dB in TR38.869. Additionally, the relative power consumption of the homodyne receiver architecture with baseband envelope detection was identified in the range of 0.05~4 units (comparable to an absolute power consumption in the range of 50 W~8 mW) with a noise figure values in the range of 10~16 dB.
Therefore, the heterodyne/homodyne receiver architectures with IF/baseband envelope detection might be suitable for the high-power A-IoT device. 
The heterodyne/homodyne receiver architectures with IF/baseband ED are analyzed in TR38.869 based on the diagrams in Figure 5/Figure 6, and it is determined that for these architectures,
· The band and/or carrier tuning can be achieved via tuning the LO frequency.
· It is more effective and less complex to use IF BPF or BB BPF/LPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from other signals on adjacent subcarriers.
· Using FLL instead of PLL consumes less power, but it may result in a larger frequency error. 
· RF LNA and/or IF AMP can be applied to improve sensitivity, with the cost of additional power consumption.
Specifically for the heterodyne receiver architectures with IF ED,
· The IF frequency can be selected to avoid LO leakage (DC offset) and flicker (1/f) noise.
· Image rejection can be done via either image rejection filter or image rejection mixer.
· Image rejection filter can be done in either RF or IF, which may require high-Q filter.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
Specifically for the homodyne receiver architectures with baseband ED,
· It can suffer from LO leakage (DC offset) and flicker (1/f) noise. The impact may be alleviated by using BB BPF in some cases.
· The baseband envelope detection can be done in either analog domain (before ADC) or digital domain (after ADC).
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[bookmark: _Ref156461918]Figure 5: Heterodyne receiver architecture with IF envelope detection diagram [TR38.869]

[image: A diagram of a mixer
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[bookmark: _Ref156461927]Figure 6: Homodyne receiver architecture with baseband envelope detection diagram [TR38.869]

The heterodyne receiver architecture with IF ED and the homodyne receiver architecture with baseband ED have similar/comparable characteristics in terms of power consumption and noise figure, therefore either one can be used as a baseline for the high-power Ambient IoT device. Moreover, further simplification of the architecture may be considered for the demodulator of the high-power Ambient IoT device, such as avoiding the use of amplifiers and optional use of LNAs as indicated in the SID [1]. The simplified architecture is shown in Figure 7 considering a heterodyne demodulator. Further, the 1-bit ADC may be considered instead of the multi-bit ADC if interference cancellation and/or signal measurements are to be avoided at the high-power Ambient IoT device.
[image: A diagram of a flowchart
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[bookmark: _Ref156462732]Figure 7: Reference receiver architecture diagram for high-power A-IoT device.

[bookmark: _Ref156465458]Proposal 5: Leverage LP-WUS/WUR study and adopt the demodulator architecture in Figure 7 as reference for evaluation and analysis of high-power Ambient IoT devices.

As indicated by the SID objectives, the UL transmission of the high-power Ambient IoT device may be generated internally or be based on backscattering on a carrier wave provided externally. Further, UL amplification may be supported in the device. In this contribution, we present a reference architecture for backscattering based UL transmission with amplification, i.e., semi-passive backscattering, and frequency translation support [2], as well as for internally generated UL transmission.
Semi-Passive backscattering may be suitable for the high-power Ambient IoT device where an active source of power may be used to boost the power of the backscattered signal based on the reflection of an incoming RF signal, e.g., a continuous wave. A semi-passive backscatterer may consist of a control unit, an LO with IF mixer, an RF amplifier, a load modulator, and a power combiner as illustrated in Figure 8-(a). 
The control unit is responsible for signal processing and encoding whereas the LO with IF mixer is responsible of translating the baseband signal to an IF frequency, e.g., based on the frequency offset between DL and UL carrier in FDD system. The load modulator, which is responsible of controlling the reflection coefficient/scatter aperture of the antenna to effectively modulate the incoming RF signal/carrier wave, may be followed by a power combiner to support SSB modulation of the incoming carrier wave [2]. The reflection amplifier can be optional and is responsible of boosting the reflected/backscattered signal, where it may be driven by a modulated DC bias [3]-[6]. 
[image: ]
(a) Passive/Semi-passive backscattering
[image: A diagram of a power mixer
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(b) Internally-generated UL transmission
[bookmark: _Ref156464159]Figure 8: Reference modulator architectures’ diagrams supporting semi-passive backscattering and internally-generated UL transmission for high-power A-IoT device. 

For a high-power Ambient IoT device supporting internally-generated UL transmissions, the architecture in Figure 8-(b) may be considered. The baseband processing unit is still used to support single carrier double-side band (DSB) or single-side band (SSB) OOK/PSK modulation. It may also include additional functionalities, compared to low-power Ambient IoT devices, such as pulse shaping to improve frequency spectrum utilization. Compared to semi-passive backscattering architecture, the load modulator, which can be thought of as an RF mixer for a carrier wave provided externally through the antenna, and the IF mixer, which is used for frequency translation, are replaced by a direct RF mixer using an internally generated carrier wave.

[bookmark: _Ref156465463]Proposal 6: Adopt the modulator architectures in Figure 8 as reference for evaluation and analysis of high-power Ambient IoT devices.

Conclusion
This contribution has discussed the reference architectures of the modulator and demodulator of low-power Ambient IoT devices as well as high-power Ambient IoT devices. The following summarizes our observations and proposals.

Proposal 1: Adopt the general architecture in Figure 1 as reference for evaluation and analysis of Ambient IoT devices.
Proposal 2: For convenience, we propose to refer to Ambient IoT devices in (i) and (ii) as low-power and high-power Ambient IoT devices, respectively.
Proposal 3: Leverage LP-WUS/WUR study and adopt the demodulator architecture in Figure 3 as reference for evaluation and analysis of low-power Ambient IoT devices.
Observation 1: Baseband processing unit of the low-power Ambient IoT device may support slight frequency translation as part of the encoding scheme/process.
Proposal 4: Adopt the modulator architecture in Figure 4 as reference for evaluation and analysis of low-power Ambient IoT devices.
Proposal 5: Leverage LP-WUS/WUR study and adopt the demodulator architecture in Figure 7 as reference for evaluation and analysis of high-power Ambient IoT devices.
Proposal 6: Adopt the modulator architectures in Figure 8 as reference for evaluation and analysis of high-power Ambient IoT devices.
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