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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]. The general scope of the study is defined as:
A. The overall objective shall be to study a harmonized air interface design with minimized differences (where necessary) for Ambient IoT to enable the following devices:
i. ~1 µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, neither DL nor UL amplification in the device. The device’s UL transmission is backscattered on a carrier wave provided externally.
ii. ≤ a few hundred µW peak power consumption1, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, 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.
· X  is to be decided in WGs.
· Coverage design target: Maximum distance of 10-50 m with device indoors as per TR 38.848: “…a range that WGs can sub-select within”.
· For Topologies 1 & 2 (UE as intermediate node under NW control) per TR 38.848, with no RRC states, no mobility (i.e. at least no cell selection/re-selection -like function), no HARQ, no ARQ. 
NOTE 1: It is to be understood that “≤ a few hundred µW” means WGs are not tasked with setting a particular value, and that it will be for WG discussions to determine if a presented design with corresponding power consumption satisfies the “≤ a few hundred µW” requirement.
B. Deployment Scenarios with the following characteristics, referenced to the tables in Clause 4.2.2 of TR 38.848 [2]:
· Deployment scenario 1 with Topology 1
· Basestation and coexistence characteristics: Micro-cell, co-site
·   Deployment scenario 2 with Topology 2 and UE as intermediate node, under network control
· Basestation and coexistence characteristics: Macro-cell, co-site
· The location of intermediate node is indoor
C.  FR1 licensed spectrum in FDD.
D. Spectrum deployment in-band to NR, in guard-band to LTE/NR, in standalone band(s).
E. Traffic types DO-DTT, DT, with focus on rUC1 (indoor inventory) and rUC4 (indoor command). 
· From RAN#104, the study will assess whether the harmonized air interface design (per bullet ‘A’ above) can address the DO-A (Device-originated autonomous) use case, only to identify which part(s) of the harmonized air interface design (per bullet ‘A’ above) is/are not sufficient for the DO-A use case.
Transmission from Ambient IoT device (including backscattering when used) can occur at least in UL spectrum.
From RAN1 perspective, following objectives are included for the study related to device architecture:
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 RAN1#116, all the agreements related to device architectures that have been made in [3] are captures in section 5.
In this contribution, we provide our views on the remaining aspects on the device architectures relevant for device type1 and device type 2a.  Furthermore, we provide our views on the device architecture for device type 2b.
Discussion
Device type 1 and 2a
For both device type 1 and device type 2a, it is agreed to study RF energy harvester a one of the blocks for the architecture. The RF energy harvesting unit is critical for the purpose of backscattering. Its key components include:
· Impedance matching circuit: Main purpose of the impedance matching network is to maximize the power transfer from the receiving antenna to the rectifier circuit
· Rectifier circuit: It is a key element in the EHU as it converts AC signal from the tag's antenna into DC power that is used to power the tag and for UL transmission
· Energy storage unit: Harvested energy  from the rectifier is stored in a storage element, typically a capacitor 
· Regulator: A voltage regulator may also be part of the EHU to ensure optimal levels of voltage is supplied to the circuitry

For the rectifier circuit, two KPIs are essential for the backscattering device including activation threshold and the power conversion efficiency (PCE). Activation threshold is the minimum power level required to active the rectifier circuit. PCE is the ration between the output DC power at its load to the input RF power, which is typically express by . These KPIs depend on the hardware components and the design of the circuit topology. Also operating conditions including frequency of operation and input power play and important role. 

Observation 1: For low-complexity backscattering device, activation threshold is an important parameter to determine the link budget, at least for the node emitting the carrier wave

In [4], 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 [4] 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 [5]. In the table below from [5], for different topologies of rectifier circuit and different diodes components, peak PCE is shown. In addition, [5] 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 3: Comparison of PCE for different circuit topologies

Based on the literature survey in [4] and [5], we can make following observations and proposal:

Observation 2: For frequency in the 900MHz band, we can expect to achieve activation threshold in the order of -24dBm, e.g. with CMOS-based technology and multi-stage rectifier circuit

Observation 3: For different frequencies, the activation threshold may vary for the same technology type and rectifier circuit type

Proposal 1: For device type 1, at least for the purpose of our evaluations, we can at least consider activation threshold value of -24dBm

Proposal 2: For device type 2a, at least for the purpose of our evaluations, the baseline activation threshold value of -24dBm can be considered and if justified, additional lower value can be considered as well

Device type 2b
For device type 2b with peak power consumption in the order of few hundreds of µW, if justified, more complex architectures could be considered. Based on the literature review survey provided in Figure 4 and Figure 5 from [6], we can observe that the alternatives are relatively more for receiver architecture that have power consumption in the range of few hundreds of µW. 
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Figure 4: Comparison of power consumption of receivers

Furthermore, in [6],  for different receivers, a comparison of power consumption and corresponding sensitivity is shown, as illustrated in Figure 5 (a) and a comparison of power consumption and corresponding gross data rate is shown, as illustrated in Figure 5 (b).
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(a) Power consumption vs Sensitivity		    (b) Power consumption vs Gross Data Rate

Figure 5: Comparison of power consumption for receivers against sensitivity and data rate

One typical candidate in terms of receiver architecture for such device requirements include heterodyne or superheterodyne receiver. These are more complex and power hungry compared to simple RF envelope detection. However, key benefit of such architecture is better receiver sensitivity in the order of -90dBm, similar to legacy NR UE. Consequently, this could extend the downlink coverage range for the ambient IoT device. 

However, considering design target of 10-50meters for the ambient IoT device in this study, the need for more complex receiver architecture like heterodyne receiver should be further investigated. Moreover, harmonized design for all device types is also essential factor. Based on these factors, device type 2b could also be based on RF-ED receiver, similar to device type 2a. The only different will be on the transmission chain due to the support for active UL Tx. In Figure X below, we illustrate the device architecture for device type 2b

[image: ]

Figure 6: Illustration of device architecture for device type 2b

Based on literature review, following  are the observations and proposals for the higher-category device with peak power consumption in the order of few hundreds of µW:

Observation 4: For device type 2b, more complex receiver architecture are possible with higher power consumption, but with better receiver sensitivity in the range of -90dBm

Observation 5: For device type 2b, if the scope for the overall study need to be limited, then similar receiver architecture as for device type 2a may be reasonable for device type 2b, i.e. RF-ED receiver

Observation 6: For device type 2b, considering design targets, especially target coverage range of 10-50 meters, it may be reasonable to have similar receiver architecture as for device type 2a, i.e. RF-ED receiver for type 2b as well


Proposal 3: For device type 2b, only one of the three alternatives discussed in RAN1#116 should be considered

Proposal 4: For device type 2b, RF-ED based receiver architecture should be considered 

Proposal 5: For device type 2b, following architecture should be considered:
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Conclusion
In this contribution, we made the following observations and proposals on device architecture for ambient IoT devices:
Device type 1 and 2a

Observation 1: For low-complexity backscattering device, activation threshold is an important parameter to determine the link budget, at least for the node emitting the carrier wave

Observation 2: For frequency in the 900MHz band, we can expect to achieve activation threshold in the order of -24dBm, e.g. with CMOS-based technology and multi-stage rectifier circuit

Observation 3: For different frequencies, the activation threshold may vary for the same technology type and rectifier circuit type


Proposal 1: For device type 1, at least for the purpose of our evaluations, we can at least consider activation threshold value of -24dBm

Proposal 2: For device type 2a, at least for the purpose of our evaluations, the baseline activation threshold value of -24dBm can be considered and if justified, additional lower value can be considered as well

Device type 2b

Observation 4: For device type 2b, more complex receiver architecture are possible with higher power consumption, but with better receiver sensitivity in the range of -90dBm

Observation 5: For device type 2b, if the scope for the overall study need to be limited, then similar receiver architecture as for device type 2a may be reasonable for device type 2b, i.e. RF-ED receiver

Observation 6: For device type 2b, considering design targets, especially target coverage range of 10-50 meters, it may be reasonable to have similar receiver architecture as for device type 2a, i.e. RF-ED receiver for type 2b as well


Proposal 3: For device type 2b, only one of the three alternatives discussed in RAN1#116 should be considered

Proposal 4: For device type 2b, RF-ED based receiver architecture should be considered 

Proposal 5: For device type 2b, following architecture should be considered:
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Appendix
RAN1#116 agreements on device architecture 

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.
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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 freque
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- . Frequency | Activation Peak PCE*
Technology | Circuit design (MHz) threshold (dBm) | (@input level)
[2011] Improved multi-stage rectifier, 90-nm [70] 915 —24 11% @ —15dBm
[2014] 5-stage rectifier, 90-nm [71] 868 —27 40% @ —17dBm
[2014] 8/12-stage rectifier, 130-nm [72] 915 —26.5 22.6% @ —16.8dBm
[2015] 12-stage rectifier, 130-nm [73] 915 —20.5 32% @ —15dBm
[2015] 6-stage rectifier, 180-nm [74] 795 —27.3 -
[2015] 50-stage rectifier, 130-nm [75] 915 —32.1 -
CORABES TE] (o it o, Uit [106] 350 —30 ]
[2018] Bootstrapped rectifier-antenna, 65-nm [77] 2400 —26.5 ~ —34.5 27.7%
[2019] Reconfigurable rectifier, 130-nm [78] 820 —22 39% @ —5dBm
[2019] 3-stage rectifier, 130-nm [79] 900 —19.2 83.7% @ —18.4dBm
[2020] Two state tunable matching network, 180-nm [80] | 953 —24 66% @ —11dBm
[2020] One-stage voltage doubler 180-nm [81] 902 —20.2 33%@ —8dBm
[2016] Powercast [82] 915 —11 63% @ 3dBm
COTS-based [2018] E-peas [83] 915 —19.5 40% @ —13dBm
[2021] RF EH [84] 433 —22.5 20% @ —17dBm

* . .
Power Conversion Efficiency.
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Table I: characteristics of some recent energ

harvesting circuits

Ref Year Frequency Max. Efficiency Topologies
GHz / Input Power kOhms
[4] 2020 2.2 50% /0 dBm Series 0.2
[5] 2020 09/1.8/ 52%,50%, 46.5% / 0 dBm Series HSMS2852 FR4 3.8
2.45
[6] 2020 2.4 69.3% /5.5 dBm Voltage doubler SMS7630 R0O4003C 2
[7] 2020 24/52 63.38%, 65.4% Series
/13 dBm

[8] 2020 5.8 81% /15 dBm Shunt
[9] 2019 5.8 66% /20 dBm Shunt HSMS2860 F4B
[10] 2019 1.4 74.8% /10 dBm Voltage doubler SMS7630 FR4
[11] 2019 24/58 63%, 54.8% / 12.3 dBm Series HSMS2860 FR4 06 |
[12] 2019 09/18 HSMS2850 RO5880
3] __| 2019 | 09% SMST630
[14] 2018 2.45 17% /0 dBm Greinacher HSMS2862 Textile 10

[15] 2018 1.1-1.35 63%/ 10 dBm Voltage doubler SMS7630 FR4 2

[16] 2018 2.45 68% / 5 dBm Cockeroft-Walton HSMS2850 FR4 5

[17] 2018 2.5 69 % /3.5 dBm Voltage doubler HSMS2850 R0O3003 1

[18] 2018 2.45 27 %/ 10 dBm Shunt HSMS2850 RO350B
[19] 2018 09/18 20.2%, 22.59% / - 11.8 dBm Greinacher 70

[20] 2017 0.93 12.6 %/ - 15.4 dBm Dickson CMOS 500

[21] 2017 2.45/5.8 57.1%,39.2%/ -0 dBm Voltage doubler SMS7630 RO5880 5
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