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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Hlk155622614]In the Rel-18 RAN-level SI, the use cases, deployment scenarios, device categories, and RAN design targets have been studied for Ambient IoT [1]. In Rel-19, to further investigate the technical details of Ambient IoT for indoor deployment scenarios, a WG-level SI was approved in RAN#102 [2]. To support ambient power-enabled IoT communications, it is necessary to study and identify the device architecture(s) meeting the target power consumption defined in the SID.
	[bookmark: _Hlk155622767](Copied from RP-234058 [2])
The following objectives are set, within the General Scope:
1. Evaluation assumptions
……
a) 
b) 
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]
…….


Based on the Rel-18 study, two device power consumption levels are included in Rel-19 Ambient IoT. The fundamental expectations and constraints on the corresponding device architectures have also been given.
	[bookmark: _Hlk155603093](Copied from RP-234058 [2])
The definitions provided in TR 38.848 are taken into this SI, and the following are the exclusive general scope:
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, 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.
· X  is to be decided in WGs.
……
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.


This contribution discusses about the potential device architectures for Ambient IoT device with ~1 µW and a few 100 µW peak power consumption, respectively. The key blocks and components for achieving the target power consumption have been identified. Furthermore, the potential hardware constraints of Ambient IoT device on air interface design are also discussed and identified, especially for sampling frequency clock and memory.
Overall device architectures
In general, the target peak power consumption of both ~1 µW and a few 100 µW for Ambient IoT device are orders of magnitude lower than the conventional 3GPP devices. To achieve the target, compact and specific device architecture(s) is expected.
[bookmark: _Hlk157780814]Device architecture with ~1 µW peak power consumption
The Ambient IoT device with ~1 µW peak power consumption plays an important role for the indoor target use cases, as it can be conveniently powered by RF energy transmitted from controllable node(s). Although widely used in conventional transceivers, heterodyne or homodyne architecture requires RF local oscillator with a certain frequency accuracy, which usually consumes 100 µW-level or higher power [3][4]. To achieve ~1 µW peak power consumption, device architecture distinct from conventional 3GPP devices has to be applied. 
As a well-known technology supporting RF-energy powered tag, the typical architecture of ISO 18000-6C (EPC C1G2) based UHF RFID tag can be the reference, which is based on RF envelope detection for receiving and backscatter modulation for transmitting, respectively. For example, the latest UHF RFID tag without external energy storage has reached an activation threshold of -25.5 dBm, which is immediately powered by RF energy harvesting [5]. Considering the RF energy conversion efficiency is usually <30% at such low input signal power, the power consumption of the RFID tag is expected to be ~1 µW. 
Observation 1: Based on RF envelope detection for downlink receiving and backscatter modulation for uplink transmitting, UHF RFID tag can achieve ~1 µW peak power consumption.
Referring to the RFID tag architectures in [6] and [7], an illustrative architecture for the ~1 µW power Ambient IoT device is shown in Figure 1. The basic blocks, each of which represents some essential functionality (or functionalities), in such extreme-low power device can be generally divided into the following two categories.
I. Communication related blocks, which include
A. [bookmark: _Hlk157768579]Analog demodulator for receiving message, including RF envelope detector to convert received RF signal to baseband and comparator to convert analog baseband signal to digital bit.
B. Analog backscatter modulator for transmitting message, based on impedance switching circuits to adjust e.g. amplitude or phase of backscattered RF carrier-wave.
C. Digital baseband for part of signal processing and all the protocol processing, including line code decoding and encoding, random access processing, and application command (e.g., “read” and “write”) interpretation / execution.
D. Clock generator for baseband signal sampling and the operation of digital baseband.
E. Memory (e.g., EEPROM or MTP memory) for storing e.g. identity, password, and private data.
F. Antenna, including matching network.
II. [bookmark: _Hlk157768517]Energy related blocks, which includes
A. Energy harvester for collecting energy from ambient sources, especially from wireless signals by RF energy harvester typically consisting of rectifier, limiter and etc.
B. Power management unit for voltage control and power allocation, usually consisting of low-dropout regulator (LDO), reference voltage generator, and etc..
C. Energy storage (e.g., capacitor or supercapacitor) for storing the collected energy.
Proposal 1: The Ambient IoT device with ~1 µW peak power consumption includes the following basic blocks.
· Communication related blocks
· Analog demodulator based on RF envelope detector
· Analog backscatter modulator based on impedance switching circuits
· Digital baseband
· Clock generator
· Memory
· Antenna, including matching network
· Energy related blocks 
· (RF) Energy harvester
· Energy storage
· Power management unit
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[bookmark: _Hlk158105090]Figure 1 Device architecture for Ambient IoT device with ~1 µW peak power
Proposal 2: Capture the device architecture for Ambient IoT device with ~1 µW peak power consumption in Figure 1 into TR.
Device architectures with ≤a few 100 µW peak power consumption
With peak power consumption increased from ~1 µW to a few 100 µW, some additional blocks (e.g., power amplifier) can be introduced to improve the link performance for the receiver and transmitter of Ambient IoT device. The target peak power consumption of a few 100 µW is still far below the typical power consumption of conventional 3GPP devices, such as several 10 or 100 mW for NB-IoT device [8]. On this basis, compact device architecture with moderate optimization to the one in Figure 1 is still expected. 
One straightforward optimization is to add power amplifier in both receiver and transmitter to improve receiver sensitivity and increase backscattered signal power, respectively. Another key aspect is to solve the carrier-wave interference to the uplink receiver by applying e.g. FDD frequency shifter for backscatter modulation or RF local oscillator for internal carrier-wave generation. Correspondingly, Ambient IoT device with a few 100 µW peak power consumption is expected to include one or more of the following additional basic blocks.
I. Communication related additional blocks
A. Power amplifier in analog demodulator, such as baseband amplifier after envelope detector, or RF or IF amplifier possibly applied in heterodyne receiver.
B. Power amplifier in analog modulator, such as reflection amplifier integrated into backscatter modulator, or PA applied in heterodyne transmitter.
C. FDD frequency shifter in backscatter modulator, to move backscattered signal several 10 MHz away from the center frequency of external carrier-wave according to the FDD spectrum regulation.
D. [bookmark: _Hlk157937164]RF local oscillator and mixer in heterodyne transmitter or receiver, to convert signal from baseband up to RF or from RF down to baseband, respectively.
II. Power related additional components/circuits
A. Comparing with the ~1 µW power device, energy harvester corresponding to the ambient sources other than wireless signals (e.g., light or heat) is more preferred for the a few 100 µW power device, as higher output power of energy harvesting can usually be achieved for those energy source(s).
Proposal 3: The Ambient IoT device with a few 100 µW peak power consumption includes one or more of the following additional blocks.
· Communication related blocks
· Power amplifier in analog demodulator
· Power amplifier in analog modulator
· FDD frequency shifter, optionally in backscatter modulator
· RF local oscillator and mixer, only for heterodyne transmitter or receiver
Based on the combination of the above additional basic blocks, there can be different architectures for Ambient IoT device with a few 100 µW peak power consumption. According to the carrier-wave source for uplink transmission, the potential device architectures can be generally divided into two categories.
Device architecture based on external carrier-wave 
Power amplifier can be added to the device architecture in Figure 1. In downlink, baseband amplifier can be added between RF envelope detector and comparator [9]. The voltage of the output baseband signal from RF envelope detector is boosted before comparing with a certain threshold. It allows lower output power from RF envelope detector for successful demodulation, which correspondingly support lower received signal power at the device. In uplink, reflection amplifier can be integrated into the impedance switching circuits for backscatter modulator, to increase the backscattered signal power [10]. 
[image: ]
Figure 2  Device architecture 1 for Ambient IoT device with ≤a few 100 µW peak power
In addition to power amplifier, FDD frequency shifter might be further introduced to the backscatter modulator [11], if it is needed. As shown in Figure 3, the baseband signal is shifted according to the frequency interval between downlink and uplink band of licensed FDD spectrum. After that, the switching circuits in the backscatter modulator is controlled according to the frequency shifted signal with “On” / “Off” pattern of 10 MHz-level frequency, instead of by baseband signal with “On” / “Off” pattern of 100 kHz-level frequency in original backscatter modulator.
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Figure 3  Device architecture 2 for Ambient IoT device with ≤a few 100 µW peak power
Device architecture with internal carrier-wave generation
Ultra-low power heterodyne- or homodyne- receiver architecture has been discussed in the Rel-18 LP‑WUS SI, in which ultra-low power RF local oscillator and mixer is used to down-convert received RF signal to baseband [3][4]. The corresponding power consumption can be significantly lower than the main radio of conventional 3GPP UE [12]. Considering required link budget for indoor deployment is usually lower than outdoor, one way to further reduce the power consumption and complexity of such receiver architecture is to relax the requirements on some parameters of key blocks. For example, the accuracy of local oscillator may be further relaxed, while lower gain for power amplifier. By those means, the receiver power consumption may be reduced to less than 500 µW. Except receiver, the internally generated carrier-wave can also be used to up-convert baseband signal to RF for the heterodyne- or homodyne- transmitter, as shown in Figure 4.
[image: ]
Figure 4  Device architecture 4 for Ambient IoT device with ≤a few 100 µW peak power
For the device architecture shown in Figure 5, though internal carrier-wave generation is supported for heterodyne- or homodyne-transmitter, the receiver can still be based on RF envelope detection for much lower power consumption and complexity. For example, the RF / baseband amplifier may only consume 10 µW-level power or less [9][13][14], which makes the receiver possibly enjoy significantly lower power consumption than the heterodyne- or homodyne- receiver with 100 µW-level power. It is beneficial to the overall energy consumption for IoT devices, considering downlink monitoring usually consumes a large portion of energy.
[image: ]
Figure 5  Device architecture 5 for Ambient IoT device with a few 100 µW peak power
Proposal 4: Regarding Ambient IoT device with ≤a few 100 µW peak power consumption, capture the device architectures in Figure 2 / 3 / 4 / 5 into TR.
The additional basic blocks described in the above device architectures can be implemented by reusing the air interface applicable to Ambient IoT device with ~1 µW peak power consumption. Harmonized air interface is beneficial for the industrial development of not only Ambient IoT device, but also basestation. The principle of harmonized design should be the guideline of the Rel-19 study.
Proposal 5: Considering harmonized design for Ambient IoT device with both ~1 µW and ≤a few 100 µW power consumption, the introduction of additional blocks for power amplification and / or frequency conversion is expected to have no impact on the Ambient IoT air interface.
The Rel-19 study should focus on those communication related blocks, as the power related ones are out of the scope of 3GPP. More details of the communication related basic blocks will be discussed in section 3.1 and 4.1.
Proposal 6: Regarding the basic blocks in Ambient IoT device, Rel-19 study focuses on those directly related to communication, including 
· Analog demodulator based on envelope detection, optionally including power amplifier
· Analog backscatter modulator, optionally including power amplifier and frequency shifter
· RF local oscillator and mixer, only for heterodyne- or homodyne- transmitter or receiver
· Digital baseband
· Clock generator
· Memory
· Antenna, including matching network
More details about receiver architectures for Ambient IoT devices
In this section, more details are described for the receiver in the device architectures described in section 2. Except those basic blocks, some other components are also discussed, including their potential impact on the link performance.
Receiver architectures
To achieve ~1 µW peak power consumption, a typical receiver architecture based on RF envelope detection based is illustrated in Figure 6.
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Figure 6 Receiver architecture of ~1 µW power Ambient IoT device
The above receiver architecture includes the following key blocks / components:
· Considering the constraints on complexity and size, 1T1R is assumed for the antenna of Ambient IoT device.
· Envelope detection converts radio frequency (RF) or intermediate frequency (IF) signal to baseband simply based on passive components such as diode, resistor and capacitor. RF envelope detector can achieve power consumption of 0.1 µW-level [15][16]. To support RF envelope detection at Ambient IoT device, OOK has to be used for downlink transmission. 
· Following the RF envelope detector, an analog low-pass filter simply consisting of resistor(s) and capacitor(s) can be added to suppress the adjacent channel interference from e.g. NR. 
· A voltage comparator simply converts the amplitude of analog signal to digital bit by comparing it with some voltage threshold [15][16]. 
· In digital baseband block, line code (e.g., Manchester code) decoder is usually used to recover original data from the output bits of comparator, which improves the transmission reliability and efficiency [17][18]. After CRC decoding, the decoded bits will be interpreted by the protocol processor for e.g. random access or other commands. Referring to UHF RFID tag, the digital baseband block usually dominates the power consumption of such extreme-low power device [19]. To meet the constraints on power consumption, the digital baseband block is usually implemented by logical gates and some registers. Complex operations, such as multiplication, cannot practically be supported. Accordingly, some conventional processing, such as sequence correlation, is assumed to be not supported.
Observation 2: Some conventional signal processing, such as sequence correlation, is assumed to be not supported by Ambient IoT device with ~1 µW peak power consumption.
Depending on the way of down conversion to the received RF signal, there can be two receiver architectures for Ambient IoT device with ≤a few 100 µW peak power consumption. One is still based on RF envelope detector, while the other is based on ultra-low power RF local oscillator and mixer.
· For the RF envelope detector based receiver, RF and / or baseband power amplifier can be introduced to optimize receiver sensitivity [13][14]. In general, baseband amplifier usually consumes lower power than RF amplifier. 
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Figure 9 Receiver architecture 1 with RF envelope detection
· A heterodyne-receiver architecture is illustrated in Figure 10. For RF local oscillator, relaxed requirement on frequency accuracy (e.g., 100~1000 PPM) is the key point to achieve extreme-low power consumption of 10 µW or 100 µW-level [20]. To avoid complicated carrier frequency offset (CFO) estimation and correction for conventional coherent demodulation, IF envelope detection can be used to overcome the large frequency offset. Before IF envelope detector, IF band-pass filtering and power amplification can be introduced to improve the robustness against adjacent channel interference and lower the receiver sensitivity, respectively. 
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Figure 10 Receiver architecture 2 with RF down conversion and IF envelope detection
From the above, it is seen that either RF or IF envelope detection is essential for Ambient IoT device to satisfy a few 100 µW peak power consumption. Considering harmonized design of air interface for all the receiver architectures, including the one for the ~1 µW power levels, RF envelope detection can be regarded as the baseline for downlink receiving.
Proposal 7: The study item assumes RF Envelope detection as the baseline for Ambient IoT downlink.
[bookmark: _Hlk158228413]Comparing all the above receiver architectures, it is possible to share the same digital baseband among them, with harmonized design between Ambient IoT devices with difference power consumptions.
Observation 3: It is feasible for a harmonized design to share the same digital baseband design for the receiver of Ambient IoT devices with different power consumptions.
Considerations on the impact of key blocks / components to link performance
To suppress the potential adjacent-channel interference from e.g. NR, a low-pass filter may be introduced following RF envelope detector. The interference from wideband NR signal is still wideband after envelope detection [21]. For Ambient IoT device with ~1 µW peak power consumption, a 3-order RC (resistor / capacitor) filter based on passive components can be used, so as to avoid additional power consumption. The corresponding frequency response is shown in Figure 7. It is seen that the pass-band can be ~100 kHz, which is effective to suppress the wideband interference of NR. As this is about the coexistence between Ambient IoT and NR, both the necessity and the required adjacent channel selectivity (ACS) for the low-pass filter, if needed, depend on the corresponding co-existence study in RAN4. 
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Figure 7  Low-pass filtering by a 3-order RC filter
Proposal 8: For the receiver of Ambient IoT device, the necessity and the required adjacent channel selectivity (ACS) capability for low-pass baseband filter, if needed, depends on the study of co-existence between Ambient IoT and NR in RAN4.
Under the constraints of ~1 µW peak power consumption, the receiver sensitivity of Ambient IoT device mainly depends on RF envelope detector and comparator, both of which are implemented by analog circuits. In general, the SNR of the received signal at device is probably high (e.g., 20 dB or higher), as the required received signal power is usually as high as e.g. -30~-50 dBm. The signal distortion occurring in the analog circuits can impact the receiver performance heavier than noise, while the impact depends on the detailed circuit design. Consequently, conventional evaluation methodology of receiver sensitivity is not practical to reuse for the receiver of ~1 µW Ambient IoT device. For the corresponding link-level evaluations, it is recommended to report the observed receiver sensitivity for RF envelope detector per company according to the inspection of reference implementation in the field. As studied in [22], the receiver sensitivity can reach -40 dBm.
Similarly, for Ambient IoT device with additional power amplifier in the receiver, the receiver sensitivity can also be reported per company. According to the study in [13][14], the receiver sensitivity can reach ‑46 dBm with power consumption at 10 µW-level.
Proposal 9: For Ambient IoT device, the receiver sensitivity can be reported per company by inspection of reference implementations in the field.
Proposal 10: For Ambient IoT device with ~1 µW peak power consumption, the receiver sensitivity of RF envelope detector is assumed to be no higher than -40 dBm.
Proposal 11: For Ambient IoT device with ≤a few 100 µW peak power consumption, the receiver sensitivity of RF envelope detector with power amplifier is assumed to be no higher than -46 dBm.
More details about transmitter architectures for Ambient IoT devices
In this section, more details are described for the transmitter in the device architectures described in section 2. Except those basic blocks, some other important components are also discussed, including their potential impact on the link performance.
Transmitter architectures
Similarly as in the receiver, heterodyne- or homodyne- architecture is also unsuitable for the transmitter of ~1 µW power Ambient IoT device. To meet the target power consumption, backscatter modulator can be used to modulate baseband data onto external RF carrier wave. 
[image: C:\Users\w00468695\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\2F5E7E2D.tmp]
Figure 2  Transmitter architecture of ~1 µW power Ambient IoT device
· Backscatter modulator can be simply implemented by a impedance switching circuit to change the impedance matching status, which accordingly adjusts the amplitude or phase of the backscattered RF carrier wave [23][24]. 
· In digital baseband, an encoder can be used to optimize the characteristics of backscattered signal and transmission efficiency. There are forward-error-correction (FEC) codes supporting ultra-low complexity encoding. For example, convolutional code encoder can be implemented by shift register of several bits and a small number of logical gates. It means FEC code is possible to be introduced for the uplink transmission of Ambient IoT. Line code can also be applied for uplink transmission to eliminate continuous ‘0’ or ‘1’ and carry embedded clock information. 
For the Ambient IoT device with ≤a few 100 µW peak power consumption, there can be three typical architectures described in the following.
· Based on the transmitter architecture for the ~1 µW power Ambient IoT device, additional power amplifier can be integrated into the impedance switching circuit for backscattering, so as to increase the backscattered signal power. This architecture is shown in Figure 5. Taking OOK for example, the reflection amplifier can be added to the impedance circuit corresponding to the “On” chip, while no change to the branch circuit for the “Off” chip. Such reflection amplifier may be implemented based on e.g. negative resistance circuits or amplifier combine with directional passive components [10][25].
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Figure 5 Transmitter architecture 1 for ≤a few 100 µW devices with reflection amplification integrated to backscattering
· Considering the frequency interval between downlink and uplink band of FDD spectrum, frequency shifting may be introduced to solve the carrier-wave interference issue for backscatter modulation [26]. This architecture is shown in Figure 6. To suppress the image signal produced in the frequency shifting, an additional SAW filter may be needed, which will certainly increase the cost of the device. The feasibility and performance for the integration of FDD frequency shifter with reflection amplifier needs further investigation.
Observation 4: With the constraint of ≤a few 100 µW peak power consumption, the feasibility and performance for the integration of FDD frequency shifter with reflection amplifier needs further investigation.
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Figure 6 Transmitter architecture 2 for ≤a few 100 µW devices with both reflection amplification and FDD frequency shifting
· To achieve ≤a few 100 µW peak power consumption for heterodyne- or homodyne- transmitter architecture, inaccurate initial carrier frequency (e.g., 100~1000 PPM) is expected for the ultra-low power local oscillator [20]. This is shown in Figure 7. It leads to significant frequency shifting to the transmitted RF signal, which requires a large guard interval to avoid non-negligible adjacent channel interference. This is an important issue to be solved for the heterodyne- or homodyne- transmitter architecture.
Observation 5: For the heterodyne- or homodyne- transmitter with ≤a few 100 µW peak power consumption, the inaccurate frequency of ultra-low power local oscillator may produce severe adjacent channel interference or require large guard interval for the uplink transmission.
[image: C:\Users\w00468695\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\EC1A5C4D.tmp]
Figure 7 Transmitter architecture 3 with internal carrier-wave generation
As described in the SID, a harmonized design is required not only for the above different transmitter architectures of the a few 100 µW power device, but also between the devices with different levels of peak power consumption. As the ~1 µW power device is not able to support internal carrier-wave generation, backscatter modulation has to be regarded as the baseline for uplink transmission.
Proposal 12: The study item assumes backscatter modulation as the baseline for Ambient IoT uplink.
Comparing all the above transmitter architectures, it is possible to share the same digital baseband among them, with harmonized design between Ambient IoT devices with difference power consumptions.
Observation 6: It is feasible for a harmonized design to share the same digital baseband design for the transmitter of Ambient IoT devices with different power consumptions.
Considerations on the impact of key blocks / components to link performance
The reflection loss of backscatter modulator depends on the modulation adopted for uplink baseband signal. For OOK / FSK, there exists 3 dB loss of average power due to the nearly zero energy during the “Off” symbol. Further, the direct current (DC) takes 50% of the backscattered signal power, which will be removed at the receiver with no contribution to the link performance. It leads to an additional 3 dB loss. Consequently, the theoretical reflection loss of backscattering is totally 6 dB for OOK / FSK. For BPSK, both the two 3 dB loss can be avoided due to constant amplitude and zero DC characteristics of the waveform, respectively. In other words, the theoretical reflection loss of backscattering is 0 dB for BPSK. For existing UHF RFID passive tags powered by immediately collected RF energy, a typical reflection loss of ~8 dB is observed for OOK [3][27]. It is mainly because that part of the received energy from external carrier-wave has to be absorbed to power the RFID tag. In contrast, the Ambient IoT device with energy storage can work with the pre-stored energy, which helps it to achieve the theoretical reflection loss.
Proposal 13: For Ambient IoT device with energy storage, the reflection loss of backscatter modulator without amplifier is assumed to be 6 dB and 0 dB for OOK / FSK and BPSK, respectively.
For the backscatter modulator in Ambient IoT device with ≤a few 100 µW peak power consumption, reflection amplifier can be introduced to increased the power of backscattered signal. According to the related study, the power gain can reach 10 dB or higher [10][25].
Proposal 14: For Ambient IoT device with ≤a few 100 µW peak power consumption, the power gain of reflection amplifier is assumed to be no less than 10 dB.
[bookmark: _Ref129681832][bookmark: _Hlk155622941]Discussions on the sampling frequency offset of Ambient IoT device
According to the corresponding objective in the SID, the same “initial sampling frequency offset (SFO) up to 10X ppm” need to be identified for both Ambient IoT device with ~1 µW and a few 100 µW peak power consumption.
In Ambient IoT device, the generated clock is used as reference not only by comparator or low-bit ADC for sampling the analog output of envelope detector, but also by digital baseband block for the pattern of signal or protocol processing. The power consumption of both clock generator and digital baseband block is expected to be proportional to the clock frequency. Referring to UHF RFID tag, the digital baseband block dominates the power consumption [19]. In other words, the clock frequency can significantly impact the power consumption of such ultra-low power device. The clock frequency in an RFID tag is usually no higher than 1.92 MHz [19][28]. The constraint can be reused for the Ambient IoT device with ~1 µW peak power consumption.
Proposal 15: For Ambient IoT device with ~1 µW peak power consumption, the clock frequency is required to be sufficiently low (e.g., ≤1.92 MHz) for proper power consumption.
The power consumption of clock generator is also significantly impacted by the required accuracy of clock frequency. To achieve 0.1 μW-level power consumption for clock generator, ring oscillator or relaxation oscillator is usually used, with poor frequency accuracy of 104~105 PPM [19][29]. In the UHF RFID specification, the frequency tolerance of the tag-to-interrogator link varies from 5% to 22%, depending on the sampling rate corresponding to signal bandwidth [30]. In general, the frequency tolerance is around 105 PPM.
Observation 7: In ISO 18000-6C UHF RFID, the frequency tolerance for sampling clock is 0.5~2.2 × 105 PPM, varying with signal bandwidth.
For the Ambient IoT device with ~1 µW peak power consumption, similar requirement on the clock frequency can be assumed to achieve the target device power consumption. For the a few 100 µW power Ambient IoT device, the accuracy of clock frequency may be improved to e.g. 100 ~ 1000 PPM [20], assuming same accuracy between sampling clock and carrier frequency. However, it is still far from the required accuracy for conventional 3GPP devices, which is usually a few 10 PPM at initial and 0.1 PPM after calibration, respectively. Considering harmonized design, the same assumption on clock frequency can be applied for both Ambient IoT device with ~1 µW and a few 100 µW peak power consumption.
Proposal 16: A maximum initial sampling frequency offset of 105 PPM is assumed for Ambient IoT device i.e., X = 5.
Discussions on the memory of Ambient IoT device
In conventional 3GPP devices, memory is needed to store information or buffer processing data. For Ambient IoT device with ~1 µW peak power consumption, there are constraints on the capability of memory. Taking UHF RFID tag as reference, some type of non-volatile memory (e.g., EEPROM or multi-time programable (MTP) memory) is used to store the electronic product code (EPC) and other private data [31][32], while no volatile memory (e.g., SRAM) is used due to the relatively high cost and the power consumption to maintain temporarily stored data. The size of non-volatile memory in RFID tag is usually several hundred or a few kilo bits [33][34]. Limited number of registers may also be adopted in RFID tags to cache some temporary information of e.g. a few10 bits during signal or protocol processing. 
Proposal 17: The ~1 µW power Ambient IoT device is expected to only support non-volatile memory of a few kilo-bits, with additional registers of a few ten bits.
Observation 8: The ~1 µW power Ambient IoT device cannot support buffering a transport block or some intermediate data of a certain size (e.g., 100 bits or more).
The writing operation to EEPROM usually consumes much higher power consumption than reading [35], or similar power consumption but with much lower throughput [36]. In the specification of UHF RFID, the mandatory size of a data block to be written into the memory per writing operation (by the “write” command) is only 16 bits [30]. Consequently, it is recommended to avoid frequent writing operation to the memory of ~1 µW power device in the RAN design, especially for the information block with a certain size.
Observation 9: For the non-volatile memory in the ~1 µW power Ambient IoT device, the writing operation is expected to consume higher power than reading, but with much lower throughput.
From the above, buffering a transport block or some intermediate data of a certain size (e.g., 100 bits or more) cannot practically be supported by the ~1 µW power device. Therefore, some signal processing, such as rate-matching or interleaving, is assumed to be not supported.
Proposal 18: The study item assumes no buffering for a certain block size e.g. 100 bits or more to be supported by Ambient IoT device.
Proposal 19: Rate-matching and interleaving are assumed to be not supported by Ambient IoT devices.
Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the ultra-low power device architecture for Ambient IoT device with ~1 µW or a few 100 µW peak power consumption are discussed and following observations and proposals are made accordingly.
Proposal 1: The Ambient IoT device with ~1 µW peak power consumption includes the following basic blocks.
· Communication related blocks
· Analog demodulator based on RF envelope detector
· Analog backscatter modulator based on impedance switching circuits
· Digital baseband
· Clock generator
· Memory
· Antenna, including matching network
· Energy related blocks 
· (RF) Energy harvester
· Energy storage
· Power management unit
Proposal 2: Capture the device architecture for Ambient IoT device with ~1 µW peak power consumption in Figure 1 into TR.
Proposal 3: The Ambient IoT device with a few 100 µW peak power consumption includes one or more of the following additional blocks.
· Communication related blocks
· Power amplifier in analog demodulator
· Power amplifier in analog modulator
· FDD frequency shifter, optionally in backscatter modulator
· RF local oscillator and mixer, only for heterodyne transmitter or receiver

Proposal 4: Regarding Ambient IoT device with a few 100 µW peak power consumption, capture the device architectures in Figure 2 / 3 / 4 / 5 into TR.
Proposal 5: Considering harmonized design for Ambient IoT device with both ~1 µW and a few 100 µW power consumption, the introduction of additional blocks for power amplification and / or frequency conversion is expected to have no impact on the Ambient IoT air interface.
Proposal 6: Regarding the basic blocks in Ambient IoT device, Rel-19 study focuses on those directly related to communication, including 
· Analog demodulator based on envelope detection, optionally including power amplifier
· Analog backscatter modulator, optionally including power amplifier and frequency shifter
· RF local oscillator and mixer, only for heterodyne- or homodyne- transmitter or receiver
· Digital baseband
· Clock generator
· Memory
· Antenna, including matching network
Proposal 7: The study item assumes RF Envelope detection as the baseline for Ambient IoT downlink.
Proposal 8: For the receiver of Ambient IoT device, the necessity and the required adjacent channel selectivity (ACS) capability for low-pass baseband filter, if needed, depends on the study of co-existence between Ambient IoT and NR in RAN4.
Proposal 9: For Ambient IoT device, the receiver sensitivity can be reported per company by inspection of reference implementations in the field.
Proposal 10: For Ambient IoT device with ~1 µW peak power consumption, the receiver sensitivity of RF envelope detector is assumed to be no higher than -40 dBm.
Proposal 11: For Ambient IoT device with a few 100 µW peak power consumption, the receiver sensitivity of RF envelope detector with power amplifier is assumed to be no higher than -46 dBm.
Proposal 12: The study item assumes backscatter modulation as the baseline for Ambient IoT uplink.
Proposal 13: For Ambient IoT device with energy storage, the reflection loss of backscatter modulator without amplifier is assumed to be 6 dB and 0 dB for OOK / FSK and BPSK, respectively.
Proposal 14: For Ambient IoT device with ≤a few 100 µW peak power consumption, the power gain of reflection amplifier is assumed to be no less than 10 dB.
Proposal 15: For Ambient IoT device with ~1 µW peak power consumption, the clock frequency is required to be sufficiently low (e.g., ≤1.92 MHz) for proper power consumption.
Proposal 16: A maximum initial sampling frequency offset of 105 PPM is assumed for Ambient IoT device i.e., X = 5.
Proposal 17: The ~1 µW power Ambient IoT device is expected to only support non-volatile memory of a few kilo-bits, with additional registers of a few ten bits.
Proposal 18: The study item assumes no buffering for a certain block size e.g. 100 bits or more to be supported by Ambient IoT device.
Proposal 19: Rate-matching and interleaving are assumed to be not supported by Ambient IoT devices.
Observation 1: Based on RF envelope detection for downlink receiving and backscatter modulation for uplink transmitting, UHF RFID tag can achieve ~1 µW peak power consumption.
Observation 2: Some conventional signal processing, such as sequence correlation, is assumed to be not supported by Ambient IoT device with ~1 µW peak power consumption.
Observation 3: It is feasible for a harmonized design to share the same digital baseband design for the receiver of Ambient IoT devices with different power consumptions.
Observation 4: With the constraint of ≤a few 100 µW peak power consumption, the feasibility and performance for the integration of FDD frequency shifter with reflection amplifier needs further investigation.
Observation 5: For the heterodyne- or homodyne- transmitter with ≤a few 100 µW peak power consumption, the inaccurate frequency of ultra-low power local oscillator may produce severe adjacent channel interference or require large guard interval for the uplink transmission.
Observation 6: It is feasible for a harmonized design to share the same digital baseband design for the transmitter of Ambient IoT devices with different power consumptions.
Observation 7: In ISO 18000-6C UHF RFID, the frequency tolerance for sampling clock is 0.5~2.2 × 105 PPM, varying with signal bandwidth.
Observation 8: The ~1 µW power Ambient IoT device cannot support buffering a transport block or some intermediate data of a certain size (e.g., 100 bits or more).
Observation 9: For the non-volatile memory in the ~1 µW power Ambient IoT device, the writing operation is expected to consume higher power than reading, but with much lower throughput.
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