3GPP TSG-RAN WG1 Meeting #117	R1-2403953
Fukuoka, Japan, May 20-May 24, 2024

[bookmark: _Hlk155622591]Agenda Item:	9.4.1.2
Source:	Huawei, HiSilicon
Title:	Ultra low power device architectures for Ambient IoT
Document for:	Discussion and Decision

[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Hlk155622614]The Rel-19 Ambient IoT study targets to investigate the architecture(s) of Ambient IoT device, and identify the corresponding basic blocks / components [1]. For the convenience of discussions, the following terminologies about Ambient IoT device are defined in the RAN1#116 meeting, which represent devices with different peak power consumption and architectures.
	(Copied from R1-2401767 [2])
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.


Both the architecture of Device 1 and Device 2a with RF-ED receiver had been discussed and agreed in the RAN1#116 meeting, while the three architectures of Device 2b with RF-ED, IF-ED, and ZIF receiver were agreed in the RAN1#116bis meeting. The key technical aspects of a certain basic blocks/components, such as reflection amplifier and large frequency shifter, are to be further studied.
This contribution firstly discusses about the remaining issues of several basic blocks/components of Device 2a and Device 2b. Based on the identified device architectures, the receiving and transmitting capabilities of Ambient IoT devices are investigated. The key hardware constraints of Ambient IoT device on air interface design are also discussed and identified, including sampling frequency clock, baseband processing capability, and memory.
[bookmark: _Hlk161225299]On the remaining issues with the architecture for Device 2a
The architecture of Device 2a with RF-ED receiver had been agreed in the RAN1#116 meeting, with three remaining points on reflection amplifier, LNA, and frequency shifter to be further studied. This section firstly addresses the three remaining points, then discusses about the other potential architectures for Device 2a with IF-ED or ZIF receiver.
	[bookmark: _Hlk164705440](Copied from R1-2401767 [2])
Study at least following blocks for device 2a architecture w/ RF-ED receiver.
……
· 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
……
· 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.
……
· Transmission related blocks
……
· 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).
……


Reflection amplifier
According to the corresponding agreement of the RAN1#116bis meeting, the following technical aspects of the reflection amplifier are to be further studied.
	(Copied from R1-2403663 [3])
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


[bookmark: _Hlk161310652]Both uni-directional and bi-directional implementation are able to reach a few 100 µW power consumption at 900 MHz operating band [4][5].
The uni-directional reflection amplifier is typically implemented based on e.g. negative resistance circuits or amplifier combined with directional passive components [4][6]. According to the research in [4], the operating bandwidth can be as large as 30 MHz, while ~10 dB reflection gain is observed at the input power of -50 dBm. If similar high reflection gain is also expected for higher input power, there exists the risk of oscillating to the reflection amplifier. By setting suitable bias voltage, the reflection amplifier can support the input power varying from -50 dBm up to 0 dBm without oscillating, though the reflection gain decreases significantly for the input power above -30 dBm. Similarly, a current sensor is applied in [7] to adaptively turn the reflection amplifier off after the current exceeding a threshold, which corresponds to the input power exceeding e.g. -25 dBm. The current sensor may consume additional power of a few 10 µW. From the perspective of link budget, higher reflection gain for lower input power is suitable for backscattering communication. To avoid unnecessary intra- and inter-system interference, low or even no reflection gain for high input power is also beneficial.
The bi-directional amplifier can reach a reflection gain of >10 dB at bandwidth of several 10 MHz at around 915 MHz [5]. By matching the input impedance of the tunnel diode to a desired value, stability in the reflection gain is achieved for the reflection amplifier.
From the above, both uni- and bi-directional amplifier can support an operating bandwidth of 10 MHz-level at the 900 MHz band. For both types of amplifier, a reflection gain of ~10 dB can be achieved without oscillating at low input power (e.g., -50 dBm or -30 dBm), with a power consumption of a few 100 µW.
Observation 1: The power consumption of reflection amplifier can reach a few 100 µW (e.g., 100~400 µW), depending on detailed technical principle and implementation.
Observation 2: The reflection amplifier can support an operating bandwidth of 10 MHz-level at the 900 MHz band.
Observation 3: The reflection amplifier can reach ~10 dB reflection gain without oscillating at low input power (e.g., -50 dBm or -30 dBm).
Proposal 1: For the coverage evaluations of Device 2a, the power gain of reflection amplifier is assumed to be 10 dB or higher.
Based on the above, reflection amplifier is applicable for Device 2a to improve the D2R link budget. The study is recommended to focus on the basic function of reflection amplifier, which is to increase the power of backscattered signal. It is not precluded that the bi-directional amplifier can also be used to amplify the received R2D signal. However, such specific implementation should not be regarded as the baseline design or the constraint on device implementation.
Proposal 2: Remove the FFS on reflection amplifier, and also remove the sub-bullet corresponding to reflection amplifier, i.e.
· Reflection amplifier can amplify reflected backscattered signal.
· [bookmark: _Hlk166244624]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.
· The uni-directional type of reflection amplifier is only used for the amplification of D2R signals for backscattering, while the bi-directional type can also be used for the amplification of R2D signals for receiving.
Large frequency shifter
According to the corresponding agreement of the RAN1#117 meeting, the following technical aspects of the large frequency shifter are to be further studied.
	(Copied from R1-2403663 [3])
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.


Theoretically, frequency shifter could be used by Device 2a to move the backscattered signal away from the frequency band of external carrier-wave. For example, in the case of external carrier-wave being transmitted in the FDD DL band, the backscattered signal from Device 2a can be shifted to the FDD UL band by the frequency shifter. In the corresponding transmitter, the baseband signal is firstly shifted to IF according to the frequency interval between the FDD DL and UL band. After that, the switching circuits of the backscatter modulator is controlled by the IF signal. According to the related research, the ultra-low power frequency shifter supporting 10 MHz-level (e.g., 20 MHz ~50 MHz) frequency shifting can reach a power consumption of several 10 µW [8][9]. 
Observation 4: The large frequency shifter can support 10 MHz-level (e.g., 20 MHz ~50 MHz) frequency shifting, with a power consumption of several 10 µW.
In [8], an XTAL is used to provide the reference frequency, whose impact on the device cost and form factor is non-negligible. In practical implementations, a ring oscillator or relaxation oscillator can be used instead of XTAL [9]-[12]. However, such ultra-low power oscillators are usually vulnerable to process–voltage–temperature (PVT) variations [9][10]. For example, the output frequency of the ring oscillator in [11] changes from 20.2 MHz to 19.6 MHz corresponding to the temperature variation from 35 to 40 C. Depending on the specific design, the frequency variation per degree varies from few ppm to few 100 ppm [10][12], which results in an initial frequency offset of several 102 to few 104 ppm in an operating temperature range of e.g. -40 to 80 C. The supply voltage to the clock can also cause a variation of 102~103 ppm-level to the clock frequency [10]. Except the impact of temperature and voltage, the process variation of devices with extreme-low hardware complexity can cause an additional deviation of ~1% to the output frequency of the oscillator even considering some frequency error compensation scheme [9][10]. Assuming 103 ~ 104 ppm frequency error for the IF carrier-wave, the corresponding carrier frequency offset can be as large as 50 kHz ~ 500 kHz for the frequency shifting of 50 MHz. The large carrier frequency offset leads to large guard band for D2R transmissions, especially considering the D2R transmission bandwidth of e.g. 10 kHz- or 100 kHz-level.
Theoretically, the frequency offset can be decreased by introducing a PLL/FLL, while fine granularity (e.g., 10 kHz- or 1 kHz-level) of frequency shifting can also be supported in this way. However, the impact on device power consumption and complexity has to be considered. So far, there is a lack of research on the frequency calibration techniques for such IF local oscillators.
Observation 5: The large frequency shifter can lead to carrier frequency offset of several 10 kHz or 100 kHz for the 10 MHz-level frequency shifting between the FDD DL and UL band.
One of the key issues for large frequency shifter is to suppress the out-of-band image signal and harmonics due to frequency shifting. The image interference and harmonics interference generated during the large frequency shifting are shown in Figure 1. 
[image: C:\Users\w00468695\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\6C1BF985.tmp]
Figure 1 Illustration of the spectrum of backscattered signal
Considering the backscatter modulation after frequency shifting, the intermediate frequency (IF) carrier-wave for frequency shifting is in fact a square wave with a frequency of several 10 MHz. Consequently, there will be an image signal several 10 MHz away from the target signal, which is out of the target frequency band. As the out-of-band image signal may interfere between FDD duplex band or other system, which may even not be a 3GPP system, it has to be suppressed to sufficiently low. In [8], an image rejection of 17 dB is achieved which may not satisfy the requirements of out-of-band interference suppression. 
Due to the same reason, there is also harmonic signal with the period of several 10 MHz generated by frequency shifting. Those out-of-band harmonic signal should also be suppressed to sufficiently low, especially the odd harmonic. Regarding the out-of-band interference suppression, one option is to use an additional SAW filter after frequency shifting, which will obviously increase the device cost and size.
Observation 6: The image interference and harmonics interference generated during the large frequency shifting has to be suppressed, which can cause non-negligible increase of the cost and size for Device 2a.
[bookmark: _Hlk162010036]From the above, there is still technical uncertainty about the practical applicability of the large frequency shifter for Device 2a. 
[bookmark: _Hlk165986750]Proposal 3: For large frequency shifter, add two notes, i.e.
· [bookmark: _Hlk162617916]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).
· There can be impact on the out-of-band emission performance of D2R transmissions due to the leaked image signal and harmonic signal during large frequency shifting.
· The potential large frequency error (e.g., 100 kHz-level) of large frequency shifting can lead to large guard band for D2R transmissions.
LNA / RF amplifier
In the receiver of Device 2a, LNA / RF amplifier can be introduced to amplify the received R2D signal, which usually work together with a baseband amplifier [13][14]. By this means, the voltage of the baseband signal is boosted before entering into comparator or low-bit ADC, which improves the quality of the digital output of comparator or ADC for the following digital baseband processing. Correspondingly, the receiver of Device 2a can support lower received signal power than Device 1. The power consumption of such RF power amplifier (e.g., LNA) is usually several 10 µW or few 100 µW, while the associated baseband amplifier consumes several µW [13][14]. 
Furthermore, the basic function of the RF power amplifier in the receiver is different from the reflection amplifier in the transmitter. The technical principle and optimal hardware design for each amplifier can be different. As mentioned previously, the reflection amplifier is usually implemented based on e.g. negative resistance circuits or amplifier combine with directional passive components, which is different from typical LNA. There exist some hardware designs of a bidirectional power amplifier being applicable for both R2D/CW2D receiving and D2R transmitting. However, it should not be regarded as the baseline implementation for Ambient IoT device. It is recommended to independently illustrate the basic functionality of the two different power amplifiers in the receiver and transmitter.
Observation 7: The ultra-low power RF power amplifier (e.g., LNA), with power consumption usually several 10 µW or few 100 µW, together with baseband amplifier, can improve the receiver sensitivity of Device 2a compared to Device 1.
[bookmark: _Hlk162619446]Proposal 4: Confirm LNA, and also remove the sub-bullet corresponding to LNA, i.e.
· 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.
· As an alternative implementation, a bi-directional power amplifier may be used to amplify both the R2D signal for receiving and the D2R signal for backscattering.
On the possible architecture of Device 2a based on IF-ED or ZIF receiver
Ultra-low power heterodyne or homodyne receiver architecture has been studied in the Rel-18 LP‑WUS SI [15]. By using ultra-low power RF local oscillator (LO) and mixer to down-convert received RF signal to intermediate frequency or baseband, the device power consumption can be significantly lower than the main radio of conventional 3GPP UE [15]. As discussed in LP-WUS, there are two receiver architectures based on ultra-low power RF LO and mixer, which can be called intermediate frequency envelope detection (IF-ED) receiver and zero-IF (ZIF) receiver, respectively. Referring to the related researches, the power consumption of such receivers may reach several 100 µW [16][17]. Theoretically, it is possible to apply them for Device 2a.
As evaluated in the study of LP-WUS, the IF-ED or ZIF receiver could reach a receiver sensitivity in the range between -107 dBm  and -76 dBm [15]. The price can be higher power consumption for the receiver due to the internal local oscillator and mixer. By using IF-ED or ZIF receiver, the receiver sensitivity of Device 2a can be optimized to support larger ISD for indoor BS from the view of R2D link. Regarding the D2R link, the backscattered signal power heavily depends on the received power of external carrier-wave. In other words, lower received carrier-wave power leads to lower backscattered signal power, which correspondingly reduces the link budget of D2R link. For the case of carrier-wave inside topology, the increase of indoor BS ISD is prevented, as it will lead to reduced link budget of D2R link. For the case of carrier-wave outside topology, denser deployment of carrier-wave node is required, so as to support larger ISD of indoor BS. In conclusion, the benefit of the combination of IF-ED or ZIF receiver and backscattering based transmitter is uncertain, while it may increase device power consumption without optimization to the practical deployment.
Observation 8: Device 2a with IF-ED or ZIF receiver requires much higher power consumption for R2D receiving, while no benefit to the deployment of basestaiton or intermediate UE is foreseen.
Proposal 5: The study deprioritize the architecture of Device 2a with IF-ED or ZIF receiver.
On the remaining issues with the architecture for Device 2b
The architecture of Device 2b with RF-ED / IF-ED / ZIF receiver have been agreed in the RAN1#116bis meeting, with three remaining points on LNA, local oscillator and power amplifier to be further studied. As LNA has been discussed in Section 2.3, this section addresses the technical aspects of local oscillator and power amplifier. Considering the frequency offset issue of the ultra-low power RF LO, baseband envelope detection is proposed for Device 2b with ZIF receiver.
	(Copied from R1-2403663 [3])
Study at least following blocks for device 2b architecture with RF-ED receiver.
……
· Reception related blocks
……
· FFS: LNA for improving signal strength and sensitivity of receiver.
……
· Transmission related blocks
……
· Local oscillator (LO) for carrier frequency generation
· FFS: PLL/FLL
· FFS: Power amplifier (PA) amplifies tx signal, if present
……

Study at least following blocks for device 2b architecture with ZIF receiver.
……
· 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
……
· FFS: LNA for improving signal strength and sensitivity of receiver.
……
· Transmission related blocks
……
· FFS: Power amplifier (PA) amplifies tx signal, if present
……

Study at least following blocks for device 2b architecture with IF-ED receiver.
……
· 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
……
· FFS: LNA for improving signal strength and sensitivity of receiver.
……
· Transmission related blocks
……
· FFS: Power amplifier (PA) amplifies tx signal, if present
……


Local oscillator
Device 2b uses internal generated carrier-wave for D2R transmission, which is enabled by the emerging ultra-low power RF LO techniques. The frequency accuracy of the RF LO depends on two parts of implementation and design.
The initial frequency accuracy is determined by the internal reference clock. Similar to the IF LO for the large frequency shifter, there can be two potential implementations. 
· One way is to use an external crystal oscillator. An off-chip dual-mode crystal oscillator providing 32.258 kHz/16 MHz reference frequency can reach a frequency accuracy of (86.7 + 42) ppm/(13.2 +0.37) ppm, which consumes 11.4 µW/24.3 µW power [18], respectively. However, such implementation usually leads to the non-negligible impact on the device cost and form factor. 
· The other way is to use on-chip crystal-free implementation with much lower power consumption and cost, which usually uses a ring oscillator or relaxation oscillator discussed in Section 2.2 to provide reference frequency [9]-[12]. The price is the large initial frequency offset (e.g., 103~104 PPM). At the 900 MHz band, the corresponding RF carrier frequency offset can be as large as 900 kHz ~ 9 MHz. It degrades the frequency selectivity capability of the R2D receiver, and also requires large guard band for D2R transmissions to avoid non-negligible interference leaked to the adjacent channels.
To reduce the carrier frequency offset from the initial value to an appropriate range, there are also two potential implementations, both of which rely on accurate external reference frequency.
· PLL/FLL is a widely-used method to generate a certain target RF frequency based on either internal or external reference frequency. In [19], an ultra-low power active-RF tag is designed to work at the 900 MHz band. An FLL with 66 µW power consumption is implemented as frequency synthesizer, which satisfies an output frequency accuracy of +/-64 kHz. 
· In recent years, frequency calibration schemes other than PLL/FLL are also investigated for the on-chip crystal-free local oscillator, to achieve satisfying power consumption, cost, and single-chip implementation [20]. The simulations and experimental measurements show that the residual frequency offset can be reduced to 10 ppm-level (e.g., <40 ppm).
Based on the frequency synthesizers described above, the target RF frequency can be generated and calibrated based on the on-chip ring oscillator/relaxation oscillator or off-chip crystal oscillator. In principle, it is feasible to use a single RF LO for both transmitter and receiver in Device 2b with IF-ED/ZIF receiver, as the RF frequency is adjustable by those frequency synthesizers.
Proposal 6: For the architecture of Device 2b with RF-ED receiver, confirm PLL/FLL, i.e.
· Local oscillator (LO) for carrier frequency generation
· FFS: PLL/FLL may be used for the frequency calibration
Proposal 7: For the architecture of Device 2b with IF-ED receiver, confirm PLL/FLL and “one LO or separate LOs for Tx and Rx”, i.e.
· Local oscillator (LO) for generating carrier frequency for Tx and Rx
· FFS: PLL/FLL may be used for the frequency calibration
· FFS: o One LO or separate LOs for Tx and Rx
Proposal 8: For the architecture of Device 2b with ZIF receiver, confirm PLL/FLL and “one LO or separate LOs for Tx and Rx”, i.e.
· Local oscillator (LO) for generating carrier frequency for Tx, or for generating carrier frequency offset by the IF for Rx generating carrier frequency for Tx and Rx
· FFS: PLL/FLL may be used for the frequency calibration
· FFS: o One LO or separate LOs for Tx and Rx
Power amplifier
To support a maximum transmit power of e.g. -20 dBm or -10 dBm, power amplifier can be used for the transmitter of Device 2b. In [21], the investigated power amplifier supports an output power of -5.8 dBm with a power consumption of 487 µW, whose operating frequency is around 869 MHz. Another power amplifier in [22] supports an output power of -17.5 dBm with a power consumption of 44 µW, which also works at the sub-GHz band. There should be no feasibility issue to implement such power amplifier supporting maximum output power of -20 or -10 dBm with power consumption of 10 or 100 µW-level.
Proposal 9: Remove the FFS on power amplifier, i.e.
· FFS: Power amplifier (PA) amplifies tx signal, if present
Baseband envelope detection for Device 2b with ZIF receiver
Referring to the descriptions of the homodyne/ZIF architecture for LP-WUR in [15], baseband envelope detection is assumed. In principle, this assumption also applies for Device 2b.
According to the discussions in section 3.1, the carrier frequency offset can be still as large as 10 ~ 100 ppm even after frequency calibration. The limited peak power consumption of device 2b also prevents complicated baseband processing for accurate frequency offset estimation and correction, which usually involves numbers of complex multiplications with a certain bit-width. Consequently, conventional coherent receiver can hardly work well in the case.
As envelope detection is insensitive to the carrier frequency offset, Device 2b with RF-ED or IF-ED receiver can conveniently deal with the issue. Similarly, baseband envelope detection is assumed for Device 2b with ZIF receiver.
Proposal 10: Baseband envelope detection is assumed for Device 2b with ZIF receiver.
Discussions on the capabilities of basic blocks for Ambient IoT devices
The impact of the capabilities of basic blocks on R2D link performance
For Ambient IoT device with receiver based on RF envelope detector and comparator, the receiver sensitivity is determined by the corresponding analog circuits. Conventional evaluation methodology of receiver sensitivity based on noise figure and SNR threshold is no longer suitable. In the RAN1#116bis meeting, it has been agreed that the receiver sensitivity of Device 1 is derived by a predefined threshold [3]. For Device 2a/2b with RF-ED receiver, it is also suitable to follow the same way, considering the following aspects.
· First, there is usually a threshold on the voltage (e.g., at 10 or 100 mV level) of the input envelope signal at comparator. If the voltage does not exceed the threshold, the comparator fails to work. Referring to the related researches, the threshold is usually not reached until the received signal at device is at least e.g. -40 dBm. The SNR at each block/component is expected to be sufficiently high, as long as the comparator can work. Even an ultra-low power ADC is used to replace the comparator, the dynamic range of the ADC can be quite limited due to its low bit depth (e.g., 6 or 8 bits), which also imposes constraint to the minimum input voltage for resolvable output. For example, assuming 8-bit ADC, the dynamic range of ~40 dB can be e.g. from -20 dBm to -60 dBm, where the SNR should be sufficiently high for the digital baseband processing.
· Second, the design and performance for the ultra-low power RF and / or baseband amplifier can be quite different between specific implementations. There is a lack of classical or generally acknowledged noise models for such amplifiers.
[bookmark: _Hlk161855551]In general, the receiver sensitivity of RF-ED receiver depends on the threshold of certain basic analog block(s) or component(s), which is more suitable to be evaluated by a pre-defined value based on the related researches. As studied in [23], the receiver sensitivity of Device 1 can reach -40 dBm. For Device 2a/2b with RF or baseband amplifier in the receiver, the receiver sensitivity can reach ‑46 or -50 dBm with power consumption at 10 µW-level [13][14].
Proposal 11: For Ambient IoT device based on RF envelope detection, the receiver sensitivity can be reported per company by inspection of reference implementations in the field.
· [bookmark: _Hlk161855559]For Device 1, the receiver sensitivity is assumed to be e.g.  -40 dBm.
· For Device 2 with RF-ED receiver, the receiver sensitivity is assumed to be  -50 dBm.
Regarding Device 2 with IF-ED or ZIF receiver, the assumptions on the receiver capability of NR LP‑WUR can be referred to [15]. For LP-WUS coverage evaluation, the options for the noise figure of LP-WUR are 9 / 12 / 15 / 18 / 21 / 24 dB, which does not preclude other values reported by companies. For Device 2, the requirement on the receiver hardware may be further relaxed, considering that the required link budget for indoor coverage (e.g., maximum 50 m range) is probably lower than that for LP-WUR. Consequently, a noise figure of 24 dB or higher can be assumed for Device 2 with IF-ED or ZIF receiver.
Proposal 12: For Device 2b with IF-ED or ZIF receiver, the receiver sensitivity can be calculated based on a noise figure of e.g. 24 dB or higher.
The impact of the capabilities of basic blocks on D2R link performance
For the backscatter modulator in Device 1, the reflection loss can be defined as:

where the denominator depends on the modulation used for D2R transmission. For OOK, 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. 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 is 0 dB for BPSK. Referring to existing UHF RFID passive tags powered by immediately collected RF energy, a typical reflection loss of ~8 dB is observed for OOK [24][25]. It is mainly because part of the received energy from external carrier-wave has to be absorbed to power the RFID tag. In contrast, Device 1 in Ambient IoT can work with the pre-stored energy, which makes it possible to approach the theoretical reflection loss.
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Figure 2: Derivation of the theoretical reflection loss for Device 1
Proposal 13: For Device 1, the reflection loss of backscatter modulator is assumed to be 6 dB and 0 dB for OOK and BPSK, respectively.
For the transmitter of Device 2a, reflection amplifier can be used to increase the power of backscattered signal. As discussed in Section 2.1, the power gain reaches 10 dB or higher [4][6].
Proposal 14: For Device 2a, the power gain of reflection amplifier is assumed to be ≥10 dB.
For the transmitter of Device 2b, the internally generated carrier-wave means it does not rely on external carrier-wave. Considering the peak power consumption of few 100 µW and the power added efficiency (PAE) of power amplifier, the maximum transmit power is expected to be no higher than -10 dBm. From the view of required link budget for indoor coverage, a maximum transmit power of -20 dBm or -10 dBm could be sufficient to achieve the maximum communication distance of 50 m. The maximum transmit power of D2R transmission may also impact the coexistence evaluations, for which lower power is beneficial.
Proposal 15: For Device 2b, the maximum transmit power is assumed to be -20 dBm or -10 dBm.
[bookmark: _Ref129681832][bookmark: _Hlk155622941]Considerations on the inaccurate sampling frequency by low-power clock generator
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 Device 1 and Device 2.
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 [17]. 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 [26][27]. The constraint can be reused for Device 1.
Proposal 16: For Device 1, the clock frequency is required to be sufficiently low (e.g., ≤ 1.92 MHz) to reach required 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 [26][28]. 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 [29]. In general, the frequency tolerance is around 105 PPM.
Observation 9: In ISO 18000-6C UHF RFID, the frequency tolerance for sampling clock is 0.5~2.2×105 ppm, depending on the transmission bandwidth of backscattered signal.
For Device 1, similar requirement on the clock frequency can be assumed to achieve the target device power consumption. For Device 2, the accuracy of clock frequency may be improved. 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. On this basis, timing/frequency acquisition signal is still needed for each R2D or D2R transmission. From the perspective of harmonized design, the Ambient IoT air interface is recommended to support a maximum SFO of 105 ppm. Devices with smaller SFO possibly enjoy better link performance under the harmonized design.
Proposal 17: A maximum initial sampling frequency offset of 105 ppm is assumed for Ambient IoT device i.e., X = 5.
Extreme-low device complexity considerations
To meet the 1 μW device power consumption, the digital baseband block in Device 1 is implemented by limited logical gates and a certain number of registers. Complex operations, such as multiplication, cannot practically be supported. Accordingly, the signal processing involving a certain number of e.g. multipliers or a large number of e.g. adders in conventional 3GPP devices, such as sequence correlation, is assumed to be not supported.
Observation 10: The signal processing involving a certain number of e.g. multipliers or a large number of e.g. adders in conventional 3GPP devices, such as sequence correlation, is assumed to be not supported by Device 1.
In conventional 3GPP devices, memory is needed to store information or buffer processing data. For Device 1, 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 [30][31], while non-volatile memory (e.g., SRAM) is used due to the relatively large chip size and / or high 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 [32][33]. 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. 
Observation 11: Device 1 is expected to only support non-volatile memory of a few kilo-bits, with additional registers of a few ten bits.
Observation 12: Device 1 cannot support buffering a transport block or some intermediate data beyond a small size (e.g., 100 bits or more).
The writing operation to EEPROM usually consumes much higher power consumption than reading [34], or similar power consumption but with much lower throughput [35]. 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 [29]. Consequently, it is recommended to avoid frequent writing operation to the memory of Device 1 in the RAN design, especially for the information block with a certain size.
Observation 13: For the non-volatile memory in Device 1, the writing operation is expected to consume higher power than reading, and with long latency.
From the above, buffering a transport block or some intermediate data beyond a small size (e.g., 100 bits or more) cannot practically be supported by Device 1. Therefore, some signal processing, such as rate-matching or interleaving, is assumed to be not supported.
Proposal 18: The study item assumes no buffering beyond a small 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 devices are discussed and following observations and proposals are made accordingly.
Observation 1: The power consumption of reflection amplifier can reach a few 100 µW (e.g., 100~400 µW), depending on detailed technical principle and implementation.
Observation 2: The reflection amplifier can support an operating bandwidth of 10 MHz-level at the 900 MHz band.
Observation 3: The reflection amplifier can reach ~10 dB reflection gain without oscillating at low input power (e.g., -50 dBm or -30 dBm).
Observation 4: The large frequency shifter can support 10 MHz-level (e.g., 20 MHz ~50 MHz) frequency shifting, with a power consumption of several 10 µW.
Observation 5: The large frequency shifter can lead to carrier frequency offset of several 10 kHz or 100 kHz for the 10 MHz-level frequency shifting between the FDD DL and UL band.
Observation 6: The image interference and harmonics interference generated during the large frequency shifting has to be suppressed, which can cause non-negligible increase of the cost and size for Device 2a.
Observation 7: The ultra-low power RF power amplifier (e.g., LNA), with power consumption usually several 10 µW or few 100 µW, together with baseband amplifier, can improve the receiver sensitivity of Device 2a compared to Device 1.
Observation 8: Device 2a with IF-ED or ZIF receiver requires much higher power consumption for R2D receiving, while no benefit to the deployment of basestation or intermediate UE is foreseen.
Observation 9: In ISO 18000-6C UHF RFID, the frequency tolerance for sampling clock is 0.5~2.2×105 ppm, depending on the transmission bandwidth of backscattered signal.
Observation 10: The signal processing involving a certain number of e.g. multipliers or a large number of e.g. adders in conventional 3GPP devices, such as sequence correlation, is assumed to be not supported by Device 1.
Observation 11: Device 1 is expected to only support non-volatile memory of a few kilo-bits, with additional registers of a few ten bits.
Observation 12: Device 1 cannot support buffering a transport block or some intermediate data beyond a small size (e.g., 100 bits or more).
Observation 13: For the non-volatile memory in Device 1, the writing operation is expected to consume higher power than reading, and with long latency.

Proposal 1: For the coverage evaluations of Device 2a, the power gain of reflection amplifier is assumed to be 10 dB or higher.
Proposal 2: Remove the FFS on reflection amplifier, and also remove the sub-bullet corresponding to reflection amplifier, i.e.
· 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.
Proposal 3: For large frequency shifter, add two notes, i.e.
· 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).
· There can be impact on the out-of-band emission performance of D2R transmissions due to the leaked image signal and harmonic signal during large frequency shifting.
· The potential large frequency error (e.g., 100 kHz-level) of large frequency shifting can lead to large guard band for D2R transmissions.
Proposal 4: Confirm LNA, and also remove the sub-bullet corresponding to LNA, i.e.
· 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.
· As an alternative implementation, a bi-directional power amplifier may be used to amplify both the R2D signal for receiving and the D2R signal for backscattering.
Proposal 5: The study deprioritize the architecture of Device 2a with IF-ED or ZIF receiver.
Proposal 6: For the architecture of Device 2b with RF-ED receiver, confirm PLL/FLL, i.e.
· Local oscillator (LO) for carrier frequency generation
· FFS: PLL/FLL may be used for the frequency calibration
Proposal 7: For the architecture of Device 2b with IF-ED receiver, confirm PLL/FLL and “one LO or separate LOs for Tx and Rx”, i.e.
· Local oscillator (LO) for generating carrier frequency for Tx and Rx
· FFS: PLL/FLL may be used for the frequency calibration
· FFS: o One LO or separate LOs for Tx and Rx
Proposal 8: For the architecture of Device 2b with ZIF receiver, confirm PLL/FLL and “one LO or separate LOs for Tx and Rx”, i.e.
· Local oscillator (LO) for generating carrier frequency for Tx, or for generating carrier frequency offset by the IF for Rx generating carrier frequency for Tx and Rx
· FFS: PLL/FLL may be used for the frequency calibration
· FFS: o One LO or separate LOs for Tx and Rx
Proposal 9: Remove the FFS on power amplifier, i.e.
· FFS: Power amplifier (PA) amplifies tx signal, if present
Proposal 10: Baseband envelope detection is assumed for Device 2b with ZIF receiver.
Proposal 11: For Ambient IoT device based on RF envelope detection, the receiver sensitivity can be reported per company by inspection of reference implementations in the field.
· For Device 1, the receiver sensitivity is assumed to be e.g.  -40 dBm.
· For Device 2 with RF-ED receiver, the receiver sensitivity is assumed to be  -50 dBm.
Proposal 12: For Device 2b with IF-ED or ZIF receiver, the receiver sensitivity can be calculated based on a noise figure of e.g. 24 dB or higher.
Proposal 13: For Device 1, the reflection loss of backscatter modulator is assumed to be 6 dB and 0 dB for OOK and BPSK, respectively.
Proposal 14: For Device 2a, the power gain of reflection amplifier is assumed to be ≥10 dB.
Proposal 15: For Device 2b, the maximum transmit power is assumed to be -20 dBm or -10 dBm.
Proposal 16: For Device 1, the clock frequency is required to be sufficiently low (e.g., ≤ 1.92 MHz) to reach required power consumption.
Proposal 17: A maximum initial sampling frequency offset of 105 ppm is assumed for Ambient IoT device i.e., X = 5.
Proposal 18: The study item assumes no buffering beyond a small 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.
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