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1	Introduction
The “Study on solutions for Ambient IoT (Internet of Things) in NR” [1] targets a further assessment at RAN WG level of Ambient IoT, a new 3GPP IoT technology, suitable for deployment in a 3GPP system, which relies on ultra-low complexity devices with ultra-low power consumption for the very-low end IoT applications. The study follows an initial study captured in TR 38.848 [2].
One of the objectives of the study  [1] is to identify basic blocks/components of possible Ambient IoT device architectures, considering state-of-the-art implementations of low-power low-complexity devices which meet the RAN design targets for power consumption and complexity [2].
The SID lists the following devices:
	i. [bookmark: _Ref178064866]~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.



This contribution presents our input on Ambient IoT device architectures for the following device types:
· Passive device without amplification (“A+”), corresponding to device (i).
· Passive device with amplification (“B”), corresponding to device (ii) with external signal generation.
· Active device with amplification (“C-“), corresponding to device (ii) with internal signal generation.
The contribution also discusses memory aspects and evaluation aspects.
2	Discussion
2.1	Passive device without amplification (“A+”)
The SID [1] mentions the following passive device type without amplification (Device A+).
	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.



[bookmark: _Hlk157078765]Rx architecture for Device A+
For the passive device without amplification (A+), a tight power consumption limit (1µW) is proposed. Hence, the envelope detection receiver architecture for the FDD DL band is shown in Figure 1.  The architecture consists of a radio-frequency band pass filter (RF BPF), a matching network, an active envelope detector (ED), a baseband low pass filter (BB LPF), a comparator (1-bit ADC) and a state machine. The matching network, placed between BPF and envelope detector has the purpose to match the high input impedance of the envelope detector with the BPF/antenna impedance. After filtering, the baseband signal is extracted from the RF signal incoming to the antenna by the envelope detector. The baseband signal is then filtered by a low pass filter (LPF) and subsequently converted to a digital signal by a comparator (1-bit ADC). This digital signal is then processed by a very simple processor (state machine). 
The power consumption of Device A+ is expected to be 2‑3 µW. The breakdown of the power consumption of different blocks is shown in Table 1 in Appendix. Note that the channel selectivity is driven mainly by the RF BPF. This may call for proper cell separation distance to avoid interference.
[bookmark: _Toc159198725][image: ]
[bookmark: _Ref157074999][bookmark: _Ref157074990]Figure 1: Device A+, Rx architecture

[bookmark: _Toc159198726][bookmark: _Toc159245892]The peak Rx power consumption for Device A+ is expected be 2‑3 µW.
[bookmark: _Toc159198727][bookmark: _Toc159245893]Replacing active ED with passive ED helps to reduce the peak power consumption to ~1 µW but negatively impacts the Rx sensitivity.
[bookmark: _Toc159198728][bookmark: _Toc159245894]With the power consumption target of 1 µW, it may not be feasible to achieve a reasonable Rx sensitivity level for Device A+. 
[bookmark: _Toc159245906]Study Rx architecture with RF envelope detection for passive device without amplification (A+).

Tx architecture for Device A+
The transmitter of Device A+ is supposed to send information via backscattering, by reflecting a modulated signal incoming at the antenna. Our proposal for the Tx architecture of Device A+ is shown in Figure 2. The energy harvester is shown for convenience in the Tx architecture schematic, but it will power both the Rx and Tx sections of the device. There are two operation modes: In the first operation mode the storage capacitor is charged by the energy harvester. Once the capacitor is charged the second operation mode starts and the energy stored in the capacitor is delivered either to the Rx or to the Tx section.  When the Tx section is enabled, the energy accumulated in the storage capacitor will supply a low dropout (LDO) regulator, which will turn on a ring oscillator and a digital encoder. The encoder will modulate the voltage at the gate of the transistor connected between the antenna and ground, modulating the antenna impedance, and hence the reflection from the antenna. The data is provided to the digital encoder by the state machine (not shown in Tx since it is already shown in the Rx architecture). The expected power consumption of this architecture is between 0.5 μW and 1.5 μW (see Table 1 in Appendix for power consumption breakdown), depending especially on the stability required in the ring oscillator. The size of the storage capacitor needs to be at least in the order of 20 μF. Note that this capacitor size (and those provided in subsequent sections) are initial proposals; more accurate figures can be provided if the transmission/reception durations are specified.
Binary phase shift keying (BPSK)/ On-Off-keying (OOK) modulation can be used for Tx. For OOK this can be done by switching the transistor between low and matched impedances providing 180 degrees reflection or absorption respectively. For BPSK the switching is between low impedance (reflecting the wave at 180 degrees) and high impedance (reflecting it at zero degrees). A matching network to transform the antenna impedance into something higher than 50 Ohms will be needed. In addition, the harvester should be disconnected from the antenna while transmitting so that it does not reduce the reflected signal in the high ohmic state. So, the architecture complexity may increase. More PSK states can be achieved by switching between more antenna impedances.
[bookmark: _Toc159198729][image: ]
[bookmark: _Ref158190946]Figure 2: Device A+, Tx architecture
Note that two separate antennas may be required since the quality factor of the harvesting antenna is required to be huge to provide a high voltage boost at the rectifier terminals so as to achieve at least 1 V at the rectifier output to drive the Tx/Rx circuits. That means that the harvesting antenna will be narrow band which calls for adding another antenna for Rx. 
[bookmark: _Toc159198730][bookmark: _Toc159245895]The peak Tx power consumption for Device A+ is expected be 0.5‑1.5 µW.
[bookmark: _Toc159198731][bookmark: _Toc159245896]The size of the storage capacitor for Device A+ needs to be at least in the order of 20 μF.
[bookmark: _Toc159198732][bookmark: _Toc159245897]Two separate antennas may be needed for harvesting and Rx. 
[bookmark: _Toc159245907]Study Tx architecture in Figure 2 for passive device without amplification (Device A+).

2.2	Passive device with amplification (“B”)
The SID [1] mentions the following device type with amplification, which can either be passive or active, and in this section, we focus on the passive device with amplification (Device B).
	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.
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.



Rx architecture for Device B
For the passive device with amplification (Device B), a power consumption limit of few hundreds µW is proposed in [1]. For Device B, OOK Homodyne (Zero IF) receiver architecture is shown in Figure 3 . For such a receiver, the power consumption is estimated to be 100 µW (see Table 1 in Appendix for power consumption breakdown). The architecture consists of a band pass filter, a matching network, an RF low noise amplifier (LNA), a mixer, a local oscillator (LO) plus a frequency locked loop (FLL), a base band amplifier, a baseband low pass filter, an 8-bit ADC and a base band processor. The matching network present the optimum noise impedance to the LNA in order to maximize sensitivity. After the RF filtering, the signal is down converted to the base band by the Mixer/LO. The baseband signal is then filtered by a LPF and subsequently converted to a digital signal by an 8-bit ADC. This digital signal is then processed by a digital baseband processor. 

Frequency shift keying (FSK) modulation is also a feasible option for Device B. Our proposal for the FSK architecture is shown in Figure 4. Here, an IQ mixer and an extra baseband (BB) amplifier are needed. This will increase the power consumption of the local oscillator as it has to drive two mixers.

[bookmark: _Toc159198733][image: ]
[bookmark: _Ref157081306]Figure 3: Device B OOK Rx architecture 
[image: ]
[bookmark: _Ref158191546]Figure 4: Device B FSK Rx architecture

[bookmark: _Toc159198734][bookmark: _Toc159245898]The peak Rx power consumption for Device B is expected be around 100 µW.
[bookmark: _Toc159245908]Study homodyne Rx architectures for OOK and FSK for passive device with amplification (Device B).

Tx architecture for Device B
The Tx architecture of Device B is based on a similar concept of that of Device A+. There are, however, two main differences:
1. The energy harvesting is not limited to RF; vibration harvesters, solar harvesters, etc., can be used to provide energy.
2. A reflection amplifier (RA) is connected to the antenna to enhance the radiated power during backscattering.

As shown in Figure 5, in this Device B, the digital encoder will modulate the supply to the RA by controlling the gate voltage of the transistor connected between the energy harvester and the RA. The RA can increase the power (and thus the range) of the radiated waves during backscattering, but it also introduces certain drawbacks. For example, it will require a fine tuning of the impedance presented by the antenna or fine tuning of the RA or both. If the wrong impedance is presented to the RA, it will result in instability, which will cause degraded performance due to fluctuation in amplitude and phase of the reflected signal, as well as interference to nearby devices due to spurious emission. The data is provided to the digital encoder by the state machine (not shown in Tx since is already shown in the Rx architecture). A gallium arsenide (GaAs) tunneling diode could be employed as a reflection amplifier.
The expected power consumption of the architecture in Figure 5 is about 150 μW (see Table 1 in Appendix for power consumption breakdown), where about 100 μW is due to the RA. Higher power consumption for the ring oscillator, compared to Device A+, is also considered in order to achieve better frequency stability. The size of the storage capacitor needs to be in the order of 2000 μF. Therefore, we believe that it may be hard to harvest enough energy via RF to power this device. This aspect needs to be discussed in RAN1 as it may have some impact on the system/protocol design.
As for Device A+ Tx architecture, different modulations can be feasible by providing different impedances to the backscattering antenna (e.g., in the case of BPSK) or modulating the clock signal (e.g., in the case of FSK). 

[bookmark: _Toc159198735][image: ]
[bookmark: _Ref159245835]Figure 5: Device B Tx architecture

[bookmark: _Toc159198736][bookmark: _Toc159245899]The peak Tx power consumption for Device B is expected be about 150 µW.
[bookmark: _Toc159198737][bookmark: _Toc159245900]The size of the storage capacitor for Device B needs to be at least in the order of 2000 μF.
[bookmark: _Toc159198738][bookmark: _Toc159245901]RF energy may not be sufficient to drive Device B as it requires higher peak power consumption. 
[bookmark: _Toc159245909]Study Tx architecture in Figure 5 for passive devices with amplification (Device B).
[bookmark: _Toc159245910]Discuss whether Device B, like Device A+, can rely solely on RF energy harvesting to drive itself. 

[bookmark: _Hlk158195393]2.3	Active device with amplification (“C-“)
The SID [1] mentions the following device type with amplification, which can either be passive or active, and in this section, we focus on the active device with amplification (Device C-).
	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.
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.



Rx architecture for Device C-
For Device C-, a higher power consumption compared to the passive device with amplification can be considered (≈500 µW). Hence, the receiver architecture proposed in Figure 6 for Device C- is similar to that of Device B (shown in Figure 3), except that a phase locked loop (PLL) is assumed instead of the FLL. For such a receiver, the power consumption is estimated to increase from ~100 µW to 500 µW (see Table 1 in Appendix for power consumption breakdown). The higher power consumption enables better sensitivity receivers through investing the power in the PLL and the RF LNA. 

[bookmark: _Toc159198739][image: ]
[bookmark: _Ref158191243]Figure 6: Device C- OOK Rx architecture

[bookmark: _Toc159198740][bookmark: _Toc159245902]The peak Rx power consumption for Device C- is expected be about 500 µW. The higher power consumption compared to Device B enables better sensitivity receivers.
[bookmark: _Toc159245911]Study homodyne Rx architectures for OOK and FSK for active device with amplification (C-).

Tx architecture for Device C-
The Tx architecture for Device C- is shown in Figure 7. In contrast to Devices A+ and B, Device C- has an active Tx architecture. The baseband data, generated by the digital processing unit, is fed to a digital PLL. In comparison to a conventional analog PLL, a digital PLL allows lower cost and lower power consumption. The digital PLL, together with the digital controlled oscillator (DCO) and LO driver, drives an energy-efficient Class-D power amplifier (PA). The expected power consumption of this architecture is about 500-700 μW (see Table 1 in Appendix for power consumption breakdown), for an output power of up to -10 dBm. The expected PA efficiency will be around 35-40%. We believe that it will be hard to harvest enough energy via RF to power Device C-; other sources would be more feasible. Note that the energy harvester is not shown in the Tx architecture schematic.
[bookmark: _Toc159198741][image: ]
[bookmark: _Ref158191276]Figure 7: Device C- OOK/FSK Tx architecture

[bookmark: _Toc159198742][bookmark: _Toc159245903]The peak Tx power consumption for Device C- is expected be about 500-700 μW, for an output power of up to -10 dBm.
[bookmark: _Toc159198743][bookmark: _Toc159245904]RF energy may not be sufficient to drive Device C- as it requires higher peak power consumption. 
[bookmark: _Toc159245912]Study Tx architecture in Figure 7 for active devices with amplification (Device C-).
[bookmark: _Toc159245913]Discuss whether Device C-, like Device A+, can rely solely on RF energy harvesting to drive itself. 

2.4	Memory aspects
Similar to legacy 5G NR, it is expected that some key communication information and parameters are stored in device memory so that device can benefit from registering to the network, e.g., reduced signaling overhead in subsequent access/communication, security, authentication, identification, etc. It remains to be studied what part of device context (key information and parameters) is to be stored and if it is affordable for Ambient IoT devices to do so. For example, such information may contain device ID (allocated by network), visited network information, security related information, states, some flags, timers, etc. A question is how much energy is required to store, for example, 50 bytes of key communication parameters. A 9T static-random-access-memory (SRAM) topology has a static power consumption of about 40 pW and an average write energy consumption of about 20 aJ per bit according to reference [3]. This would translate to a total static power consumption of 16 nW and an average energy consumption of 8 fJ for a memory of 50 bytes.
[bookmark: _Toc159198744][bookmark: _Toc159245905]It is expected that device would benefit from storing some key information and parameters in its memory. 
[bookmark: _Toc159245914]Discuss whether RAN1 should study aspects related to memory (e.g., size, type, refresh time, energy consumption, etc.) of an Ambient IoT device. 

2.5	Views on power consumption and complexity evaluation
The SID [1] is not entirely clear on to what extent device power consumption and device complexity should be evaluated. Here we present our views.
Power consumption evaluation
According to the SID, the peak power consumption targets are ~1 µW for Device A+ and ≤ a few hundred µW for Devices B and C-. However, the SID does not clarify how to interpret “peak power consumption”. There are possibly two interpretations:
· [bookmark: _Hlk159160760]Interpretation 1: It concerns the total power consumption associated with the active components in the transmitter/receiver chain of the device. That is, it includes the power consumption of the RF/analog part as well as the controller (state machine/baseband processor), but not that of memory or harvester/power management unit.
· Interpretation 2: It concerns the total power consumption associated with the active components in the transmitter/receiver chain, memory, and the harvester/power management unit. Since SID stipulates to focus on indoor inventory (rUC1) and indoor command (rUC4) use cases, there is no need to consider the power consumption of a sensor unit, which would have been the case if indoor sensor (rUC2) were to be included in the SI scope. 

To our understanding, it ought to be Interpretation 1. If so, the methodology in Table 1 can be adopted to evaluate the power consumption. In Table 1, the power consumption is calculated by summing up the power consumption of the individual components described in Interpretation 1. 
On the other hand, if RAN1 decides to adopt Interpretation 2, then there should be consensus on power consumption associated with the memory (as discussed in Section 2.4) and with harvester/power management unit. For the former (i.e., memory), RAN2 input may also be needed as the power consumption would depend on size and type of memory. 
[bookmark: _Toc159245915]Discuss the interpretation of “peak power consumption” in the SID, specifically, whether it pertains only to the power consumption of active components in the transmitter/receiver chain (RF and baseband), or if it also includes other components in the device, such as memory and harvester/power management unit.
[bookmark: _Toc159245916]Adopt the former interpretation in the above proposal and use the methodology in Table 1 to evaluate the peak power consumption.
Another aspect that may be worth discussing in RAN1 is related to evaluation of average power consumption. The average power consumption involves modelling different power states constituting the DO-DTT/DT traffic profile, such as OFF (sleep) states, ON (transmission/reception) states, and transition states. The benefit of such an evaluation is that it helps to gauge the energy required to sustain one or more inventory (or command) rounds. The evaluation results may be used as an input to protocol design (e.g., when determining the timing relationships) and to estimate the required energy storage at the device. However, evaluation of average power consumption would require significant efforts in RAN1, especially in relation to arriving at a consensus on power consumption and traffic models. At this point, it is unclear if the models in TR 38.869 (Rel-18 LP-WUS), TR 38.875 (Rel-17 RedCap), or TR 38.840 (Rel-16 UE power saving) can be used as a starting point for Ambient IoT.
[bookmark: _Toc159245917]Discuss whether/how to evaluate the average power consumption of Ambient IoT devices.

Complexity evaluation
Based on TR 38.848 [2], the design targets for device complexity are as follows:
	For Device A, the complexity target is to be comparable to UHF RFID ISO18000-6C (EPC C1G2).
For Device B, the target is such that:
-	Device A complexity < Device B complexity < Device C complexity.
For Device C, the complexity target is to be orders-of-magnitude lower than NB-IoT.



The device type definitions for Device A and Device C, as described in [2], are somewhat different from those for Device A+ and Device C- in the Rel-19 SI scope [1]. Nevertheless, the same complexity targets may be applicable for the device types in [1].
[bookmark: _Toc159245918]Adopt the same complexity targets for Devices A+, B, and C- in the SID as those for Devices A, B, and C in TR 38.848. 
Akin to power consumption evaluation, it needs to be discussed if the complexity target concerns only the transmitter/receiver chain (RF and baseband), or if it also concerns other components at the device, such as memory and harvester/power management unit. Once a consensus has been reached on this aspect, there are in general two main options for the evaluation of complexity:
· Option 1 (quantitative approach): To quantitatively evaluate complexity, the metrics that can be considered are modem bill-of-material (as in TR 38.875 for RedCap and TR 36.888 for LTE MTC), the chip area, or the gate equivalent count. Evaluating complexity using any of these metrics would require extensive work in RAN1.
· Option 2 (qualitative approach): In this approach, the complexity evaluation can be based on the inspection of reference implementation of devices similar to Ambient IoT devices, either found in the field or in academic/industry literature. Alternatively, one can simply infer the complexity based on the obtained peak power consumption values, as higher peak power consumption typically suggests greater complexity.

Once RAN1 reaches consensus on the general approach to adopt – quantitative or qualitative – the detailed evaluation methodology for complexity can be discussed. 
[bookmark: _Toc159245919]Discuss whether to adopt a quantitative or a qualitative approach for the evaluation of complexity.
3	Conclusion
In the previous sections, we made the following observations: 
Observation 1	The peak Rx power consumption for Device A+ is expected be 2‑3 µW.
Observation 2	Replacing active ED with passive ED helps to reduce the peak power consumption to ~1 µW but negatively impacts the Rx sensitivity.
Observation 3	With the power consumption target of 1 µW, it may not be feasible to achieve a reasonable Rx sensitivity level for Device A+.
Observation 4	The peak Tx power consumption for Device A+ is expected be 0.5‑1.5 µW.
Observation 5	The size of the storage capacitor for Device A+ needs to be at least in the order of 20 μF.
Observation 6	Two separate antennas may be needed for harvesting and Rx.
Observation 7	The peak Rx power consumption for Device B is expected be around 100 µW.
Observation 8	The peak Tx power consumption for Device B is expected be about 150 µW.
Observation 9	The size of the storage capacitor for Device B needs to be at least in the order of 2000 μF.
Observation 10	RF energy may not be sufficient to drive Device B as it requires higher peak power consumption.
Observation 11	The peak Rx power consumption for Device C- is expected be about 500 µW. The higher power consumption compared to Device B enables better sensitivity receivers.
Observation 12	The peak Tx power consumption for Device C- is expected be about 500-700 μW, for an output power of up to -10 dBm.
Observation 13	RF energy may not be sufficient to drive Device C- as it requires higher peak power consumption.
Observation 14	It is expected that device would benefit from storing some key information and parameters in its memory.

Based on the discussion in the previous sections, we propose the following:
Proposal 1	Study Rx architecture with RF envelope detection for passive device without amplification (A+).
Proposal 2	Study Tx architecture in Figure 2 for passive device without amplification (Device A+).
Proposal 3	Study homodyne Rx architectures for OOK and FSK for passive device with amplification (Device B).
Proposal 4	Study Tx architecture in Figure 5 for passive devices with amplification (Device B).
Proposal 5	Discuss whether Device B, like Device A+, can rely solely on RF energy harvesting to drive itself.
Proposal 6	Study homodyne Rx architectures for OOK and FSK for active device with amplification (C-).
Proposal 7	Study Tx architecture in Figure 7 for active devices with amplification (Device C-).
Proposal 8	Discuss whether Device C-, like Device A+, can rely solely on RF energy harvesting to drive itself.
Proposal 9	Discuss whether RAN1 should study aspects related to memory (e.g., size, type, refresh time, energy consumption, etc.) of an Ambient IoT device.
Proposal 10	Discuss the interpretation of “peak power consumption” in the SID, specifically, whether it pertains only to the power consumption of active components in the transmitter/receiver chain (RF and baseband), or if it also includes other components in the device, such as memory and harvester/power management unit.
Proposal 11	Adopt the former interpretation in the above proposal and use the methodology in Table 1 to evaluate the peak power consumption.
Proposal 12	Discuss whether/how to evaluate the average power consumption of Ambient IoT devices.
Proposal 13	Adopt the same complexity targets for Devices A+, B, and C- in the SID as those for Devices A, B, and C in TR 38.848.
Proposal 14	Discuss whether to adopt a quantitative or a qualitative approach for the evaluation of complexity.
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Appendix
Table 1: Breakdown of power consumption of different components in Tx/Rx architecture
	
	A+
	B
	C-

	
	Component
	Power Consumption [µW]
	Component
	Power Consumption [µW]
	Component
	Power Consumption [µW]

	Rx
	Passive/Active ED
	0/2
	RF LNA
	40
	RF LNA
	75

	
	ADC
	≤1
	Mixer
	8
	Mixer
	8

	
	State machine
	≤1
	FLL
	20
	PLL
	100

	
	
	
	BB AMP
	10
	BB AMP
	10

	
	
	
	ADC
	2
	ADC
	6

	
	
	
	Digital Processing
	20
	Digital Processing
	20

	
	Total
	~0.5/3
	Total
	~100
	Total
	~220

	Tx
	Digital Encoder
	1e-3
	Digital Encoder
	1e-3
	PA
	200-400

	
	LDO
	0.5
	LDO
	5
	DCO+LO Driver + DCO Buffer
	50

	
	Clock
	0.1-1
	Ring Oscillator
	20
	ADPLL
	250

	
	State machine
	0.1
	RA
	100
	Digital processing
	20

	
	
	
	Digital Processing
	20
	
	

	
	Total
	~0.7/1.6
	Total
	~145
	Total
	~500/700

	Number of antennas
	2 antennas: 
1 Rx, 1 Tx/Harvesting

	-
	1 Tx/Rx
	-
	1 Tx/Rx
	-
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