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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Hlk148044407]In RAN#103 meeting, for Rel-19 study item of ambient IoT has been updated in RP-240826 [1]. The detailed scopes are listed as below. 
This contribution provides discussion into Identifying 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 target for power consumption and complexity.

Evaluation assumption on Architecture for Ambient IoT devices 
RAN Device categorization:  
In TSG RAN1#116, the following device terminology was agreed,    
Agreement
For the purpose of the study, RAN1 uses the following terminologies:
· Device 1: ~1 µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, neither DL nor UL amplification in the device. The device’s UL transmission is backscattered on a carrier wave provided externally.
· Device 2a: ≤ a few hundred µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both DL and/or UL amplification in the device. The device’s UL transmission is backscattered on a carrier wave provided externally.
· Device 2b: ≤ a few hundred µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both DL and/or UL amplification in the device. The device’s UL transmission is generated internally by the device.

The power consumption of AIoT transceiver depends on different factors such as the required sensitivity at the receiver, the data rate, the required range, the used technology, i.e., the transceiver architecture. In [8], a survey that shows a wide range of power consumption that have been reported from 2005-present for different low power Tx/Rx architectures.
RF envelope detection-based architecture:
Ambient IoT Device 1 
RF envelope detection-based architecture process the received signal by the RF front end via the antenna and then passes it through the matching network that filters the incoming downlink signal and the antenna and matching network govern the frequency response/BW of the device. Then the signal passes through RF envelope detector (ED) to detect the transmitted payload and send it to the digital part i.e., logic circuit. The power consumption of RF ED component can be 1~7 μW [8] which is sufficient for such low-cost passive device. The DL coverage of such device is low since the sensitivity is poor.  
[image: ]
Figure 1: RF envelope detector-based architecture for passive Ambient IoT type 1 device 
Observation 1: For ED Rx architecture for passive Ambient IoT device the power consumption can range from less than 1 µW to a few µW.
Ambient IoT Device 2a 
RF envelope detection-based architecture for passive device with amplification capability containing energy storage can have simple low noise amplifier (LNA) for increasing the sensitivity and the coverage of the receiver by amplifying weak signals and meeting the carrier to noise requirements.  Power consumption for programmable LNA can vary depending on the amplification gain between ~20 μW to ~50 μW [9] while the power consumption of RF ED component can be 1~7 μW. The coverage is improved due to the presence of LNA, but the sensitivity of such architecture is still poor. 
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Figure 2: RF ED-based architecture for passive Ambient IoT type 2a device 

Ambient IoT Device 2b
RF envelope detection-based architecture for such active device containing energy storage can have low noise amplifier (LNA) for increasing the sensitivity and the coverage of the receiver by amplifying weak signals and meeting noise requirements. The additional component such as BB AMP and BB LPF can improve the sensitivity of the device by amplifying and further filtering the signal after the envelope detector while 1~2bit ADC can be used for the baseband processing. Compared to the other RF based envelope detector architecture, this additional component improving the sensitivity of the receiver detection, however, increases the power consumption.   
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Figure 3: RF ED-based architecture for active Ambient IoT type 2b device 
Proposal 1: RAN1 evaluates power consumption and performance for passive device type 1 (~1 μW) with a simple RF envelope detector-based architecture considering the different components such as matching network, RF envelope detector circuit, and digital part of the device.  
Proposal 2: RAN1 evaluates power consumption and performance for passive device type 2a (Few 100 μW) with RF envelope detector-based architecture considering the different components such as matching network, band pass filter, RF envelope detector circuit, and low power LNA to improve the reception sensitivity of the signal.
Proposal 3: RAN1 evaluates RF envelope detector-based architecture for active device type 2b (Few 100 μW) considering the different components such as matching network, band pass filter, RF envelope detector circuit, LNA, BB LPF, and ADC.

Ambient IoT device 2b with Homodyne/Zero-IF architecture with ASK receiver:
The homodyne/zero-IF architecture with baseband envelope detection for ASK replaces the RF envelope detection stage with mixer and LO directly. The power consumption is higher compared to the RF enveloper detector-based architecture however it is much lower compared to the heterodyne architecture with IF envelope detection, since in homodyne/zero-IF architecture there is no IF stage [4]. The lack of IF stage is noticed with reduced interference resiliency and sensitivity accordingly also the DC offset and flicker noise affect the detection performance. The power consumption of such receiver at 10kbps data rate can deviate from 63µW to 120µW for receiver sensitivity varying from -50dBm to -80dBm respectively [9,11].

[image: ]
Figure 4: RF ASK receiver for homodyne active Ambient IoT type 2 device (Few100 µW)
Observation 2: For homodyne Rx architecture the power consumption can range from 60uW to more than 120 µW depending on the required sensitivity at the receiver.

Ambient IoT device 2b - Homodyne/zero-IF architecture with FSK receiver
The homodyne/zero-IF architecture for FSK reception requires multiple BPF and multiple 1-bit/multi-bit ADC converters. For example, two stages are needed to decode the binary FSK modulated signal. Such extra chain adds complexity compared to the ASK receiver [4].   Efficient and low power FSK receiver can be achieved by implementing a digitally assisted analog 2-FSK demodulator which consumes ~380µW [10]
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Figure 5: An example of RF FSK receiver for homodyne active Ambient IoT type 2 device (Few100 µW)

Observation 3: Homodyne Rx architecture for FSK reception with analog 2-FSK modulator can consume more than 380µW [10].
Ambient IoT device 2b with Homodyne/zero-IF with FM-AM detector
The FM-AM detector can be implemented using a frequency discriminator, which converts frequency variations into amplitude changes [4] and can be implemented in analog and digital domain. FSK receiver with FM-AM detector can be implemented with power consumption of ~420µW [12].
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Figure 6: Homodyne FM-AM receiver for active Ambient IoT type 2b device (Few100 µW)
Observation 4: Homodyne Rx architecture for FSK reception with FM to AM detector can consume more than 420µW [12].
Proposal 4: RAN1 evaluates whether the power consumption of homodyne/zero-IF receiver circuitry for active Ambient IoT device type with amplification for FSK reception meets the target power consumption. 
Proposal 5: RAN1 evaluates whether the power consumption of homodyne/zero-IF receiver circuitry for active Ambient IoT device type with amplification for FSK reception using a FM-AM detector meets the target power consumption. 

Transmitter architecture for Ambient IoT devices
Device type 1 (~1 µW) transmitter:
The carrier wave received from the emitter and the passive device backscatters the electromagnetic wave by changing the input impedance of the matching network. The device can generate ASK modulated data by switching the input impedance of the network with two different state that changes the resistance of the impedance. While the device can generate PSK modulated data by switching between more than one phase by changing the capacitance of the input impedance. The transmit coverage is limited due to the absence of any amplification stage while the passive device uses the power of the incoming carrier wave to transmit the backscatter and there are losses due to the polarization mismatch, return loss due to power reflection coefficient from the complex impedance and modulation factor depends on the reflection coefficients of the tag modulating loads. 
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Figure 7: RF transmitter for passive Ambient IoT type 1 device (~1 µW)
Device type 2a Transmitter:
The passive device with amplification containing energy storage can have an additional reflection amplification stage i.e., 10-20dB to amplify and transmit the backscattered modulated data using e.g., tunnel diode [7] which may consume a few µW, or Gunn diode that consume higher power [5]. 
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Figure 8: RF transmitter for semi-passive Ambient IoT type 2a device (Few100 µW)
The following simple examples of RF circuitry designs illustrates the ASK, PSK and M-QAM modulators at passive AIoT device. To generate ASK, the impedance/resistance of matching network is switched between different states. PSK signal can be achieved by changing the imaginary part of the reflection coefficient, i.e., input capacitance of the Ambient IoT RF circuit is switched between different states. To achieve higher throughput, M-QAM/ M-PSK modulation of the UL signal can be generated at passive Ambient IoT RF circuit. Different load impedances that are connected to the antenna can be switched to provide different reflection coefficients, and hence the phase and amplitude of the incident carrier wave can be modulated to introduce QAM-like modulated signal. Such modulator can be implemented with low power consumption of ~115 nW [6].  
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Figure 9: RF circuitry for different backscattering modulators
Active device type 2b transmitter:
The active transmitter with amplification and storage may encodes and modulates the payload in BB. In addition to BB, the transmitter contains a digital to analog converter, mixer to reject the generated frequency image and a power amplifier. The power consumption of amplifier with -10dBm output power is around 100µW. 
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Figure 10: RF transmitter for active Ambient IoT type 2 device (Few100 µW)

Proposal 6: RAN1 evaluates whether the power consumption of transmitter circuitry for passive and passive with amplification Ambient IoT device type meets the target power consumption considering different modulation schemes such as ASK, PSK, M-QAM. 
Proposal 7: RAN1 evaluates whether the power consumption of transmitter circuitry for active Ambient IoT device type meets the target power consumption considering different component in BB and RF such as encoder, modulator, mixer, filter, oscillator, and power amplifier. 
Energy Harvesting 
The RAN#103 clarified to study energy harvesting on device availability for transmission and reception procedures and the charging time due to energy harvesting can be assumed upto several tens of seconds. The factors affecting the RF harvesting of the circuitry such as resistance, voltage on the charging time of different energy storage size is shown in the below table. 
	R
(kΩ)
	1µF
	2 µF
	3 µF
	4 µF
	5 µF
	6 µF
	7 µF
	8 µF
	9 µF
	10 µF

	1
	5
	10
	15
	20
	25
	30
	35
	40
	45
	50

	20
	100
	200
	300
	400
	500
	600
	700
	800
	900
	1000

	100
	500
	1000
	1500
	2000
	2500
	3000
	3500
	4000
	4500
	5000

	1000
	5000
	10000
	15000
	20000
	25000
	30000
	35000
	40000
	45000
	50000


   Table 1: RF Energy Charging time (msec) considering different capacitance size and resistance 
At the beginning of the inventory process, it is not possible to assume that every Ambient IoT device is fully charged and able to withstand entire inventory round with the stored energy.  Hence, the Ambient IoT device might need to harvest energy to sustain the Tx/Rx operation within the inventory round. Also, the Ambient IoT device might need to harvest energy to sustain the Rx operation outside the inventory round to regularly monitor for the inventory request command from the reader. The Table 1 shows the RF harvesting time within the inventory latency in blue and yellow for 1 sec and 10 sec respectively while the red color is outside the latency bound. Since the harvesting is integral part of the Ambient IoT device, hence the minimum capacitance size and the resistance for harvesting should be defined as part of the evaluation.
Proposal 8: Consider the feasibility of Ambient IoT device in terms of minimum capacitance and charging time to meet the targeted inventory round performance.  
The Ambient IoT device can periodically wake up to monitor for the Query command within the inventory round and once the inventory of the Ambient IoT device is finished, the Ambient IoT may sleep until the end of the inventory round. Hence, the power consumption of the Ambient IoT device should take into consideration on the periodic Rx, synchronization. Also, the power consumption of transmitting RACH and EPC ID by the Ambient IoT device must be take into consideration within the inventory round. The Ambient IoT device might need to maintain minimum power consumption within the inventory round to maintain the RAM memory. 
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Figure 4: Illustration of Duty cycle based operation of Ambient IoT device in an inventory round

For example, a device with 2µF capacitance as energy storage may have an available energy of 1µJ and with that considering the consumption of power state for Rx, periodic synchronization is around 55µW and sleep state power consumption to maintain RAM memory is 0.5µW per query round, where each query round is 10ms. The Tx power consumption is around 500µW which includes the 2 transmission opportunity for random access and EPC ID transmission and 2 reception opportunity to receive configuration. Meanwhile, the harvesting time with 20kOhm resistance is around 200msec to attain a full charge of  1µJ.
The total number occasions that the Ambient IoT device may sustainably operate for receiving only is 1µJ/0.055µJ which is around 18 query rounds. If we consider the transmission of the Ambient IoT then the available energy for transmission should be 1µJ/0.055µJ > 500µW which should within the 12th query round. 
Proposal 9: Evaluate the power consumption of the Ambient IoT device within a inventory round considering duty cycle-based operation, 
· Periodic Rx and synchronization 
· Minimum sleep state to maintain the RAM memory 
· Tx operation for transmitting random access and EPC ID

Conclusion
[bookmark: _Hlk101873554]Below is the summary of proposals and observations from our contribution. 
Observation 1: For ED Rx architecture for passive Ambient IoT device the power consumption can range from less than 1 µW to a few µW.
Observation 2: For homodyne Rx architecture the power consumption can range from 60uW to more than 120 µW depending on the required sensitivity at the receiver.
Observation 3: Homodyne Rx architecture for FSK reception with analog 2-FSK modulator can consume more than 380µW [10].
Observation 4: Homodyne Rx architecture for FSK reception with FM to AM detector can consume more than 420µW [12].
Proposal 1: RAN1 evaluates power consumption and performance for passive device type 1 (~1 μW) with a simple RF envelope detector-based architecture considering the different components such as matching network, RF envelope detector circuit, and digital of the part of the device.  
Proposal 2: RAN1 evaluates power consumption and performance for passive device type 2 (Few 100 μW) with RF envelope detector-based architecture considering the different components such as matching network, band pass filter, RF envelope detector circuit and including low power LNA to improve the reception of the signal.
Proposal 3: RAN1 evaluates RF envelope detector-based architecture for active device type 2 (Few 100 μW) considering the different components such as matching network, band pass filter, RF envelope detector circuit, LNA, BB LPF and ADC.
Proposal 4: RAN1 evaluates whether the power consumption of homodyne/zero-IF receiver circuitry for active Ambient IoT device type with amplification for FSK reception meets the target power consumption. 
Proposal 5: RAN1 evaluates whether the power consumption of homodyne/zero-IF receiver circuitry for active Ambient IoT device type with amplification for FSK reception using a FM-AM detector meets the target power consumption. 
Proposal 6: RAN1 evaluates whether the power consumption of transmitter circuitry for passive and passive with amplification Ambient IoT device type meets the target power consumption considering different modulation schemes such as ASK, PSK, M-QAM. 
Proposal 7: RAN1 evaluates whether the power consumption of transmitter circuitry for active Ambient IoT device type meets the target power consumption considering different component in BB and RF such as encoder, modulator, mixer, filter, oscillator, and power amplifier meet the target power requirement. 
Proposal 8: Consider minimum capacitance size and resistance for each device type for evaluating the harvesting time within the inventory round.    
Proposal 9: Evaluate the power consumption of the Ambient IoT device within the inventory round considering duty cycle-based operation, 
· Periodic Rx and synchronization 
· Minimum sleep state to maintain the RAM memory 
· Tx operation for transmitting random access and EPC ID
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