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1. Introduction
[bookmark: _Hlk157701875]A new SID on studying Ambient Internet of Things (AIoT) was approved in RAN #116 meeting [1]. The description of AIoT architecture in SID is given blow:
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
In this contribution, we firstly introduce how low-power and low-complexity tag transmit to receiver and the information exchanged between tag and receiver/ external carrier-wave (CW) node if needed. Then we will discuss the candidate tag architectures under different modulation modules which potentially meet the design targets of RAN 1and RAN 4. At last, we provide the design on key modules of tag.
2. Tag transmission 
[bookmark: _Hlk158214647][bookmark: _Hlk159251529]As shown in figure 1, CW for energy harvesting is optionally as a RF energy source, and signaling includes paging/synchronization/control command, etc. CW for energy harvesting or signaling may be as the activation signal to activate the demodulation circuit. When signaling is demodulated, controller triggers to switch on modulation module to transmit backscatter signal based on the received CW at tag (we call a AIoT device as a tag in this contribution). 


Figure 1 Tag transmission with external carrier-wave for backscattering
If the tag’s UL transmission can be generated internally by tag itself, external CW for UL transmission will not be considered. As shown in figure 2, after reception of signaling for paging/synchronization/control by demodulation module, controller triggers to switch on modulation module to transmit UL signal based on the internal CW of tag. 


Figure 2 Tag transmission by itself internal CW
Proposal 1: The following terminology may be used for future discussion,
· Demodulation: study and discuss on the Rx module for receiving and processing paging/synchronization/control signaling, then decide the initial sampling frequency offset (SFO) (ppm).
· Modulation:
· the reflection module for UL backscattering signal based on the external CW.
· the UL transmission model based on the internal CW of tag.
· CW for energy harvesting is not necessary because of different energy sources in environment. The node of CW for energy harvesting/UL transmission can be the same node with DL signaling transmitter or UL signal receiver, or can be the other CW node. 
· Clarify whether the wake-up signal for activating demodulation circuit comes from CW for energy harvesting or signaling with specific design, or both can be used.
According to the definition of two AIoT devices in R19 AIoT SID [1], energy storage will be considered for future discussion. Energy storage can improve the demodulation sensitivity (e.g., envelop detection threshold) for lowest capability tag with only 1 µW peak power consumption (Device A), or to improve the DL demodulation capability by adding low noise amplifier (LNA) for another tag with a few hundred µW peak power consumption (Device B). As shown in figure 1, the energy storage is achieved by rectifier to accept the energy generated by a specific RF source node (e.g., CW for energy harvesting as shown in figure 1) or other energy sources, including solar, thermal and mechanical vibration. 
Rectifying efficiency will influence the demodulation sensitivity and capability, which relates with received power level, frequency, energy density, antenna gain, etc.  
Observation 1: The lowest capability tag with only 1 µW peak power consumption have no energy storage capability and another tag with a few hundred µW peak power consumption have limited energy.
Proposal 2: Discuss on the impact rectifying efficiency for RF source on demodulation sensitivity and signal/channel design. 
3. [bookmark: _Hlk157760255]Discussion on the architertures of tag
1. 
2. 
3. 
3.1. Demodulation of tag
To guarantee the communication range of the low-power low-complexity tag, improving the demodulation sensitivity is critical. Wake-up receiver (LP-WUR) includes 3 envelope detection architectures to guarantee the low-power and low-complexity features, thus, the architecture for demodulation of tag can refer to that of LP-WUR [2]. Some design principles can be concluded as follows:
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL) for demodulation, and lightweight ADC (e.g., 1bit) can be considered for low data rate demodulation. Thus, intermediate frequency (IF) and baseband envelop detection is low priority to study if the power consumption of LO cannot be reduced to a few tens µW level. 
· High-Q matching network 
· Envelop detection can be used for signal demodulation to reduce the power consumption and complexity.
· Before envelop detection, filter can be used for filtering unwanted signal to correctly demodulate. 
· LNA can be used to improve the demodulation sensitivity for device B.

Proposal 3: The receiver architectures with RF envelop detection should be firstly studied for demodulation of tag. IF and baseband envelop detection is low priority to study if the power consumption of LO cannot be reduced to a few tens µW level.

Different line coding methods have been applied in RFID, e.g., Pulse interval encoding (PIE) and Manchester. PIE coding can be used for one of self-supplying energy scheme to meet the requirement of demodulation energy during signal accumulation without external energy, which is friendly for low-power and low-complexity tag. To improve the demodulation sensitivity by self-supplying energy, LNA-free scheme achieved by LC resonator may be considered to amplify the signal amplitude for device A. In addition, according to [3], we know the design on low-power receiver architecture is a trade-off of power consumption and data rate because of ADC accounting for the major part of the power consumption. Thus, to avoid the high-power ADC-sampling, low-power sampling-less decoding schemes should be considered.

Observation 2: Self-supplying energy scheme with near-zero power consumption amplifier or low-power ADC can meet the requirement of AIoT power consumption.

Proposal 4: The receiver architecture with self-supplying energy scheme or LNA-free for tag should be further studied to decide if meeting the requirement of RAN1 and RAN4 or not.
· Near-zero power consumption amplifier may be considered for two types tag with 1 µW/few hundred µW peak power consumption
· LNA can be considered for device B
· Self-supplying energy scheme may be considered for two types tag with 1 µW/few hundred µW peak power consumption

In summary, we give the receiver architecture diagram of RF envelop detection as shown in figure 3. Here, LNA-free represents passive amplifier function using LC resonator. Energy integration is used for self-supplying energy of demodulation.


Figure. 3 Illustration of a tag receiver architecture with RF envelop detection
3.2. Modulation of tag
As discussed in section 2, after reception of signaling for paging/synchronization/control by demodulation module, controller triggers to switch on modulation module to transmit UL signal. If a CW is provided by external node, tag will reflection the modulated signal based on the received CW. If a CW is provided by tag itself, tag will transmit the modulated signal based on internal CW. 
3.2.1 Modulation of tag with external CW
Tag modulates bit message to externally CW by ASK/OOK, or BPSK, or 2FSK. Here, we will discuss three modulation architectures and analyze the advantages and disadvantages, respectively. As we knowledge, OOK is the most widely used modulation for low-power and low-complexity requirement. For tag with limited power, OOK can be supported but we don’t exclude other modulation methods, e.g., BPSK and 2FSK. Different modulation methods need to support different hardware capability and architecture, and if meet the requirement of RAN1 and RAN4 or not needs further discuss. In addition, the existing NR DL modulation and NB-IoT DL modulation all base on OFDM waveform, which is not used for tag DL modulation. Thus, the architectures of modulation need to be reconsidered in this subsection.  
It should be noted that tag reflects signal by externally CW needs meet the reflection sensitivity, which is not same as demodulation sensitivity. Generally, the value of reflection sensitivity is less than that of demodulation sensitivity.

Observation 3: Reflection sensitivity is not same as demodulation sensitivity, and the reflection sensitivity is decided by modulation architecture design, and the demodulation sensitivity is decided by demodulation architecture design.

The reflection modulation principle of tag is different from traditional modulation principle. By impedance switching to change the reflection coefficient can achieve the modulation of amplitude and phase. If switching rate is changed regularly according to bit 1 or 0, FSK can be achieved. It should be noted that switching rate is decided by ON-OFF waveform duration, which influences further the data rate of backscatter signal. Impedance matching/non-matching scheme between antenna and load is used for modulation, and we conclude different modulation methods based on impedance matching/non-matching [4][5]:
· OOK, matching corresponding to bit 0 and non-matching corresponding to bit 1
· BPSK, non-matching with short load corresponding to bit 0 (0 degree) and non-matching with open load corresponding to bit 1 (180 degree)
· 2FSK, non-matching with frequency 1 corresponding to bit 0 and non-matching with frequency 2 corresponding to bit 1

Observation 4: The amplitude/phase/frequency of backscatter signal can be changed by controlling reflection coefficient using different impedance types. 
Observation 5: Switching rate between different impedances is decided by ON-OFF waveform duration, which influences further the data rate of backscatter signal.

Next, we will discuss different modulation architectures and analyze their advantages/disadvantages.
3.2.1.1 OOK modulation architecture
As shown in figure 4, we give the illustration of a tag backscattering OOK-modulated signals [4]. Here, Za represents the first load impedance equals to antenna impedance, which can achieve the external CW absorption because of impedance matching between antenna and load impedance. Then Z0 represents the second load equals to short or open impedance, which can achieve the external CW reflection because of impedance mismatching between antenna and load impedance. ON-OFF waveform generated by logic circuit of MCU/chip is related to the bit to be transmitted at tag. 


[bookmark: _Hlk158022917]Figure. 4 Illustration of a tag backscattering OOK-modulated signals
As we know, the modulation depth is decided by the degree of impedance matching. However, non-idea factors (e.g., transmission line impedance) will impact the degree of impedance matching. 
3.2.1.2 BPSK modulation architecture
As shown in figure 5, we give the illustration of a tag backscattering BPSK-modulated signals. Here, Z1 represents the first load impedance equals to short impedance, which can achieve in-phase of the external CW as well as reflecting the CW. Then Z2 represents the second load equals to open impedance, which can achieve anti-phase of external CW as well as reflecting the CW. 


Figure. 5 Illustration of a tag backscattering BPSK-modulated signals
If all load impedances consist with only resistances and we assume no non-idea impact (e.g., 10000ppm frequency error), then in-phase and anti-phase can be easily achieved. However, the switching between two loads will generate extra capacitor value, which make the phase of backscattered signal offset. Meanwhile, if oscillator to generate ON-OFF waveform has higher frequency error (e.g., >200ppm), the phase offset of backscattered signal will further be enhanced.
In addition, QAM can be designed by using at least 4 impedance states or 2 impedance states with I/Q path. However, the phase is impacted by frequency error and other factors. Thus, QAM is low priority to study.
3.2.1.3 2FSK modulation architecture
As shown in figure 6, we give the illustration of a tag backscattering 2FSK-modulated signals. Here, Z1 and Z2 represent the short and open impedances, which makes sure that the reflection coefficient equals to 1 and -1. The other 2FSK modulation method with non-load modulation can be discovered in figure 7. Tag can change the response frequency of the circuit by adjusting the capacitance of the circuit to realize 2FSK modulation. FSK has better BER performance than OOK [6]. In addition, variable capacitor with frequency modulation can also used for 2FSK, but it’s an active component.


Figure. 6 Illustration of a tag backscattering 2FSK-modulated signals
[image: ]
Figure. 7 Resistance-based 2FSK modulation [6]

Three types of potential modulation architectures for low-power low complexity tag are analyzed in the above, and the comparisons of them are summarized in table 1.

Table 1 Comparison of low-power low-complexity modulation architectures

	Modulation architectures
	Power consumption
	Modulation schemes
	Return
Loss (dB) [6]
	Modulation complexity
	Phase
robustness

	ASK/OOK
	<1µW
	Load modulation
	~5dB
	good
	good

	BPSK
	<1µW [7]
	Load modulation
	~5dB
	good
	poor

	2FSK
	tens of µW~ hundreds of uw [8][9]
	Load modulation
/Non-load modulation
	>5dB
	poor
	poor



In summary, OOK and BPSK all have same power consumption/return loss/modulation complexity when using load modulation, which are potential schemes for device A. However, phase offset is sensitive for BPSK if non-idea factors is not canceled. 2FSK has more higher power consumption and return loss (backscattering loss) compared with OOK and BPSK. Thus, 2FSK may apply for device B. 

Observation 6 
--The same modulation power consumption, modulation complexity and return loss can be discovered in OOK and BPSK. However, the modulation depth of OOK and the phase offset of BPSK will be impacted by non-idea factor. 
--2FSK will occupy more frequency resource and can be achieved by non-load modulation. In addition, OOK and BPSK all can be achieved by non-load modulation, e.g., active component. However, non-load modulation needs more higher power consumption and may not meet the RF emission of RAN4.

Proposal 5: Based on the above analysis, we give some suggestions of modulation architecture for future discussion 
-- Study on OOK-based modulation architectures firstly to meet the requirement of low-power and low-complexity.
-- Study on BPSK-based modulation architectures to analyze the feasibility as candidate modulation scheme, including phase offset because of non-idea factors. In addition, QAM should not considered in this version because of the hardware complexity and the higher power consumption.
--2FSK-based modulation architecture as low priority may be considered to meet the UL coverage requirement of device B. 
-- Only load modulation is considered for OOK and BPSK modulation schemes because of the requirement of low-power and low-complexity.
-- Different UL receiver architectures should be considered, including OOK-based receiver and BPSK-based receiver. 
3.2.2 
3.2.2 Modulation of tag by itself internal CW
As discussed in section 2, if CW is generated by tag itself, then the modulation architecture of tag will be different from the section of 3.2.1. As we know, generating OFDM-based signal is high power consumption and high complexity because high resolution DAC and IFFT/DFT are used. Thus, the components with high power consumption will not be considered in this architecture. Nevertheless, LO or PLL with limited power consumption (e.g., with a few hundred µW peak power consumption) may be used for this architecture to generate internal CW, which has low frequency resolution. 

Proposal 6: The modulation architecture of tag by itself internal CW includes LO or PLL with low frequency resolution because of the limited power consumption and excludes DFT or IFFT modules. 
4. Discussion on key modules of tag’s architecture
4. 
4.1. Demodulation architecture
4.1.1 Rectifier and Filter 
As discussed in section 2, rectifying efficiency will influence the demodulation sensitivity and capability, which relates with received power level, frequency, energy density, antenna gain, etc. In this section, we focus on discuss ambient RF energy and relative rectifier. 
Ambient RF energy has a relatively low energy density and the rectifying efficiency of rectifier depends on the received power level, e.g., the power density of RF power transfer is 0.4-60 μW at typical working distances (3 ~ 15 meters), assuming 30dBm transmission power, 6dBi antenna gain and 20% RF-DC conversion efficiency [6]. 
The minimum RF power can be harvested is about -30dB. The rectifying efficiency of ambient RF energy about 900MHz band is listed in the table 2 below.
Table 2. Rectifying efficiency for RF energy storage [10]
	Rectifying Efficiency (%)
	Input power    (dBm)
	Center frequency (MHz)
	Rectifier 

	10
	-22.6
	906
	0.25µm CMOS

	11
	-14
	915
	90µm CMOS

	12.8
	-19.5
	900
	0.18µm CMOS

	13
	-14.7
	900
	0.35µm CMOS

	16.4
	-9
	963
	0.35µm CMOS

	18
	-19
	863
	0.5µm CMOS

	26.5
	-11.1
	900
	0.18µm CMOS

	36.6
	-6
	963
	0.35µm CMOS

	47
	-8
	915
	0.218µm CMOS


CW for data communication is not continuous in NR wireless environment. If the channel is occupied for a long time, the CW transmitter cannot supply more RF energy to tag during specific band and time unit, then tag will not be activated because of a much lower threshold. It means that tag can harvest energy from CW transmitted by nearby transmitter(s). Thus, extra CW node from indoor or outdoor may be considered for RF energy harvesting.

As we know, analog filter of demodulation architecture at tag is important to suppress the unwanted CW and signaling. If bandpass bandwidth is large, rectifying efficiency will be improved, however, the out-of-band interference will be accepted to impact the demodulation performance. If bandpass bandwidth is small, rectifying efficiency will be reduced and out-of-band will be suppressed. Thus, the bandpass bandwidth of analog filter needs to be discussed by combination with guard band allocation, order number of filter, design feasibility, etc. 
Observation 7 
--Extra CW node may be considered to improve the rectifying efficiency of rectifier. 
--Analog RF filter at demodulation architecture can be used for interference suppression and improving rectifying efficiency.
Proposal 7: Study on the followings related to the rectifier and analog RF filter at demodulation architecture
--Improve rectifying efficiency by considering extra CW node and wider analog RF filter
--Suppress the out-of-band interference by considering suitable analog RF filter
4.2. Modulation architecture
4.2.1 Reflection Amplifier
Different from traditional power amplifier, to enhance the amplitude/radar cross section (RCS) of backscattered signal, reflection amplifier with negative impedance can be considered to generate a reflection coefficient greater than 1. Tunnel diode/CMOS/transistor components are used for reflection amplifier, and the area of negative impedance is a variable range with the change of bias voltage/current [11]. We conclude some characteristics of reflection amplifier as follows,
· Tunnel diode has the advantage of low-power, e.g., <100μW, and the gain is the range of 10-30dB. However, instability and high cost are the disadvantages.
· CMOS/transistor has the advantage of high stability and right cost; however, the power consumption is generally more than one hundred of μW.
· The variable gain may be achieved by adjusting the value of bias voltage/current.
· Reflection amplifier is active component, which has non-line feature like traditional PA/LNA. Thus, RAN4 should consider the coexistence impact of RF emission if the received power level of external CW is high.

Observation 8: Reflection amplifier can enhance the amplitude or RCS of backscattered signal. Different types of reflection amplifier have different characteristic. Reflection amplifier is active component, which has non-line feature like traditional PA/LNA.

Proposal 8: Study on the impact reflection amplifier on RAN1 and RAN4, including UL coverage evaluation/power control/interference handling in RAN1, and RF emission at tag in RAN4. 

4.2.2 Impedances Switching
ON-OFF waveform to control switch includes basic wave, and other odd order waves. The multiplication in the time domain leads to a convolution in the frequency domain and may cause some additional harmonics [12]. Thus, harmonic interference will be generated by ON-OFF waveform when switching different loads. If we consider coexistence with NR UE or NB-IoT, whether or not this issue will cause significant impact on the demodulation can be further investigated. ON-OFF waveform can be generated by two ways,
· ON-OFF wave is generated by MCU/chip and the power consumption will be higher with the increase of UL data rate.
· ON-OFF wave is generated by low-power oscillator, e.g., ring oscillator [13][14]. 

Proposal 9: Study on the low-power and low-complexity oscillator to generate ON-OFF waveform. Meanwhile, evaluate the time jitter and phase jitter of proposed oscillator.
4.2.3 Sideband suppression circuit
If dual-side signal can be used for improving SNR/SINR, it will be benefit for backscattering. Moreover, the phase of dual-side signal can be used for other function like OFDM signal. However, dual-side backscattered signal will be a mirror interference if one sideband is not allocated for backscattering. The frequency gap of dual-side is decided by ON-OFF duration/coding rate/chip rate, etc. If one sideband signal as mirror interference need to be suppressed, sideband suppression circuit will be used. 

Proposal 10: Study on sideband suppression circuit and consider the impact of mirror interference on RAN1 and RAN4.

5. Conclusion
In this contribution, we provide our views on the candidate AIoT architectures which potentially meet the design targets and the design considerations on key modules. The observations and proposals are listed as below:
Observation 1: The lowest capability tag with only 1 µW peak power consumption have no energy storage capability and another tag with a few hundred µW peak power consumption have limited energy.
Observation 2: Self-supplying energy scheme with near-zero power consumption amplifier or low-power ADC can meet the requirement of AIoT power consumption.
Observation 3: Reflection sensitivity is not same as demodulation sensitivity, and the reflection sensitivity is decided by modulation architecture design, and the demodulation sensitivity is decided by demodulation architecture design.
Observation 4: The amplitude/phase/frequency of backscatter signal can be changed by controlling reflection coefficient using different impedance types. 
Observation 5: Switching rate between different impedances is decided by ON-OFF waveform duration, which influences further the data rate of backscatter signal.
Observation 6  
--The same modulation power consumption, modulation complexity and return loss can be discovered in OOK and BPSK. However, the modulation depth of OOK and the phase offset of BPSK will be impacted by non-idea factor. 
--2FSK will occupy more frequency resource and can be achieved by non-load modulation. In addition, OOK and BPSK all can be achieved by non-load modulation, e.g., active component. However, non-load modulation needs more higher power consumption and may not meet the RF emission of RAN4.
Observation 7 
--Extra CW node may be considered to improve the rectifying efficiency of rectifier. 
--Analog RF filter at demodulation architecture can be used for interference suppression and improving rectifying efficiency.
Observation 8: Reflection amplifier can enhance the amplitude or RCS of backscattered signal. Different types of reflection amplifier have different characteristic. Reflection amplifier is active component, which has non-line feature like traditional PA/LNA.

Proposal 1: The following terminology may be used for future discussion,
· Demodulation: study and discussion on the Rx module for receiving and processing paging/synchronization/control signaling, then decide the initial SFO (ppm).
· Modulation:
· the reflection module for UL backscattering signal based on the external CW.
· the UL transmission model based on the internal CW of tag.
· CW for energy harvesting is not necessary because of different energy sources in environment. The node of CW for energy harvesting/UL transmission can be the same node with DL signaling transmitter or UL signal receiver, or can be the other CW node. 
· Clarify whether the wake-up signal for activating demodulation circuit comes from CW for energy harvesting or signaling with specific design, or both can be used.
Proposal 2: Discuss and study on the rectifying efficiency of RF source in AIoT architecture to improve demodulation sensitivity and capability, and consider the impact on signal/channel design. 
Proposal 3: The receiver architectures with RF envelop detection should be firstly studied for demodulation of tag. IF and baseband envelop detection is low priority to study if the power consumption of LO cannot be reduced to a few tens µW level.
Proposal 4: The receiver architecture with self-supplying energy scheme or LNA-free for tag should be further studied to decide if meeting the requirement of RAN1 and RAN4 or not.
· Near-zero power consumption amplifier may be considered for two types tag with 1 µW/few hundred µW peak power consumption
· LNA can be considered for device B
· Self-supplying energy scheme may be considered for two types tag with 1 µW/few hundred µW peak power consumption
Proposal 5: Based on the above analysis, we give some suggestions of modulation architecture for future discussion 
-- Study on OOK-based modulation architectures firstly to meet the requirement of low-power and low-complexity.
-- Study on BPSK-based modulation architectures to analyze the feasibility as candidate modulation scheme, including phase offset because of non-idea factors. In addition, QAM should not considered in this version because of the hardware complexity and the higher power consumption.
--2FSK-based modulation architecture as low priority may be considered to meet the UL coverage requirement of device B. 
-- Only load modulation is considered for OOK and BPSK modulation schemes because of the requirement of low-power and low-complexity.
-- Different UL receiver architectures should be considered, including OOK-based receiver and BPSK-based receiver. 
Proposal 6: The modulation architecture of tag by itself internal CW includes LO or PLL with low frequency resolution because of the limited power consumption and excludes DFT or IFFT modules. 
Proposal 7: Study on the followings related to the rectifier and analog RF filter at demodulation architecture
--Improve rectifying efficiency by considering extra CW node and wider analog RF filter
--Suppress the out-of-band interference by considering suitable analog RF filter

Proposal 8: Study on the impact reflection amplifier on RAN1 and RAN4, including UL coverage evaluation/power control/interference handling in RAN1, and RF emission at tag in RAN4. 
Proposal 9: Study on the low-power and low-complexity oscillator to generate ON-OFF waveform. Meanwhile, evaluate the time jitter and phase jitter of proposed oscillator.
Proposal 10: Study on sideband suppression circuit and consider the impact of mirror interference on RAN1 and RAN4.
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