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1	Introduction
[bookmark: _Ref178064866]The “Study on solutions for Ambient IoT (Internet of Things) in NR” [1][2][3] targets a further assessment at RAN WG level of Ambient IoT (A-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 [4].
RAN1#116 was the first meeting in this study item. For this agenda item, we provided our views in [5] and [6] for RAN1#116 and RAN1#116bis, respectively. For RAN1#116bis, RAN1 discussion was captured in the feature lead summary in [7].
This contribution presents our perspective on unresolved issues regarding Ambient IoT device architectures. 
2	Issues
2.1	Device 1: Architecture
RAN1#116 made the following agreements regarding device architecture for Device 1:
	Agreement
Study at least the following blocks for device 1 architecture.
· Antenna could be either shared or separate for RF energy harvester and receiver/transmitter.
· Matching network is to match impedance between antenna and other components (including RF energy harvester and receiver related blocks).
· RF energy harvester can include rectifier performing RF signal (AC) to DC conversion.
· Energy storage (e.g., capacitor) stores harvested energy from RF energy harvester.
· Power management unit (PMU) manages storing energy to energy storage from energy harvester and suppling power to active component blocks which needs power supply.
· Digital BB logic includes functional blocks like encoder, decoder, controller, etc.
· Memory can include two types of memory: 1) Non-Volatile Memory (NVM) such as EEPROM for permanently storing device ID, etc, and 2) registers for temporarily keeping any information required for its operation only while energy is available in energy storage.
· Clock generator provides required clock signal(s).
· Reception related blocks
· RF BPF for improving selectivity.
· Depending on implementation, it may not exist. RAN4 RF requirement (if any, e.g., ACS) and peak power consumption target also need to be considered.
· RF Envelope Detector converts RF signal to baseband.
· BB LPF can filter out harmonics and high frequency components to improve input signal quality to comparator.
· Depending on implementation, it may not exist. Presence of BB LPF is assumed for the study.
· Comparator determines high/low of input signal.
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics. Waveform/Modulation type is FFS.
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Figure 1: RX/TX architecture of Device 1

An RF bandpass filter will be required in the RX chain of Device 1 since the RF-ED has poor selectivity. This RF filter will however not perform channel selection. As RF BPF, a surface-acoustic wave (SAW) filter with bandwidth of around 10 MHz, as for example in [8], could be considered.
[bookmark: _Toc166256753]An RF BPF is needed to suppress out-of-band interference. 
[bookmark: _Toc166256754]The BW of RF BPF can be around 10 MHz. 
2.2	Device 2a: Architecture
RAN1#116 made the following agreements regarding device architecture for Device 2a:
	Agreement
Study at least following blocks for device 2a architecture w/ RF-ED receiver.
· Antenna could be either shared or separate for RF energy harvester (if present) and receiver/transmitter.
· Matching network is to match impedance between antenna and other components (including RF energy harvester (if present) and receiver related blocks).
· Energy harvester.
· Energy storage (e.g., capacitor) stores harvested energy from energy harvester.
· Power management unit (PMU) manages storing energy to energy storage from energy harvester and suppling power to active component blocks which needs power supply.
· Digital BB logic includes functional blocks like encoder, decoder, controller, etc.
· Memory can include two types of memory: 1) Non-Volatile Memory (NVM) such as EEPROM for permanently storing device ID, etc, and 2) registers for temporarily keeping any information required for its operation only while energy is available in energy storage.
· Clock generator provides required clock signal(s).
· 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
· RF BPF filter for improving selectivity.
· Depending on implementation, it may not exist. RAN4 RF requirement (if any, e.g., ACS) and peak power consumption target also need to be considered.
· 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.
· RF envelope detector (RF-ED) detects envelope from RF signal.
· BB amplifier amplifies BB signal to improve signal strength.
· BB LPF can filter out harmonics and high frequency components to improve input signal quality to comparator/ADC.
· Depending on implementation, it may not exist.
· Comparator or N-bit ADC
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics.
· 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).
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[bookmark: _Ref165533747]Figure 2: Device 2a architecture with RF ED receiver

A 2- or 4-bit ADC would be preferable in Device 2a instead of a comparator, as explained in our RAN1#116bis contribution [6] and in Section 2.10 of this contribution. In addition to the RF-ED architecture in Figure 2 that has already been agreed in the previous RAN1 meeting, we propose architectures with Zero-IF and IF-ED receiver, as in Figure 3 and Figure 4, respectively. For power consumption breakdown please refer to Table  in Section 2.12.
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[bookmark: _Ref163197986][bookmark: _Ref165533582]Figure 3: Device 2a architecture with Zero-IF receiver
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[bookmark: _Ref163198147]Figure 4: Device 2a architecture with IF-ED receiver

[bookmark: _Toc166256771]Study Device 2a with ZIF and IF-ED architectures.

2.3	Device 2b: Architecture
RAN1#116bis made the following agreements regarding device architecture for Device 2b:
	Agreement
Study device 2b architecture w/ RF-ED receiver with following blocks.
· Antenna could be either shared or separate for RF energy harvester (if present) and receiver/transmitter.
· Matching network is to match impedance between antenna and other components (including RF energy harvester (if present) and receiver related blocks).
· Energy harvester for harvesting energy from e.g., RF signal, solar, vibration/movement, temperature difference, etc
· Energy storage (e.g., capacitor) stores harvested energy from energy harvester.
· Power management unit (PMU) manages storing energy to energy storage from energy harvester and suppling power to active component blocks which needs power supply.
· Digital BB logic includes functional blocks like encoder, decoder, controller, etc.
· Memory can include two types of memory: 1) Non-Volatile Memory (NVM) such as EEPROM for permanently storing device ID, etc, and 2) registers for temporarily keeping any information required for its operation only while energy is available in energy storage.
· Clock generator provides required clock signal(s).
· Reception related blocks
· RF BPF filter for improving selectivity.
· Depending on implementation, it may not exist. RAN4 RF requirement (if any, e.g., ACS) and peak power consumption target also need to be considered.
· FFS: LNA for improving signal strength and sensitivity of receiver, if present
· RF envelope detector (RF-ED) detects envelope from RF signal.
· BB amplifier amplifies BB signal to improve signal strength.
· BB LPF can filter out harmonics and high frequency components to improve input signal quality to comparator/ADC.
· Depending on implementation, it may not exist.
· Comparator or N-bit ADC
· Transmission related blocks
· Tx Modulator: baseband bits are modulated according to modulation scheme. This block could be the part of BB logic.
· Digital to Analog Converter (DAC) converts digital signal to analog signal.
· Low pass filter for filtering out undesired signal
· Mixer performs up converting baseband signal to RF range.
· Local oscillator (LO) for carrier frequency generation
· FFS: PLL/FLL
· FFS: Power amplifier (PA) amplifies tx signal, if present
· Details on transmitter related blocks depends on tx waveform/modulation.
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Agreement
Study device 2b architecture with ZIF receiver with following blocks.
· Antenna could be either shared or separate for RF energy harvester (if present) and receiver/transmitter.
· Matching network is to match impedance between antenna and other components (including RF energy harvester (if present) and receiver related blocks).
· Energy harvester for harvesting energy from e.g., RF signal, solar, vibration/movement, temperature difference, etc
· Energy storage (e.g., capacitor) stores harvested energy from energy harvester.
· Power management unit (PMU) manages storing energy to energy storage from energy harvester and suppling power to active component blocks which needs power supply.
· Digital BB logic includes functional blocks like encoder, detector, decoder, controller, etc.
· Memory can include two types of memory: 1) Non-Volatile Memory (NVM) such as EEPROM for permanently storing device ID, etc, and 2) registers for temporarily keeping any information required for its operation only while energy is available in energy storage.
· Clock generator provides required clock signal(s).
· 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
· RF BPF filter for improving selectivity.
· Depending on implementation, it may not exist. RAN4 RF requirement (if any, e.g., ACS) and peak power consumption target also need to be considered.
· FFS: LNA for improving signal strength and sensitivity of receiver.
· Mixer down converts RF signal to BB stage. 
· Depending on implementation, there could be one or two mixers for Rx and Tx
· BB amplifier amplifies BB signal
· BB LPF can filter out undesired frequency components to improve input signal quality to comparator/ADC.
· Depending on implementation, it may not exist.
· Comparator or N-bit ADC
· Transmission related blocks
· Tx Modulator: baseband bits are modulated according to modulation scheme. This block could be the part of BB logic.
· Digital to Analog Converter (DAC) converts digital signal to analog signal.
· Low pass filter for filtering out undesired signal
· Mixer performs up converting baseband signal to RF range.
· FFS: Power amplifier (PA) amplifies tx signal, if present
· Details on transmitter related blocks depends on e.g., waveform/modulation, etc
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Agreement
Study device 2b architecture with IF-ED receiver with following blocks.
· Antenna could be either shared or separate for RF energy harvester (if present) and receiver/transmitter.
· Matching network is to match impedance between antenna and other components (including RF energy harvester (if present) and receiver related blocks).
· Energy harvester for harvesting energy from e.g., RF signal, solar, vibration/movement, temperature difference, etc
· Energy storage (e.g., capacitor) stores harvested energy from energy harvester.
· Power management unit (PMU) manages storing energy to energy storage from energy harvester and suppling power to active component blocks which needs power supply.
· Digital BB logic includes functional blocks like encoder, decoder, controller, etc.
· Memory can include two types of memory: 1) Non-Volatile Memory (NVM) such as EEPROM for permanently storing device ID, etc, and 2) registers for temporarily keeping any information required for its operation only while energy is available in energy storage.
· Clock generator provides required clock signal(s).
· 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
· RF BPF filter for improving selectivity.
· Depending on implementation, it may not exist. RAN4 RF requirement (if any, e.g., ACS) and peak power consumption target also need to be considered.
· FFS: LNA for improving signal strength and sensitivity of receiver, if present
· Mixer down converts RF signal to IF stage. 
· Depending on implementation, there could be one or two mixers for Rx and Tx
· IF amplifier amplifies IF signal
· IF filter for filtering out unwanted RF and LO signals
· IF envelope detector (IF-ED) detects envelope from IF signal.
· BB amplifier
· Depending on implementation, one or both of IF amplifier and BB amplifier may exist.
· BB LPF can filter out harmonics and high frequency components to improve input signal quality to comparator/ADC.
· Depending on implementation, it may not exist.
· Comparator or N-bit ADC
· Note: image rejection is required
· Transmission related blocks
· Tx Modulator: baseband bits are modulated according to modulation scheme. This block could be the part of BB logic.
· Digital to Analog Converter (DAC) converts digital signal to analog signal.
· Low pass filter for filtering out undesired signal
· Mixer performs up converting baseband signal to RF range.
· FFS: Power amplifier (PA) amplifies tx signal, if present
· Details on transmitter related blocks depends on e.g., waveform/modulation, etc
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In Device 2b, if the power budget is well below 500μW, we believe that a duty-cycled FLL may be more suitable than a PLL since the PLL alone may have power consumption in the order of 200μW. 
[bookmark: _Toc166256755]For Device 2b, FLL may be preferable to PLL from power consumption perspective. 
2.4	D2R Tx modulator
It was agreed in RAN1#116bis to study OOK, BPSK, and binary FSK modulations.
In Device 1, BPSK modulation can be implemented in a very similar way as the OOK modulation. The difference will be in the two impedance states. For OOK, the antenna will either be matched (full absorption) or shorted to ground (full reflection), while for BPSK the antenna will either be either open circuit or shorted to ground. In both cases the antenna will reflect the incoming signal, but with 180 degrees difference in phase. For BFSK, the two frequencies can be achieved by implementing digitally controlled current branches in the oscillator. A variation in the current supply will result in a frequency variation. The expected power consumption, as can be seen in Table 1, for the three modulations would be roughly the same and about 2-4 μW. GMSK modulation could also be implemented using a set of impedances with different reflection coefficients around a circle. This set of impedance can be implemented using discrete components.
In Device 2a, since a reflection amplifier is present, a different approach is needed compared to Device 1. One way to implement BPSK modulation is to enable and disable a λ/4 line via two switches as shown in Figure 3 in  [6]. The λ/4 line will introduce a 180-degree shift in the reflected signal. The λ/4 line will, however, be very large at frequencies < 1GHz (around 83mm @ 900MHz). For BFSK, the two frequencies can be generated in the same way as described for Device 1, by implementing digitally controlled current branches in the oscillator. A variation in the current supply will result in a frequency variation. The expected Tx power consumption, as can be seen in Error! Reference source not found., for the three modulations will be roughly the same and about 145μW. The complexity will be similar to Device 1, with the addition of the RA. In case a BPSK modulation is used, the complexity will increase due to the large size of the λ/4 lines or lumped components needed to implement the phase shift. An alternative way to implement BPSK and BFSK modulations in Device 2a has been shown in [9]. This method allows achieving smaller size of the device compared to when implementing a λ/4 line but requires the use of additional mixers which will increase the power consumption. Similar to Device 1, also in Device 2a, the GMSK modulation could be implemented using a set of impedances with different reflection coefficients around a circle.
In Device 2b, the same TX architecture can be used for OOK, BPSK and BFSK. The oscillator driving the PA can be controlled to achieve OOK, PSK and FSK modulations. Furthermore, GMSK modulation can also be obtained using the same architecture by imposing the GMSK modulation on the oscillator control voltage. Due to the low power budget available, there will be some uncertainty in the modulation index due to variations in the oscillator tuning sensitivity.
[bookmark: _Toc166256756]OOK modulation can be implemented in all three device types. 
[bookmark: _Toc166256757]BPSK modulation can be implemented in all three device types. In Device 1, the power consumption will be the same as for OOK modulation. In Device 2a, the power consumption increase of the modulator will be negligible if the approach with λ/4 line is used, otherwise it will be in the order of few tens of μW when a mixer and an LO is used. In Device 2b, the power consumption in the modulator will be similar to the OOK case.
[bookmark: _Toc166256758]BFSK modulation can be implemented in all three device types. In Device 1, Device 2a and Device 2b, the power consumption of the modulator will be similar as for OOK modulation. 
[bookmark: _Toc163244556][bookmark: _Toc166256772]For Device 1, the expected Tx power consumption of OOK, BPSK, BFSK and GFSK would be roughly the same and about 2-4 μW. 
2.5	Reflection amplification (Device 2a)
RAN1#116bis made the following agreement related to reflection amplifier:
	Agreement
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




Bi-directional reflection amplifiers (for both R2D and D2R) may be attractive since they can provide amplification for both transmission and reception paths, reducing the need for separate amplifier components. This would allow to achieve space and cost savings since only a single component can be used instead of using separate amplifiers for transmission and reception. Bi-directional reflection amplifiers have, however, some drawbacks:
· Higher noise figures compared to dedicated amplifiers for transmission and reception, impacting the overall system noise performance.
· Can be more complex to design and implement due to the need to handle both transmit and receive signals within the same device. In addition, the need to keep the amplifier stable under different conditions may further complicate the design.
· Reduced isolation between transmit and receive paths, which can lead to unwanted interference.

It has been reported in the literature a reflection gain of up to 40dB with power consumption of less than 100μW for one-way reflection amplifiers based on tunnel diode [10]. We believe that, to improve stability, a reflection gain of about 15-20dB can be considered as a good trade-off.
[bookmark: _Toc166256773]For Device 2a, a reflection gain of about 15-20dB is proposed. 
[bookmark: _Toc166256774]A unidirectional reflection amplifier can be chosen instead of a bi-directional reflection amplifier to achieve better performance and reduce trade-offs between RX and TX chain.
2.6	Frequency shift / SSB (Device 2a)
RAN1#116bis made the following agreement related to large frequency shift:
	Agreement
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




Large frequency shifter (tens of MHz)
For NR FDD bands less than 1 GHz, the duplex spacing can be tens of MHz. For example, for band n8, the duplex spacing is 45 MHz.
We do not think that large frequency shift can be feasible for Device 1 due to limited power consumption. For Device 2a, due to the higher power budget available, the frequency shift will be possible. A possible option could be to upconvert first the digital data to IF using a mixer. The output of this mixer then drives the switch at the antenna, mixing the upconverted digital data with the incoming signal at the antenna. An alternative approach could be to implement two ring oscillators in the same Si chip, configured at the two frequencies and digitally switch between the two. The increase in area in the Si chip will be small. Also, the power consumption of the ring oscillator will be negligible compared to that of the RA.

SSB modulator
The main advantage of implementing an SSB modulator is that it provides spectral efficiency benefits due to reduction of the amplitude of one of the side bands, leading to the occupation of half of the bandwidth compared to regular OOK modulators. This makes SSB backscattering more favourable in the case of frequency shifts.
A Single Side Band (SSB) modulator has higher complexity than a regular OOK modulator and can be typically implemented with a switch and 4 different impedances. This will increase the power consumption by a factor of about 2 to 4 in Device 1 but it may still be feasible. The main drawback of implementing the four different impedances is increased size of the device due to the low frequencies. 
The references [11]-[13] implement the SSB by using two oscillators and two switches (or single SP4T switch) which connect the antenna to one of four possible impedances. These works indicate a power consumption of few tens of μW, which would not be compatible with Device 1.
[bookmark: _Toc163244526][bookmark: _Toc166256759]SSD modulator can be beneficial in Device 2a where higher power is available compared to Device 1. 
[bookmark: _Toc163244562][bookmark: _Toc166256775]Large frequency shift may not be feasible in Device 1 due to limited power budget. However, it could be feasible for Device 2a since a higher power budget is available. 
2.7	Rx sensitivity  
Device 1, with RF-ED receiver architecture is expected to have a sensitivity ranging between -40dBm and -45dBm.
For Device 2a and 2b the following receiver sensitivities can be assumed:
· RF Envelope detector with BB amplifier: -40dBm to -45dBm
· RF Envelope detector with RF LNA and BB amplifier: -50dBm to -55dBm
· Zero-IF with RF LNA and BB amplifier: -80dBm to -85dBm
· Low-IF with RF LNA, IF ED and BB amplifier: -90dBm to -95dBm

[bookmark: _Toc166256760]The Rx sensitivity for Devices 1 (with RF ED) can be between -40dBm and -45dBm.
[bookmark: _Toc166256761]The Rx sensitivity for Device 2a/2b with RF ED with RF LNA is -50dBm to -55dBm.
[bookmark: _Toc166256762]The Rx sensitivity for Device 2a/2b with zero-IF with RF LNA is -80dBm to -85dBm.
[bookmark: _Toc166256763]The Rx sensitivity for Device 2a/2b with IF-ED with RF LNA is -90dBm to -95dBm.

2.8 	Selectivity
An RF BPF is preferable to be used after the antenna since the antenna bandwidth should cover both the uplink and downlink bands. This RF BPF will provide similar bandwidth as the RF band to suppress out of band interference, but it will not perform channel selection. 
For RF-ED architecture, the selectivity is expected to be poor. One reason is that when using an RF-ED architecture, extremely high-Q matching networks and/or RF BPFs are required to perform channel selection. For example, assuming a channel bandwidth of 180 kHz and a centre frequency of 900 MHz, a tuneable RF BPF with a Fractional Bandwidth (FBW) of 0.02% will be required, which may not be feasible for any of the device types. Another reason is that RF-ED down-converts the wanted channel and the adjacent channels within the ED bandwidth (which corresponds to that of RF BPF bandwidth and can be in the order of one or a few tens of MHz) to BB at the same time. This makes it difficult to filter out adjacent channels with RF-ED architecture.
For non-RF-ED architectures (IF-ED and zero-IF), where a mixer is used, the channel selection can be performed by a filter after the mixer if the LO accuracy is sufficient. When an IF-ED architecture is used, the presence of the mixer that down converts the received RF signal to a low IF sensibly increases the FBW of the channel selection IF BPF placed after the mixer, making its realization feasible. In a zero-IF architecture, a BB LPF is used after the mixer to perform channel selection. Also in this case, the FBW of the LPF can be sensibly higher compared to that of the RF BPF in the RF-ED architecture.
Note that Device 1 only supports RF-ED architectures, whereas Devices 2a and 2b may also support IF-ED and Zero-IF architectures. Therefore, Device 1 may not be able to support DL FDMA, whereas Devices 2a and 2b can potentially support DL FDMA. Furthermore, we think that it is more important for Devices 2a and 2b to support DL FDMA compared to Device 1, the reason being the potentially larger coverage targets for Devices 2a and 2b compared to Device 1. In fact, RAN1#116bis agreed that the coverage targets can be different for different device types. This means the capacity requirements might be higher for Devices 2a and 2b as opposed to Device 1 if the device density is the same. For instance, assuming 150 devices per 100 m2, the number of devices within a 10-meter cell radius is 471 and the number of devices in a 50-meter cell radius is 11781. 
[bookmark: _Toc163244529][bookmark: _Toc166256764]An RF BPF should be used after the antenna since the antenna bandwidth should cover both the uplink and downlink bands.
[bookmark: _Toc166256765]Channel selection filter, and hence DL FDMA, may not be feasible if the RX architecture is based on RF-ED. 
[bookmark: _Toc166256766]Channel selection filter, and hence DL FDMA, is feasible with other RX architectures, such as IF-ED and ZIF. 
[bookmark: _Toc166247600][bookmark: _Toc166256767]It is beneficial, especially for Devices 2a/2b (with zero-IF or IF-ED architectures), to support DL FDMA since their coverage target may be larger than that of Device 1 (with RF-ED architecture).
[bookmark: _Toc166256776]Study channel selection filter to support DL FDMA for Device 2a and 2b with ZIF and IF-ED architectures. 
2.9	Clock/LO
In the RAN#116bis FLS [7], very high initial frequency error (1e4 – 1e5 ppm) have been proposed for the clock generator/oscillator for all device types. These errors are associated with RC and LC based oscillators. We believe that the very high initial frequency error (1e4 – 1e5 ppm) of such oscillators will make the communication and synchronization of the device with the network more complex and will require significantly more time and energy. In addition, during this synchronization time, the RC/LC oscillator will keep drifting, making it hard to maintain the desired frequency accuracy after synchronization. Furthermore, an LC oscillator at these frequencies will require a rather large inductor. 
A 32 kHz crystal oscillator can have (a) very low power consumption in the order of 10s of nW; (b) reasonable size, especially compared to the LC oscillator; (c) a much lower frequency error in the order of 10s of ppm; and (d) higher stability vs temperature variations [14],[15]. 
In [16], a 32 kHz crystal oscillator with 18nm CMOS technology and having 162nW power consumption and an area of 0.022mm2 has been demonstrated. In [17], a 32kHz crystal oscillator in 28nm CMOS technology with 1.9nW power consumption, 0.03mm2 area and frequency variation of 49 ppm within the temperature range -20°C – 80°C is shown. 
In RFID tags, RC/LC based oscillators are often used to minimize size and cost. It should, however, be considered that in an RFID system, typically only one or a few tags communicate with the reader at a time. Also, the reader to tag distance is short enough such that there is sufficient power to supply the tag directly, without having to duty cycle between harvesting and communication. For Ambient IoT, the scenario is rather different, with tens or hundreds of devices in the same network. It must also be considered that the devices will need to continuously switch between harvesting and communication. Therefore, for Ambient IoT, it is more critical to have an accurate clock. Therefore, using a crystal oscillator will be a better option for all three types of devices. This will considerably simplify the physical layer design. Furthermore, this will considerably reduce the time required by the device to perform synchronization (time/frequency error correction), thus making the device more power efficient. 
[bookmark: _Toc166256768]The very high error of LC/RC relaxation oscillators will increase synchronization time with the network, resulting in higher energy consumption at the device and increasing complexity for synchronization (time/frequency error correction).
[bookmark: _Toc166256769]The much lower frequency error of a crystal oscillator will allow the device to reduce synchronization time, energy consumption, and communication complexity.
[bookmark: _Toc166256770]A crystal oscillator is feasible and beneficial for all three device types. 
[bookmark: _Toc166256777]A crystal oscillator should be considered for all three device types. 

Based on the above discussion, we propose to use the same initial clock error assumptions as for LP-WUR in TR 38.869. The corresponding table from TR 38.869 is copied below.

Table 6.2-4: Frequency error/drift
	Parameter
	Value

	Oscillator max frequency error [ppm], Oscillator frequency drift [ppm/s]
	option 1: (200, 0.1)
option 2: (50, 0.1)
option 3: (10, 0.05)
option 4: (5, 0.05)
Other values are not precluded for studying, reported by companies

	RTC max frequency error [ppm]
	20
RTC drift report by company




For the initial clock error and clock drift, we propose to down-select between Option 1 and Option 2 in the table above for all device types. The post-sync error would depend on the preamble design (e.g., sequence and length) and can be decided based on the preamble design discussions in agenda item 9.4.2.3.  

[bookmark: _Toc166256778]For Ambient IoT, reuse the initial clock error and clock drift assumptions as for LP-WUR in TR 38.869. Specifically, for all device types, down-select between the following options for the initial clock error [ppm] and clock drift [ppm/s]:
· [bookmark: _Toc166256779]Option 1: (200, 0.1)
· [bookmark: _Toc166256780]Option 2: (50, 0.1)
· [bookmark: _Toc166256781]The clock error post synchronization/calibration is FFS.
2.10	Comparator & ADC
There are practical issues when using a comparator, such as the comparator having an unknown offset that is slowly varying because of flicker noise and temperature. In addition, a comparator also has metastability issues, if the signal is too weak it cannot take a decision in due time. An n-bit ADC will reduce this problem with minimal power consumption increase compared to a comparator, provided that only few bits are specified. For Device 1, to minimize power consumption, a 2-bit ADC could be used. For Devices 2a and 2b, a 4 or 8-bit ADC could be feasible due to the higher power budget. 
[bookmark: _Toc163244555][bookmark: _Toc166256782]For Device 1, a 2-bit ADC, with only a slightly higher power consumption compared to comparator, would be preferable due to non-idealities such as drifting offset caused by Flicker noise and temperature variations.
[bookmark: _Toc166256783]For Devices 2a and 2b, a 4 or 8-bit ADC could be feasible due to the higher power budget.
2.11	Memory
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 [18]. 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: _Toc159198834][bookmark: _Toc163244565][bookmark: _Toc166256784]Discuss whether RAN1 should study aspects related to memory (e.g., size, type, refresh time, energy consumption, etc.) of an Ambient IoT device. 

[bookmark: _Ref165534052]2.12	Power consumption
The breakdown of power consumption for different architectures are proposed in Table 1 below.
[bookmark: _Ref165534031]Table 1: Power consumption breakdown
	
	Device 1
	 Device 2a
	Device 2b

	
	
	ED
	Zero-IF
	

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

	Rx
	Passive/Active ED
	0/2
	Active ED
	2
	Mixer
	8
	Mixer
	8

	
	Comparator/ADC
	≤1
	Comparator/ADC
	1-2
	ADC
	2
	ADC
	6

	
	State machine
	≤1
	Digital Processing
	20
	Digital Processing
	20
	Digital Processing
	20

	
	Clock
	0.1-1
	Clock
	0.1-1
	FLL
	20
	PLL
	100

	
	NV-Memory
	1.5-3
	NV-Memory
	1.5-3
	NV-Memory
	1.5-3
	NV-Memory
	1.5-3

	
	V-Memory
	0.1
	V-Memory
	0.1
	V-Memory
	0.1
	V-Memory
	0.1

	
	
	
	RF LNA
	40
	RF LNA
	40
	RF LNA
	75

	
	
	
	BB AMP
	10
	BB AMP
	10
	BB AMP
	10

	
	Total
	~2-7
	Total
	~40-80
	Total
	~100
	Total
	~220

	Tx
	Digital Encoder
	1e-3
	Digital Encoder
	1e-3
	PA
	100-300

	
	Clock
	0.1-1
	Ring Oscillator
	20
	DCO+LO Driver + DCO Buffer
	50

	
	State machine
	0.1
	RA
	100
	ADPLL
	150

	
	NV-Memory
	1.5-3
	Digital Processing
	20
	Digital processing
	20

	
	V-Memory
	0.1
	NV-Memory
	1.5-3
	NV-Memory
	1.5-3

	
	
	
	V-Memory
	0.1
	V-Memory
	0.1

	
	Total
	~1.8/4.2
	Total
	~145
	Total
	~300-500



[bookmark: _Toc166256785]For Device 1, the expected Tx power consumption is approximately 2-4 μW, and the expected Rx power consumption is approximately 2-7 μW. 
[bookmark: _Toc166256786]For Device 2a, the expected Tx power consumption is approximately 145 μW, and the expected Rx power consumption is approximately 100 μW. 
[bookmark: _Toc166256787]For Device 2b, the expected Tx power consumption is approximately ~300-500 μW, and the expected Rx power consumption is approximately ~220 μW. 
In order to “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”, as stipulated in the SID [1], we think that the evaluation of component level and overall power consumption (as in Table 1) is needed. Therefore, we propose the following:
[bookmark: _Toc166256788]For Devices 1, 2a, and 2b, RAN1 to evaluate component-level and overall power consumption of different device architectures to determine whether the architectures meet the RAN design target for power consumption.
2.13	Energy storage and operating duration
Based on RAN#103 agreement, one device’s charging by energy harvesting can be assumed up to several tens of seconds.
With a harvesting time of “several tens of seconds”, the amount of harvested energy can vary vastly depending on the harvesting source (e.g., RF, indoor light, etc.), input power (for energy harvesting), harvesting area (e.g., for indoor light), and efficiency.
For example, assuming 30 seconds of harvesting time: 
· RF energy harvesting: input power = -22.6 dBm, efficiency = 10%, total harvested energy = 16.5 μ𝐽.
· RF energy harvesting: input power = -19.5 dBm, efficiency = 12.8%, total harvested energy = 43.2 μ𝐽.
· RF energy harvesting: input power = -14.7 dBm, efficiency = 13%, total harvested energy = 132 μ𝐽.
· Indoor light: power density = 100 uw/cm2, efficiency = 10%, harvesting area = 2 cm2, total harvested energy = 600 μ𝐽

Although the harvested energy can be large, the energy storage size, e.g., capacitor size, may not be very large due to cost and size considerations. For Device 1, a 10 μF capacitor (or perhaps even smaller) may be enough to sustain for the entire inventory round due to its low peak power consumption. However, for Devices 2a and 2b, a much larger capacitor is needed to sustain for the entire inventory round due to their much higher peak power consumption. The consequence of having a smaller capacitor (e.g., a 10 or 20 μF capacitor) is that the device may need to harvest energy (perhaps for several times) within a single inventory round. We think such aspects are important to study in RAN1 and can be used as an input during protocol design.
[bookmark: _Toc163244553][bookmark: _Toc166256789]The energy storage size can be different for different device types.
[bookmark: _Toc163244554][bookmark: _Toc166256790]RAN1 to study energy storage size and operating duration for different device types.
3	Conclusion
In the previous sections, we made the following observations: 
Observation 1	An RF BPF is needed to suppress out-of-band interference.
Observation 2	The BW of RF BPF can be around 10 MHz.
Observation 3	For Device 2b, FLL may be preferable to PLL from power consumption perspective.
Observation 4	OOK modulation can be implemented in all three device types.
Observation 5	BPSK modulation can be implemented in all three device types. In Device 1, the power consumption will be the same as for OOK modulation. In Device 2a, the power consumption increase of the modulator will be negligible if the approach with λ/4 line is used, otherwise it will be in the order of few tens of μW when a mixer and an LO is used. In Device 2b, the power consumption in the modulator will be similar to the OOK case.
Observation 6	BFSK modulation can be implemented in all three device types. In Device 1, Device 2a and Device 2b, the power consumption of the modulator will be similar as for OOK modulation.
Observation 7	SSD modulator can be beneficial in Device 2a where higher power is available compared to Device 1.
Observation 8	The Rx sensitivity for Devices 1 (with RF ED) can be between -40dBm and -45dBm.
Observation 9	The Rx sensitivity for Device 2a/2b with RF ED with RF LNA is -50dBm to -55dBm.
Observation 10	The Rx sensitivity for Device 2a/2b with zero-IF with RF LNA is -80dBm to -85dBm.
Observation 11	The Rx sensitivity for Device 2a/2b with IF-ED with RF LNA is -90dBm to -95dBm.
Observation 12	An RF BPF should be used after the antenna since the antenna bandwidth should cover both the uplink and downlink bands.
Observation 13	Channel selection filter, and hence DL FDMA, may not be feasible if the RX architecture is based on RF-ED.
Observation 14	Channel selection filter, and hence DL FDMA, is feasible with other RX architectures, such as IF-ED and ZIF.
Observation 15	It is beneficial, especially for Devices 2a/2b (with zero-IF or IF-ED architectures), to support DL FDMA since their coverage target may be larger than that of Device 1 (with RF-ED architecture).
Observation 16	The very high error of LC/RC relaxation oscillators will increase synchronization time with the network, resulting in higher energy consumption at the device and increasing complexity for synchronization (time/frequency error correction).
Observation 17	The much lower frequency error of a crystal oscillator will allow the device to reduce synchronization time, energy consumption, and communication complexity.
Observation 18	A crystal oscillator is feasible and beneficial for all three device types.

Based on the discussion in the previous sections, we propose the following:
Proposal 1	Study Device 2a with ZIF and IF-ED architectures.
Proposal 2	For Device 1, the expected Tx power consumption of OOK, BPSK, BFSK and GFSK would be roughly the same and about 2-4 μW.
Proposal 3	For Device 2a, a reflection gain of about 15-20dB is proposed.
Proposal 4	A unidirectional reflection amplifier can be chosen instead of a bi-directional reflection amplifier to achieve better performance and reduce trade-offs between RX and TX chain.
Proposal 5	Large frequency shift may not be feasible in Device 1 due to limited power budget. However, it could be feasible for Device 2a since a higher power budget is available.
Proposal 6	Study channel selection filter to support DL FDMA for Device 2a and 2b with ZIF and IF-ED architectures.
Proposal 7	A crystal oscillator should be considered for all three device types.
Proposal 8	For Ambient IoT, reuse the initial clock error and clock drift assumptions as for LP-WUR in TR 38.869. Specifically, for all device types, down-select between the following options for the initial clock error [ppm] and clock drift [ppm/s]:
· Option 1: (200, 0.1)
· Option 2: (50, 0.1)
· The clock error post synchronization/calibration is FFS.
Proposal 9	For Device 1, a 2-bit ADC, with only a slightly higher power consumption compared to comparator, would be preferable due to non-idealities such as drifting offset caused by Flicker noise and temperature variations.
Proposal 10	For Devices 2a and 2b, a 4 or 8-bit ADC could be feasible due to the higher power budget.
Proposal 11	Discuss whether RAN1 should study aspects related to memory (e.g., size, type, refresh time, energy consumption, etc.) of an Ambient IoT device.
Proposal 12	For Device 1, the expected Tx power consumption is approximately 2-4 μW, and the expected Rx power consumption is approximately 2-7 μW.
Proposal 13	For Device 2a, the expected Tx power consumption is approximately 145 μW, and the expected Rx power consumption is approximately 100 μW.
Proposal 14	For Device 2b, the expected Tx power consumption is approximately ~300-500 μW, and the expected Rx power consumption is approximately ~220 μW.
Proposal 15	For Devices 1, 2a, and 2b, RAN1 to evaluate component-level and overall power consumption of different device architectures to determine whether the architectures meet the RAN design target for power consumption.
Proposal 16	The energy storage size can be different for different device types.
Proposal 17	RAN1 to study energy storage size and operating duration for different device types.
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