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1 Introduction
In RANP#103 Maastricht, the study item on Ambient IoT was updated [1], including the following objective:
	2. Study necessary and feasible solutions for Ambient IoT as prescribed in the General Scope, including decisions on which functions, procedures, etc. are needed and not needed, and ensuring at least the required functionalities in Section 6.2 of TR 38.848. 
Study of positioning in Rel-19 is RAN3-led, limited to functionalities which would have no, or minimal, specification impact (note: this does not imply any decision relating to WI creation).
Study the feasibility and required functionalities for proximity determination, which is the determination of whether BS or intermediate UE and ambient IoT device are near each other or not (coordination with SA3 is required for privacy aspects).
· RAN1-led:
For the Ambient IoT DL and UL:
· Frame structure, synchronization and timing, random access
· Numerologies, bandwidths, and multiple access
· Waveforms and modulations
· Channel coding
· Downlink channel/signal aspects
· Uplink channel/signal aspects
· Scheduling and timing relationships
· Study necessary characteristics of carrier-wave waveform for a carrier wave provided externally to the Ambient IoT device, including for interference handling at Ambient IoT UL receiver, and at NR basestation. 
       For Topology 2, no difference in physical layer design from Topology 1.




In RAN1 #116 [2], the following were agreed.
	Agreement
A-IoT DL study includes an OFDM-based waveform from A-IoT R2D (reader-to-device) perspective. 
· Depending on what modulation(s) are decided to be studied:
· Study whether/how to handle CP at transmitter/device/design 
· Study other characteristics of the OFDM waveform, e.g.:
· CP-OFDM
· DFT-s-OFDM
· Etc.
· The type of OFDM waveform is transparent to A-IoT device.
Other waveforms from DL transmitter’s perspective can be proposed, and further discussion will consider whether or not they are included in the study.


Agreement
A-IoT DL study includes OOK from DL transmitter’s perspective.
· For an OFDM waveform, assume OOK-1 for single-chip per OFDM symbol transmission, and OOK-4 for M-chip per OFDM symbol transmission, starting from definitions in TR 38.869.
· FFS value(s) of M.
· FFS: Any changes needed from the definitions in TR 38.869.
· FFS: Exact definition of chip
· If other DL waveforms are included, further elaboration of the transmitter’s OOK generation would be needed.

Agreement
For R2D, line codes studied are: Manchester encoding and pulse-interval encoding (PIE).
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: Time domain definition of e.g., chips and relation to OFDM symbols, resource allocation unit, etc.

Agreement
Regarding FEC, R2D with no forward error-correction code (FEC) is studied as baseline.
· Evaluations would be by comparison to this baseline

Agreement
R2D study assumes use of CRC. FFS which CRC generator polynomial(s) are assumed, and if any cases are included with no CRC.
· FFS: Association, if any, between down-selected CRC(s) and message size, considering at least false-alarm rate target

Agreement
D2R study assumes use of CRC. FFS which CRC generator polynomial(s) are assumed, and if any cases are included with no CRC.
· FFS: Association, if any, between down-selected CRC(s) and message size, considering at least false-alarm rate target

Agreement
At least the following bandwidths for R2D are defined for the purpose of the study:
· Transmission bandwidth, Btx,R2D from a Reader perspective: The frequency resources used for transmitting R2D
· Occupied bandwidth, Bocc,R2D from a Reader perspective: The frequency resources used for transmitting R2D, and potential guard band
· Bocc,R2D ≥ Btx,R2D
· FFS: Further constraint(s) e.g. Bocc,R2D = Btx,R2D.
· Possible values of each bandwidth are FFS




In this document we discuss the following aspects of Ambient IoT:
· Waveform and modulation 
· Coding
· Frequency bands 
· Multiple access
2 Waveform and modulation 
AIoT devices have very limited power consumption targets, in the range of 1 uW to 100s of uW. To allow for the use of low-power low-complexity designs at both transmit and receive sides, a simple non-coherent modulation scheme such as on-off keying (OOK), binary frequency shift keying (BFSK), pulse position modulation (PPM) or pulse width modulation (PWM), are often used. We therefore propose to study these types of modulations for both UL and DL transmissions in AIoT devices. In the following we list some of the important challenges/considerations:

Proposal 1: RAN1 to study modulation schemes such as OOK, FSK, PPM, PWM, that allow low-power low-complexity receiver and transmitter designs at the AIoT device. 

Downlink waveform and modulation
When transmitting the DL signals, it is important that the above non-OFDM-based modulations do not create any interference with other NR OFDM-based signals. This means the AIoT DL signals needs to be compliant with the transmission principles of NR at gNBs and UEs, i.e., based on OFDM transmission. To address this, in RAN1#116 meeting, the following agreements were made which allow the of the same hardware at gNB or UE when transmitting AIoT DL signal.

	[bookmark: _Hlk163057342]Agreement
A-IoT DL study includes an OFDM-based waveform from A-IoT R2D (reader-to-device) perspective. 
· Depending on what modulation(s) are decided to be studied:
· Study whether/how to handle CP at transmitter/device/design 
· Study other characteristics of the OFDM waveform, e.g.:
· CP-OFDM
· DFT-s-OFDM
· Etc.
· The type of OFDM waveform is transparent to A-IoT device.
Other waveforms from DL transmitter’s perspective can be proposed, and further discussion will consider whether or not they are included in the study.

Agreement
A-IoT DL study includes OOK from DL transmitter’s perspective.
· For an OFDM waveform, assume OOK-1 for single-chip per OFDM symbol transmission, and OOK-4 for M-chip per OFDM symbol transmission, starting from definitions in TR 38.869.
· FFS value(s) of M.
· FFS: Any changes needed from the definitions in TR 38.869.
· FFS: Exact definition of chip
If other DL waveforms are included, further elaboration of the transmitter’s OOK generation would be needed.



Considering the AIoT receiver architecture block diagram for device types 1 and 2a agreed during RAN1#116 meeting, OOK modulation can be considered as a candidate modulation for the AIoT DL signal. To multiplex the AIoT OOK-based DL signal, a similar scheme to the OOK-4 transmission technique, used for LP-WUS transmission, can be adopted. A version of OOK-4 based DL transmission is illustrated in Figure 1. The first block (A) is a sectioning block creating sections of the target DL AIoT signal excluding CPs and is only used if the length of the DL AIoT signal becomes longer than one OFDM symbol. The shaping block (B) then shapes each DL AIoT signal section so that the resulting signal as output from the OFDM modulator becomes as close to the target AIoT DL signal (OOK) as possible using a least-square approach. Step (C) to (D) adds CPs to maintain orthogonality in channels with time dispersion. 
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Figure 1 – Block diagram of modified OFDM transmitter (for OOK-4 transmission mechanism)
Figure 2 illustrates the resulting signals after each block. No line-coding coding is applied in this example. By creating the DL AIoT signal in this manner, not only the total length of the resulting signal remains the same as the original target DL AIoT signal, but we also maintain a regular DL AIoT signal bit period. This allows for simple low-power detection, without complex DBB processing or synchronization with the OFDM structure. The transmitted AIoT DL signal is entirely orthogonal to the other signals transmitted in the same OFDM symbols and does not create any interference. 

Note - When detecting the DL AIoT signal, to avoid performance loss due to removing of CP portions of the signals in step A, the re-built version of DL AIoT signal, signal D, can be used as the known signal when decoding the received signal.

[image: ]
Figure 2 - Illustration of input/output signals of each block in the transmitter of Fig. 1, using a simple example.

Using the above technique for DL AIoT,  both OFDM-CP and DFT-S-OFDM transmitters can be used to multiplex the OOK-based DL AIoT signal. Considering gNBs and UEs used are AIoT readers:

· For gNBs and UEs transmitting based on OFDM-CP, two additional blocks, i.e., the sectioning block excluding CPs and shaping/least square block, need to be added. 
· For UEs transmitting based on DFT-S-OFDM, only an extra block for sectioning and excluding CPs is needed as the DFT block can be used as the shaping/least-square block. 

Number of bits per OFDM symbol – The number of bits per OFDM symbol, M, needs to be decided based on target bit rate selected according to available bandwidth, channel conditions such as delay spread and Doppler, preventing ISI and also taking into account the tolerable time/frequency errors by the AIoT receiver. The number of bits that can be accommodated in one OFDM symbol can be further calculated based on the bit rate and the SCS of the transmitter. For instance, for a bit rate of Rb, the number of bits per OFDM symbol M is equal to Rb/SCS.

Proposal 2 – Both OFDM-CP and DFT-S-OFDM transmitters can be used for the AIoT DL signal transmission.
Proposal 3 – To maintain a regular DL AIoT signal bit period and to allow for low-power detection, the CPs portion of the DL AIoT signal can be excluded before it is fed to the OFDM-based transmitter. 
Proposal 4 – The number of bits per OFDM symbol, M, cannot be a fixed value and needs to be decided based on AIoT DL bit rate and according to channel delay spread, preventing ISI and the tolerable time/frequency errors by the AIoT DL receiver.

Uplink waveform and modulation
The following agreement has been made on device type in RAN1#116.
 
	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.




A passive device, as in “device 1” and “device 2a”, cannot generate its own RF signal and the device’s UL transmission is backscattered on a carrier wave provided externally. Architectural block diagrams of the two devices operating based on backscattering have also been agreed during RAN1#116. An impedance switching approach is used as a backscatter modulator. An example backscatter modulator is shown in Figure 3. In the following, we give examples on how to realize OOK and BFSK type modulations using the switching pattern in the backscatter modulator.

[image: ]
Figure 3 – Illustration of a simple backscatter modulator with two states.
OOK modulation – In OOK, the data is represented by the presence / absence of the backscattered carrier wave. The presence of the backscattered signal represents ‘1’ and the absence of the backscattered signal represents ‘0’. The frequency of the switching pattern determines the length of each OOK bit. Figure 4 illustrates a switching pattern for transmission of “010010110101010100111”.
[image: ]
Figure 4 - Switching pattern to generate an example OOK signal.
 

BFSK modulation – BFSK scheme modulates the data by varying the frequency of switching pattern. The backscatter modulator toggles between two different impedances with frequencies f1 or f2; this is equivalent to the generation of two square waves with frequency f1 and f2 representing ‘1’ and ’0’ respectively. Figure 4 illustrates a switching pattern for transmission of “0100”.

[image: ]
Figure 5 - Switching pattern to generate an example BFSK signal.
Similar to the above, by adjusting the switching pattern and the load, we can generate backscatter signals based on other modulation schemes such as PPM and PWM.

Proposal 5 – RAN1 to study on the switching pattern when realizing low-power low-complexity modulations.

As an active device, Device 2b can generate its own UL transmission. Having the same power consumption budget as device 2a, conventional circuity can be used to modulate based on OOK, BFSK or other waveforms.   
3 Coding 
Given the challenging link budget of Ambient IoT, channel coding will be important to improve the link budget. The channel coding scheme needs to be compatible with the complexity and power consumption limitations of the device. The processing requirements for encoding and decoding the channel code may be different. Hence, the channel coding scheme used in the UL may be different to the channel coding scheme in the DL. 
Downlink
Assuming the power consumption budget is DL-limited as a very low-power receiver is used at AIoT devices, the DL code designs that allows for low-power low-complexity decoding should be considered. It was agreed in RAN1#116 that no coding is assumed as a baseline. For scenarios where the system is limited by the activation threshold for excitation, and not by link level performance, this is a reasonable assumption. 
Uplink 
Assuming the link budget is UL-limited when the transmission is based on backscattering, the UL channel code should have a higher coding gain than the DL channel code. The base station / reader’s sophisticated processing circuitry would be more capable of decoding this high coding gain code than the Ambient IoT device’s simple processing circuitry. Hence, both from a link budget and a processing capability perspective, it is desirable to have a more powerful and capable channel code in the UL. 
4 Frequency band and carrier frequency

A legacy NR device can operate in multiple frequency bands and tune to the appropriate frequency band. This has the benefit of supporting mobility, where different frequency bands will be supported in different locations. In other words, it has the benefit of enabling a 1 SKU design (stock keeping unit): a single device can operate in multiple locations / geographies. This provides economies of scale. The other way around, a 1 SKU design, needs more components like band specific SAW filters to support multi bands, thereby increasing device complexity. On the other hand, if we only need support one single band globally, we don't need any extra band or region-specific components. 

Proposal 6: Strive to support a one SKU design for the ambient IoT device.

There can be multiple operators using different carrier frequencies within the same frequency band. An Ambient IoT device should be able to tune to the carrier frequency associated with its operator. To an extent, this requirement will drive the requirement on the accuracy of the Ambient IoT device’s oscillator (i.e. it will need to be considered when determining the value ‘X’ in the assumption that the device has “initial sampling frequency offset (SFO) up to 10X ppm”.

Proposal 7: Study the pros and cons of supporting multiple carrier frequencies within a frequency band and tune to one of those carrier frequencies.

5 Multiple Access 
A non-backscattering Type 2b device can be scheduled to transmit within certain frequency resources. It can then tune its oscillator or configure its signal processing to transmit at that scheduled frequency. Hence, these devices can be readily frequency division multiplexed.
A Type 1 passive device or Type 2a backscattering device can shift the frequency of its backscattered transmission by rapidly switching the load impedance of its antenna in order to frequency modulate its reflection coefficient and hence frequency shift its backscattered transmission. The rate at which the load impedance can be switched needs to be investigated as this will affect the range of frequency division multiplexing that is possible. 
The clock of the device has an accuracy of 10X PPM and the amount of multiplexing depends on the value of X. As the clock accuracy of the device worsens, larger guard bands between the frequency division multiplexed devices will be required. In contrast, the clock of a type 2b non-backscattering device is likely to be more accurate, allowing for smaller guard bands and higher spectral efficiency.
Proposal 8: Frequency division multiplexing may be studied. The amount of frequency division multiplexing depends on the maximum possible switching rate of the load impedance. 
Proposal 9: The device clock accuracy impacts the size of the guard band required between frequency division multiplexed devices. Passive devices are expected to have lower clock accuracy than active devices and require larger guard bands.
It should be possible to multiplex multiple tags in the time domain as well as in the frequency domain in order to support the large number of tags that could be interrogated at the same time. An example scenario of time domaoin multiplexing is shown in Figure 6, where tags are required to respond with their tagID in order to generate an inventory.

[image: ]
[bookmark: _Ref159098455]Figure 6 – Multiple Ambient IoT tags responding at different times within the time resource (CWS in UL example, would be similar with CWS in DL)
In this scenario, a DL command signal instructs tags to respond with their tag ID. In a warehouse or a goods-in bay, there may be many UEs that would respond to this DL command signal, especially given the envisaged range (distance) of Ambient IoT, according to the design targets set in TR38.848 and considered in the SID. It is unlikely that all of the responses can be multiplexed in the frequency domain, especially given limitations on the extent of frequency shifting that can be applied by an Ambient IoT tag. It is hence necessary that tags are multiplexed in the time domain as well as in the frequency domain. This requires a slot structure in the time domain.
The number of slots associated with a DL command signal in the time domain depends on:
· The maximum number of tags in the coverage area of the reader
· The maximum amount of frequency division multiplexing that is possible, based on the maximum frequency shifting that can be generated
· The acceptable collision probability 
The tag has a clock accuracy of 10X PPM, where X is FFS. Different tags will have different timing offsets. The timing error of the tag will increase as the time from the DL command signal increases. This will lead to a requirement for time buffers between the responses from the different tags to avoid collisions between the UL backscattered signals from the different tags, as shown in Figure 6. RAN1 can study methods to minimize the time buffering requirement between tag responses in the UL.
Note that tags can also be multiplexed in the spatial domain by time multiplexing the order in which carrier wave emitters are activated in the time domain. Activating only a portion of the carrier wave emitters at a time will mean that only a portion of the tags will respond at that time. 
Proposal 8: It may be desirable to multiplex tags in the time domain, hence support of time division multiplexing should be studied. 
6 Conclusion 
This document has considered General aspects of physical layer design for Ambient IoT. The following proposals are made:
Proposal 1: RAN1 to study modulation schemes such as OOK, FSK, PPM, PWM, that allow low-power low-complexity receiver and transmitter designs at the AIoT device. 

Proposal 2 – Both OFDM-CP and DFT-S-OFDM transmitters can be used for the AIoT DL signal transmission.
Proposal 3 – To maintain a regular DL AIoT signal bit period and to allow for low-power detection, the CPs portion of the DL AIoT signal can be excluded before it is fed to the OFDM-based transmitter. 
Proposal 4 – The number of bits per OFDM symbol, M, cannot be a fixed value and needs to be decided based on AIoT DL bit rate and according to channel delay spread, preventing ISI and the tolerable time/frequency errors by the AIoT DL receiver.
Proposal 5 – RAN1 to study on the switching pattern when realizing low-power low-complexity modulations.
Proposal 6: Strive to support a one SKU design for the ambient IoT device.
Proposal 7: Study the pros and cons of supporting multiple carrier frequencies within a frequency band and tune to one of those carrier frequencies.
Proposal 8: Frequency division multiplexing may be studied. The amount of frequency division multiplexing depends on the maximum possible switching rate of the load impedance. 
Proposal 9: The device clock accuracy impacts the size of the guard band required between frequency division multiplexed devices. Passive devices are expected to have lower clock accuracy than active devices and require larger guard bands.
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