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Introduction
At RAN#102, a new study item “Study on solutions for Ambient IoT (Internet of Things) in NR” (FS_Ambient_IoT_solutions) was approved; the SID was most recently revised at RAN#103 [1].
The following objective(s) is/are relevant for the present agenda item:
	1. Evaluation assumptions
a) Conclude at least the following aspects of design targets left to WGs in Clause 5 (RAN design targets) of TR 38.848 [RAN1].
· Clause 5.3: Applicable maximum distance target values(s)
· Clause 5.6: Refine the definition of latency suitable for use in RAN WGs
· Clause 5.8: 2D distribution of devices
b) Define necessary further evaluation assumptions of deployment scenarios for coverage and coexistence evaluations [RAN1, RAN4]
c) 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. [RAN1]
d) Define link budget calculation for coverage, including whether/how to model carrier wave from node(s) inside or outside the connectivity topology.
NOTE: Assessment performance of the design targets is within the study of feasibility and necessity of proposals in the following objectives, e.g. by inspection of reference implementations in the field, simulations, analytically.
NOTE: strive to minimize evaluation cases in RAN1.



[bookmark: _Hlk510705081]General Observations
Several observations on general aspects of physical layer design for Ambient IoT follow. 
High-level principles
Device types: To obtain an in-depth assessment of the trade-offs between lowest complexity/cost devices and best coverage, all device types considered in the study as per SID and existing agreements should be considered when studying the performance and benefits of all solutions and schemes analysed by RAN1 in the study.	 

Topologies: To ensure physical proximity of the activation entity and increase the likelihood of successful activation of the lowest complexity devices it is proposed to follow a topology-agnostic approach to the Ambient IoT study. This implies that the presence of the UE as a reader should always be considered as one of the possible scenarios when analysing different solutions and schemes. 

Spectrum: Sizable signal bandwidth is beneficial to fulfil the accuracy target of 1-3m @ 90% for indoor applications as listed in [2] section 5.7. This enables device positioning making use of already established time-based positioning schemes with no RAN1 specification changes as per SID. 

Backscatter type: With reference to Error! Reference source not found., this is determined by the relationship between the device emitting the carrier wave (CWE) and the reader (R2) of the backscattered response of the Ambient IoT device, i.e., the receiver in the D2R link, where R2 can be one or multiple devices. Two types are considered in the Ambient IoT study:	
Mono-static backscatter occurs when the device providing the carrier wave is the same as the device reading the backscatter response, i.e., R2 = CWE. 
Bi-static backscatter occurs when the device providing the carrier wave is different from the device reading the backscatter response, i.e., R2  CWE. 
It should be noted that actions performed by R1 do not have an impact on the backscatter type.
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Figure 1. Three main links of an Ambient IoT communication system

Proposal 1: With reference to Figure 1 of R1-2403888, RAN1 to replace the mono-static and bi-static backscatter terminology with the relationship between the device that emits the carrier wave (“CWE”) and the one or more devices that read the tag’s reply (“R2”), i.e.:
Mono-static backscatter becomes R2  CWE.
Bi-static backscatter becomes R2  CWE.
Discussion
During RAN1 #116-bis, several discussions occurred on aspects related to general aspects of physical layer design for Ambient IoT. The following agreements were made.
	Agreement
Study time-domain multiple access of D2R transmissions. Further details, including pros/cons, are FFS.

Agreement
Study frequency-domain multiple access of D2R transmissions, at least by utilizing a small frequency-shift in baseband. Further details, including pros/cons, are FFS.

Agreement
Whether code-domain multiple access is feasible and necessary for D2R transmissions for all devices is FFS.

Agreement
The following bandwidths for D2R are defined for the purpose of the study:
· Transmission bandwidth, Btx,D2R: The frequency resources scheduled by a reader for a D2R transmission from one device.
· FFS in agenda 9.4.2.3: how frequency resources scheduled by a reader are determined
· Occupied bandwidth, Bocc,D2R: The transmission bandwidth plus the potential associated intra A-IoT guard-bands totalling Bguard,D2R
· Note: this guard band is not for coexistence with NR/LTE
· If/how to define guard band for coexistence between A-IoT D2R and NR/LTE is up to RAN4.
· Bocc,D2R >= Btx,D2R
· Possible values of each bandwidth are FFS

Agreement
For D2R, study: Manchester encoding, FM0 encoding, Miller encoding, no line coding.
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: How to achieve small frequency shift in baseband and/or FDM(A) among devices
· Aspects to study include:
· Spectrum shape
· Complexity
· Power consumption
· BER, BLER
· Resilience to SFO
· If there is any relation to CFO

Agreement
A-IoT D2R study of FEC includes at least convolutional codes.
· Comparisons are encouraged to compare to the case of no FEC
· FFS details of convolutional codes, such as polynomial(s), shift-register termination, etc.
· FFS if other FEC candidates/methods will be studied.

Agreement
Study
· baseline: using 6 bits and 16 bits CRC with polynomials from TS 38.212, or no CRC, for PRDCH
· baseline: using 6 bits and 16 bits CRC with polynomials from TS 38.212, or no CRC, for PDRCH
· FFS: details when different CRC lengths or no CRC may be used
· FFS: other 6 bits and 16 bits CRC with different polynomials than from TS 38.212

Agreement
Study D2R transmission in the physical layer using repetition
· Note: Discussions regarding higher-layer repetitions are up to RAN2.

Agreement
R2D study includes subcarrier spacing of 15 kHz, from the reader perspective, for OFDM-based waveform.
· Inclusion in the study of subcarrier spacing of 30 kHz is FFS.

Agreement
For R2D study OFDM-based waveform with subcarrier spacing of 15 kHz, Btx,R2D is ≤ [12] PRBs and is down-selected among:
· Alt 1: Including 180 kHz, 360 kHz, and FFS other values
· Alt 2: Integer multiple(s) of 180 kHz (FFS: what integer(s))
· Alt 3: Integer multiple(s) of the subcarrier spacing (FFS: what integer(s))

Agreement
For R2D CP handling for OFDM based OOK waveform:
· For potential down-selection, study among the following candidate methods
· Method Type 1: Removal of CP at device without specified transmit-side 
· FFS: How device determines the CP location
· FFS: Impact on feasibility of device SFO
· FFS: relation to M, if any
· Method Type 2: Ensure the CP insertion of OFDM-based waveform will not introduce false rising/falling edge between the last OOK chip in OFDM symbol (n-1) and the first OOK chip in OFDM symbol n.
· FFS: Whether/how to arrange that OOK chips have equal length after CP insertion
· FFS: relation to M, if any
· FFS: Detail of relationship to line code codewords
· FFS: Impact on feasibility of device SFO
· [Other method types are not precluded]
· Study of the methods should include e.g.:
· CP impact on R2D timing acquisition, and decoding & performance of PRDCH
· Reader and device implementation complexities
· Interference between R2D and NR DL/UL if in the same NR band
· Spectrum efficiency

Agreement
Study for all devices the following for D2R baseband modulation, for potential down-selection:
· OOK
· Binary PSK
· Binary FSK
· Strive to identify one variant of Binary FSK to study further



Aspects of the D2R link
This section builds on the content of Section 3 in [3] and focuses on a selection of aspects related to the D2R link [3]. 
Waveform
In [3], the discussion on the waveform for the D2R link was stopped by FL, since most companies think that any discussion related to waveform for the R2D link should apply to device 2b only, while others say that it should be the same as the externally generated carrier wave in AI 9.4.2.4. FL proposed to wait until further progress is made in AI 9.4.2.4.
We think this may not be the most efficiency course of action since certain discussions related to waveform can still be had in AI 9.4.2.1.
Technically, the waveform is the means to convey the information over the carrier. As such it is related to how the modulation symbols are transmitted over the occupied spectrum and can be single or multi-tone. Conversely, the modulation scheme is related to how the information bits are mapped onto amplitude and/or phase states of the one of more tones of the waveform. In this context, in case of device type 1 or 2a, the observed waveform at any reader would always be the result of mixing the CW (which can be the result of a single tone or multi-tone signal generation, as per discussions in AI 9.4.2.4) with the modulation scheme agreed in AI 9.4.2.1.
The above implies that first RAN1 should discuss whether the nature of the waveform received by the reader depends on the Ambient IoT device type or not. A discussion on which waveform to use for the D2R link would then be relevant only if RAN1 decided that indeed the nature of the waveform received by the reader depends on the Ambient IoT device type.
[bookmark: Observation38377][bookmark: Observation65440][bookmark: _Toc166280313]It is important to discuss whether the nature of the waveform received by the reader depends on the device type or not.   
Now, if we analyze this problem from reader’s perspective, we note that knowing the device type would be fundamental for the reader to be able to correctly receive and detect the tag reply. This may entail the need for complex device type identification at the reader, i.e., the reader should know whether a given received signal has been transmitted by a type 1, 2a or 2b device. This course of action may not be justified at this stage, since it may trigger complex discussion on capability reporting via D2R link, which may not be needed in general. In our view, it is rather evident that having a same waveform for the D2R link, irrespective of the device type simplifies both the reader design and the signaling structure, so it is arguably beneficial both from the implementation and specification perspective.
Discussing this aspect would still be relevant and helpful even without waiting for further progress in AI 9.4.2.4.
As far as our preference goes, we think the waveform received by the reader should not depend on the device type and that waveform-related discussion for the D2R link should occur in AI 9.4.2.1 only if RAN1 agrees that the nature of the waveform received by the reader depends on the device type, e.g., a type 2b device can generate a waveform different from the waveform used by the CW emitter to provide the CW for backscattering communications. 
[bookmark: Proposal82822][bookmark: _Toc166280316]The waveform received by the reader in the D2R link does not depend on the Ambient IoT device type, but only on what is agreed in AI 9.4.2.4 for the waveform used by the CW node. 
Modulation
Concerning the definition of chip, we think this concept is related to the duration of the OOK symbol and should be the same for D2R and R2D. We should keep this concept separate from the line code discussion, to allow the inclusion of the “no line coding” available for the D2R.
[bookmark: _Toc166280317]In D2R, chip is the duration of the OOK symbol.

[bookmark: _Toc166273428][bookmark: _Toc166273490][bookmark: _Toc166273573][bookmark: _Toc166273429][bookmark: _Toc166273491][bookmark: _Toc166273525][bookmark: _Toc166273574][bookmark: _Toc166273430][bookmark: _Toc166273492][bookmark: _Toc166273526][bookmark: _Toc166273575][bookmark: _Toc166273431][bookmark: _Toc166273493][bookmark: _Toc166273527][bookmark: _Toc166273576][bookmark: _Toc166273432][bookmark: _Toc166273494][bookmark: _Toc166273528][bookmark: _Toc166273577]
The choice using modulation based on OOK or BPSK should be discussed whether there is a benefit in terms of coverage extension. As the BPSK switches the phase of the signal at each symbol/chip instant, it provides twice the decision boundary gap compared to OOK scheme. However, this requires a constant external RF energy source from harvesting for the device to perform BPSK modulation.

Numerology
A discussion related to numerology aspects of the D2R link may or may be necessary, depending on the outcome of the discussions on the waveform and modulation for this link. Indeed, the relevance of concepts such as SCS, time units, symbol duration, and so on, depends on which waveform and modulation(s) will be included in the Ambient IoT study for the D2R link. 
[bookmark: Proposal82826][bookmark: _Toc166280318]Postpone discussions and agreements, if any, on numerology aspects of the D2R link until waveform and modulation aspects of the D2R link have been agreed. 
Aspects of the R2D link
This section builds on the content of Section 2 in [3] and focuses on a selection of aspects related to the R2D link. 
Multiple access
A discussion on this aspect was carried out throughout the entire RAN1 #116 and RAN1 #116-bis meetings. No agreement could be made due to some controversy related to the feasibility of FDM(A) approaches in a harmonized design. In other words, several doubts were expressed by different companies concerning the impact of the receiver architecture on the capability of the device to discriminate between different frequencies, e.g., a device with an RF energy detector would not be able to do that and concerns exist for at least the IF energy detector case as well.
Our understanding of FDM(A) in the context of R2D is that this intends frequency domain multiplexing between R2D signals in the same carrier from the same/different reader(s) to different A-IoT devices. Based on this, we think the concerns described above are valid and further discussions would be needed before deciding to include FDM(A) in the study. We do not propose to exclude FDM(A) by default since we do see the merit of this approach in terms of system capacity and spectrum efficiency, which could be arguable larger than what could be attained by means of TDM(A).
Conversely, we see no criticality associated with the inclusion of TDM(A).
[bookmark: _Toc166273842][bookmark: _Toc166280319]For multiple access of R2D: At least TDM(A) between R2D transmissions to a same device and different devices is included in the study. Further details are FFS.
Whether to include FDM(A) between R2D transmissions to a same device and different devices requires further discussion, e.g., at least related to the feasibility of FDM(A) in a harmonized design.
Modulation
A long discussion took place during RAN1 #116-bis on the OOK-4 scheme, with specific focus on the number of chips per OFDM transmission, i.e., M, considered for this scheme in the AIoT study.
In our view, Proposal 2.2.1(I) in [3] was a very good middle-ground which included a very broad range of possible values for M, while not considering values not obtained as a power of 2. This last criterion seems reasonable, and we doubt that adding further values which do not satisfy this constraint may lead to significant differences, especially since it is highly likely that resource allocation options for R2D will not be limited to 1 PRB only. In other words, if we consider the combination of number of PRBs and possible values of M, a sufficient flexibility will already exist if the range of supported values of M was identical to the one according to Proposal 2.2.1(I).
For this reason, we propose the following.
[bookmark: _Toc166280320]For the OOK-4 scheme used for the R2D link, values of M studied further, for potential down-selection, are: 1, 2, 4, 8, 16, 24, 32. Study at least the following aspects:
· Impact of SFO
· Data rate and comparison of data rate to other systems
· Device power consumption, complexity
· What association(s) exist between M and BR2D,tx

From the ongoing 9.4.1 LP-WUS design WI, the OOK based transmission scheme is susceptible to timing offset with the increase in the value of , i.e., the data rate. As , an offset of  causes significant degradation in the performance as the pulse width is comparable to that of the timing offset itself. Furthermore, the sampling offset causes further degradation in the performance even if the timing is adjusted based on the preamble. Thus, it is beneficial to define the length of the payload and the sampling offset before discussing the value of  used for OOK modulation. 
[bookmark: _Toc166280314]For OOK-4, for M≥4, an offset of ±4μsec causes significant degradation in the performance as the pulse width is comparable to that of the timing offset itself.
[bookmark: _Toc166280315]The sampling offset causes further degradation in the performance of OOK-4 even if the timing is adjusted based on the preamble.

[bookmark: _Toc166280321]For the OOK-4 scheme used for the R2D link, define the length of the payload and the sampling offset before discussing the value of . 
Concerning the definition of chip, we think this concept is related to the duration of the OOK symbol. Like what we discussed in the previous section, we should keep this aspect separate from the line code discussion.
[bookmark: _Toc166280322]In R2D, chip is the duration of the OOK symbol.
Data Encoding
Even though various encoding schemes are proposed in the literature, by far the most used scheme is the Manchester (MC) encoding scheme, which should be considered in SI phase. The use of Manchester encoding provides the following benefits.
· Each ON and OFF duration is characterized by a transition in the signal level, i.e., even when the data bits are all ones or zeros, MC encoding introduces transition in the signal, thus avoiding constant signal level at the receiver, which may cause synchronization failure. In other words, each MC encoded symbol has a transition between ON and OFF in the middle; this transition can be used to recover the clock of the transmitted signal. 
· Due to the presence of both ON/OFF transition for both bit values, i.e., , the threshold can be easily obtained at each symbol level to facilitate the decision at each symbol instant. This reduces the device complexity by favoring hard decision after each transition to decide the bit value.
· It ensures better averaging for threshold when  is higher, i.e., when  the ON duration reduces significantly, and the noise average performed with the envelope detector (ED) may not converge to the true variance due to lack of sample averaging. In those cases, averaging across all OFF duration within payload can help to achieve better noise variance estimate, which can then be used for threshold calculation.
· Long sequences of ones or zeros are avoided and instead each MC encoded symbol has a constant DC level (ideally half of the level of the ON symbol) so even if the signal is fed through a DC blocker the signal does not loose content. Indeed, a DC blocker would deteriorate the received signal if the latter contained long sequences of ones or zeros, since the output after the DC blocker would tend to the zero in both cases making it difficult to decode the symbols. 
· The detection threshold between ON and OFF symbols can easily be found by averaging the signal, which is an advantage for very simple receivers which can find the comparator threshold value simply by LP filtering the received signal as shown in Figure 2
[image: A diagram of a circuit
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[bookmark: _Ref166244268]Figure 2 MC allows simple ED based OOK receiver to acquire comparator threshold.
Despite the above-mentioned advantages, MC encoding has some drawbacks too, which are listed below.
· Due to the insertion of two symbols for every input bit, for a fixed BW, the throughput is reduced by half.
· If there is a preamble before the actual data transmission, the threshold to evaluate whether the symbol is  can be determined from the preamble, as it uses a known ON/OFF sequence. Thus, the need for Manchester encoding may then depend on the availability of midamble in the transmission or not as the midamble can also provide synchronization.

Since the considered HW architectures assumes sampling of the MC-OOK signal, other more efficient signal encodings may work as well and could be compared against MC encoding.
[bookmark: _Toc159228052][bookmark: _Toc161928897][bookmark: _Toc163124925][bookmark: _Toc163125294][bookmark: _Toc163220058][bookmark: _Toc166234167][bookmark: _Toc166280323]RAN1 to use Manchester encoding as baseline as it facilitates both synchronization and threshold for detection. Other line coding schemes should be compared against it.

Effect of CP in the R2D transmission
In this section, we will discuss the impact of CP in the OOK generation. Figure 3a and Figure 3b shows the time domain waveform generated by the unified design using two different pulse shapes employed in the frequency domain, namely, Gaussian and Tukey pulse, and it highlights the effect of CP insertion due to combined generation of NR and OOK signal, where the CP insertion can be observed as a glitch in the OOK transmission at the CP-OFDM boundaries. In this evaluation, we use square pulse for ON duration with different modulation order, i.e., , values. As can be seen that the CP insertion does not create any issue when modulation order is  as shown in Figure 3a and Figure 3b. However, as the modulation order increases, the effect of CP insertion is more pronounced when the final time domain symbol within equivalent NR CP-OFDM symbol is different from the desired time domain symbol. That is the reason, the CP glitch is not observed on all symbol transitions but only on those with flipped OOK symbol at the ends. Finally, it can be seen from Figure 3a and Figure 3b that the impact of CP while using Gaussian pulse is less prominent than the one with Tukey pulse shape.

	[image: A diagram of a graph

Description automatically generated with medium confidence]
Figure 3a. Effect of CP as a function of M - Gaussian pulse shaping
	[image: A graph of a pulse
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Figure 3b. Effect of CP as a function of M - Tukey pulse shaping



[bookmark: _Toc166280324]RAN1 to decide how to handle CP for OFDM based OOK waveform ensuring that homogeneous performance is observed across the entire range of supported values of M.
Conclusion
In this contribution, we have made the following observations and proposals related to Ambient IoT: 
Observation 1:	It is important to discuss whether the nature of the waveform received by the reader depends on the device type or not.
Observation 2:	For OOK-4, for M≥4, an offset of ±4μsec causes significant degradation in the performance as the pulse width is comparable to that of the timing offset itself.
Observation 3:	The sampling offset causes further degradation in the performance of OOK-4 even if the timing is adjusted based on the preamble.

Proposal 1:	The waveform received by the reader in the D2R link does not depend on the Ambient IoT device type, but only on what is agreed in AI 9.4.2.4 for the waveform used by the CW node.
Proposal 2:	In D2R, chip is the duration of the OOK symbol.
Proposal 3:	Postpone discussions and agreements, if any, on numerology aspects of the D2R link until waveform and modulation aspects of the D2R link have been agreed.
Proposal 4:	For multiple access of R2D: At least TDM(A) between R2D transmissions to a same device and different devices is included in the study. Further details are FFS.
Proposal 5:	For the OOK-4 scheme used for the R2D link, values of M studied further, for potential down-selection, are: 1, 2, 4, 8, 16, 24, 32. Study at least the following aspects:
Proposal 6:	For the OOK-4 scheme used for the R2D link, define the length of the payload and the sampling offset before discussing the value of .
Proposal 7:	In R2D, chip is the duration of the OOK symbol.
Proposal 8:	RAN1 to use Manchester encoding as baseline as it facilitates both synchronization and threshold for detection. Other line coding schemes should be compared against it.
Proposal 9:	RAN1 to decide how to handle CP for OFDM based OOK waveform ensuring that homogeneous performance is observed across the entire range of supported values of M.
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