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1. Introduction
[bookmark: _Hlk158889119]General aspects of physical layer design for Ambient IoT were discussed in the two previous RAN1 meetings and agreements covering the Reader-to-Device (R2D) and Device-to-Reader (D2R) channel were taken [1, 2]. These agreements are copied in the Appendix for reference. In this contribution, further discussion is presented.

2. [bookmark: _Hlk110844968]Discussion
2.1. Line codes
Line codes were discussed in the previous meetings, and it was agreed to consider Manchester, Miller, and FM0 codes for the D2R channel. It was left as an FFS how to achieve small frequency shift.
One method to achieve small frequency shift is to perform subcarrier modulation which is a concept that has also been adopted for Miller encoding in RFID. In subcarrier modulation, a subcarrier signal (e.g., a square wave) is used to modulate the encoded bits, resulting in a shift of the spectrum of the bit stream by a frequency of the subcarrier signal. A useful application of subcarrier modulation is uplink channelization where more than one subchannel can be created by utilizing subcarrier signals with different frequencies.
The concept of subcarrier modulation is illustrated in Figures 1-3. In Figure 1, Manchester encoded bits are modulated with a subcarrier signal that has a frequency of 4 chips per bit. In Figure 2, a subcarrier signal with a higher frequency of 8 chips per bit is used to modulate the Manchester encoded bits. Finally, Figure 3 shows the PSD of the three signals modulated with subcarrier signals of 4, 8, 16 chips per bit where the shift in frequency due to modulation can be easily seen. An interesting property of the subcarrier signals in this example is that they are orthogonal.
[image: ]
Figure 1 Modulation with a subcarrier signal of 4 chips per bit 
[image: ]
Figure 2 Modulation with a subcarrier signal of 8 chips per bit 

[image: ]
Figure 3 PSD of subcarrier modulated signals

[bookmark: _Hlk166161660]Proposal 1: Support subcarrier modulation to perform small frequency shift.

2.2. Multiple access
For the D2R channel, it has been agreed to study time division and frequency division multiple access schemes. It is highly desirable to support frequency domain channelization in the D2R channel to increase system capacity and reduce collisions. As elaborated above, subcarrier modulation can be used to create subchannels which then can be used by different devices for transmission.
An initial simulation to prove the concept is shown in Figure 4 which illustrates the BLER performance of FDMA in the D2R channel. In the simulation, three devices are assumed. The line coding scheme is chosen as Manchester encoding and the message size is set to 14 bits. AWGN channel without FEC is used in the simulation. To achieve channelization, the devices use subcarrier signals with frequency 4 chips/bit, 8 chips/bit, and 16 chips/bit, respectively to modulate the encoded bits. At the receiver side, the received signal is first multiplied by the subcarrier signal of the user of interest and then energy detection-based envelope detector is applied to each bit to estimate the transmitted bit. Since the subcarrier signals are orthogonal to each other, the receiver is able to detect the modulated signals without inter-device interference in AWGN channel and when no or small timing offset exists between the devices. This can be observed from Figure 4 where we can see that the performance of a single device without inter-device interference is almost the same as the performance of three devices transmitting simultaneously. It is worthwhile to point out that subcarrier modulation can also be viewed as a spreading operation where the subcarrier signals are possibly orthogonal spreading sequences.
Timing offset between the devices may occur because the timing of the devices may be misaligned or due to sampling frequency offset that may cause the bit durations to deviate. Timing offset between devices would result in loss of orthogonality and consequently create inter-device interference. The impact of timing offset due to misalignment is studied in the simulation and the performance is shown in Figure 5. It is assumed that the receiver is synchronized to the device of interest while the two other devices experience timing offset relative to the device of interest where the timing offset is randomly selected between 0 and half the bit duration. It can be observed that timing offset results in a degradation of up to ~4 dB and the loss varies for different devices depending on the level of experienced interference. For example, as can be observed in Figure 3, the main lobe of Device 3’s signal contains less power due to sidelobes from the signals of the other devices, so its performance is better.
Note that the receiver performance with timing offset can be improved by using more advanced receive algorithms such as maximum likelihood detection, successive interference cancellation, etc. which should be further investigated.

Proposal 2: Support FDMA in the D2R channel using subcarrier modulation.
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Figure 4 BLER of FDMA in D2R direction (without timing offset)

[image: ]
Figure 5 BLER of FDMA in D2R direction (with timing offset)
2.3. Waveform and modulation
For the R2D channel, it was agreed to include in the study OOK-1 and OOK-4 waveforms. A significant advantage of these waveforms is that they do not need any change in the transmitter; NR and IoT symbols may be transmitted by loading different subcarriers of an OFDM modulator. An issue that has been raised is how to handle the cyclic prefix at the IoT device. This issue was discussed, and the following options were identified:
· Method Type 1: Removal of CP at device without specified transmit-side 
· 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

The impact of CP addition on the received waveform is illustrated in Figure 6.
· When the last chip of symbol (n-1) and the first chip of symbol n are different (e.g., OFF and ON as shown in Figure 1-a), then regardless of the cyclic prefix copied from the last chip of symbol n, no new transition (rising/falling edge) due to the CP occurs.
· When the last chip of symbol (n-1) and first chip of symbol n are the same (e.g., ON and ON as shown in Figure 1-b), then no new transition due to the CP occurs if the last chip of symbol n has the same value as the last chip of symbol (n-1) and first chip of symbol n (upper part of Figure 1-b). A new transition due to the CP occurs if the last chip of symbol n is different from the last chip of symbol (n-1) and the first chip of symbol n (lower part of Figure 1-b).

 
Figure 6 Impact of CP addition

Encompassing the methods described above, several solutions can be considered:
Solution 1: A straightforward solution is not to add a cyclic prefix to the OOK-1/OOK-4 signal at the transmitter. One advantage of OOK-1/OOK-4 waveform is that these waveforms are OFDM based and the orthogonality between NR signal and the IoT signal is preserved. Excluding CP from the IoT signal would require a separate transmit chain for IoT signal generation, increasing the transmitter complexity. In addition, due to the loss of orthogonality, NR users would experience inter-carrier interference from the IoT signal. Therefore, this solution is not desirable.
Solution 2: Depending on the values of the last chip of symbol (n-1) and the first chip of symbol n, the CP may be copied from either the last chip of symbol n or the first chip of symbol n. For example, in the lower part of Figure 1-b, if the CP is copied from the first chip of symbol n, a new transition would not occur. The disadvantage of this scheme, similar to Solution 1, is that a separate transmit chain in needed to generate the IoT signal.
Solution 3: The last chip of every OFDM (or the last chips corresponding to an encoded bit) symbol may be set to a fixed value, for example always ON or always OFF. The disadvantage is this scheme is loss of spectral efficiency which could be quite high when the number of chips in an OFDM symbol is small. In addition, this solution does not always work, e.g., when M = 2 for OOK-4. 
Solution 4:  A new line code may be designed to ensure that no false edge occurs after CP addition. For example, the design may ensure that the first and last chip of a line code symbol is always the same. However, such a design may necessitate more than one rising/falling edge in an encoded bit, increasing the device receive complexity, and the performance of such a line code should be investigated carefully.
Solution 5: An alternative solution is to leave it to the receiver to handle the CP without any changes at the transmitter side. As discussed above, in some cases, the addition of the CP may create a new rising/falling edge. In an implementation of the receiver for Device 1 and Device 2a, the device may detect the rising and falling edges and determine the transmitted bit based on these edges and the time difference between these edges [3]. It is feasible for the device to simply ignore false edges by using the bit boundary information, and the time difference between the new rising and falling edges.
Based on the discussion above, we think Solution 5 is preferable as it requires no change at the transmitter, preserves orthogonality of the NR and IoT signals, and is feasible for all device types.

Proposal 3: Support removal of CP at the device without specified transmit-side.
Summary
In this contribution, general aspects of the physical layer design for Ambient IoT have been discussed. The following are proposed: 
Proposal 1: Support subcarrier modulation to perform small frequency shift.
Proposal 2: Support FDMA in the D2R channel using subcarrier modulation.
Proposal 3: Support removal of CP at the device without specified transmit-side.
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Appendix

Table 1 Agreements from RAN1 #116 [1]
	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
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





Table 2 Agreements from RAN1 #116-bis [2]
	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.
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