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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
As described in the Rel-19 Ambient IoT SID [1], backscatter modulation is used by device 1, with ~1 µW peak power consumption for UL transmission, while it may also be used by device 2a, with ≤ a few hundred µW peak power consumption. To support backscatter modulation, external carrier-wave needs to be provided to Ambient IoT device. Except Ambient IoT devices, the carrier-wave signal would also be simultaneously received by e.g. Ambient IoT uplink receiver and NR basestation working in the same band, where it is interference. Consequently, the characteristics of the carrier-wave waveform need to be designed to suppress the potential intra- and inter-system interference.
	[bookmark: _Hlk160635565](Copied from RP-240826 [1])
….
· RAN1-led:
For the Ambient IoT DL and UL:
…
· 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. 
…


In the RAN1 #116 meeting, the following agreements have been reached on external carrier wave for backscatter modulation in the D2R link.
	(Copied from R1-2401767 [2])
Agreement
For R19 A-IoT study item, at least single-tone unmodulated sinusoid waveform is a candidate waveform for carrier wave for D2R backscattering.

Agreement
For R19 A-IoT study item, multi-tone waveforms for carrier wave for D2R backscattering can be studied.

Agreement
For the case that D2R backscattering is transmitted in the same carrier as CW for D2R backscattering, and for topology 1, the following cases for CW transmission are studied.
· Case 1-1: CW is transmitted from inside the topology, transmitted in DL spectrum
· Case 1-2: CW is transmitted from inside the topology, transmitted in UL spectrum
· Case 1-4: CW is transmitted from outside the topology, transmitted in UL spectrum

Agreement
For the case that D2R backscattering is transmitted in the same carrier as CW for D2R backscattering, and for topology 2, the following cases for CW transmission are studied.
· Case 2-2: CW is transmitted from inside the topology (i.e., intermediate UE), transmitted in UL spectrum
· Case 2-3: CW is transmitted from outside the topology, transmitted in DL spectrum 
· Case 2-4: CW is transmitted from outside the topology, transmitted in UL spectrum


In this contribution, the spectrum for carrier-wave transmission is discussed, for the sake of the further study on the interference to D2R receiver or NR BS / UE. The necessary characteristics of carrier-wave waveform for interference suppression are identified. Based on the analysis, single-tone unmodulated sinusoid waveform is proposed for the external carrier-wave.

[bookmark: _Ref129681832]Spectrum for external carrier-wave
To understand the impact of carrier-wave interference to the receiver of some network element(s) of Ambient IoT or NR, the spectrum for external carrier-wave needs to be identified first. According to the discussions on the transmitter architectures for Ambient IoT device in [3], FDD frequency shifting to move the center frequency of backscattered signal e.g. several 10 MHz away from the carrier-wave may or may not be applied for backscattering. The two cases will be independently discussed in the following.
[bookmark: _Hlk156035970]Backscattering without FDD frequency shifting
For Device 1, FDD frequency shifting during backscattering cannot be supported due to its 10 µW-level power consumption [4][5]. Device 2a may also only additionally support power amplification to increase the power of backscattered signal, but without FDD frequency shifting. In this case, D2R backscattering is transmitted in the same carrier as carrier-wave for D2R backscattering. 
Topology 1
For Topology 1, the following 3 cases are to be further studied according to the corresponding agreement.
· Case 1-1: CW is transmitted from inside the topology, transmitted in DL spectrum
· Case 1-2: CW is transmitted from inside the topology, transmitted in UL spectrum
· Case 1-4: CW is transmitted from outside the topology, transmitted in UL spectrum
Regarding Case 1-1 and 1-2, the external carrier-wave is transmitted by the BS due to the constraint of the carrier-wave being transmitted inside Topology 1. Considering both the existing regulations and the higher legal transmit power, an Ambient IoT BS is recommended to transmit carrier-wave in downlink spectrum as the relevant case for study in Rel-19. 
In the discussions during the RAN1#116 meeting, while existing regulatory restrictions would prevent the BS from transmitting in the DL spectrum, IAB was mentioned as an example of BS transmitting in uplink spectrum. However, the example is not precise and it has to be noted that the procedure and circumstances in which the IAB node operates is quite unique. Firstly, IAB works only in TDD bands, as defined in the section 5.2 of TS 38.174 [6]. Secondly, the mobile terminal (MT) part of the IAB node transmits to the NR BS or parent node in the uplink slots, for which timing advance and the same requirement on frequency error as that of an NR UE are applied [6]. In other words, the IAB node is regarded as a MT when it transmits to BS or parent node in the uplink slot of TDD spectrum for the backhaul link [7], which is quite different from the case of Ambient IoT BS transmitting carrier-wave in the uplink band of FDD spectrum. Another aspect that has to be considered when the carrier-wave is transmitted in the UL spectrum is the interference it would cause to other transmissions in this spectrum, due to the high-power carrier-wave transmissions. From the above analysis, Case 1-1 is preferred.

[image: C:\Users\w00468695\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\69064C8.tmp]
Figure 1 Backscattering without FDD frequency shifting, CW transmitted from inside Topology 1
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5.2     Operating bands
NR IAB is designed to operate in the operating bands in FR1 defined in table 5.2-1 and operating bands in FR2-1 defined in 38.104 [2].
Table 5.2-1 NR IAB operating bands in FR1
	NR operating band
	Uplink (UL) operating band
BS receive / UE transmit
FUL,low   –  FUL,high
	Downlink (DL) operating band
BS transmit / UE receive
FDL,low   –  FDL,high
	Duplex Mode

	n41
	2496 MHz – 2690 MHz
	2496 MHz – 2690 MHz
	TDD

	n77
	3300 MHz – 4200 MHz
	3300 MHz – 4200 MHz
	TDD

	n78
	3300 MHz – 3800 MHz
	3300 MHz – 3800 MHz
	TDD

	n79
	4400 MHz – 5000 MHz
	4400 MHz – 5000 MHz
	TDD



(Copied from TS 38.300 [7])
[bookmark: _Toc37231841][bookmark: _Toc46501894][bookmark: _Toc51971242][bookmark: _Toc52551225][bookmark: _Toc155991341]4.7.2	Protocol Stacks
…
Protocol stacks for an IAB-donor with split gNB architecture are specified in TS 38.401 [4].


Fig. 4.7.2-1: Protocol stack for the support of F1-U protocol


Fig. 4.7.2-2: Protocol stack for the support of F1-C protocol


Regarding Case 1-4, a carrier-wave node outside Topology 1 is introduced to transmit carrier-wave in the uplink spectrum. Correspondingly, the BS also receives the backscattered signal in the uplink spectrum, which benefits its implementation from the perspective of hardware reusing for uplink receiver.
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Figure 2 Backscattering without FDD frequency shifting, CW transmitted from outside Topology 1
Observation 1: For the case of CW inside D1T1, BS transmitting the CW in DL spectrum is more suitable from the perspective of higher compliance with spectrum regulations and higher permitted transmit power.
Proposal 1: The study on case 1-2 is concluded by capturing the following in the TR:
· Existing regulatory restrictions prevent the BS from transmitting in DL spectrum.
· Carrier-wave transmissions in UL spectrum causes interference to other UL transmissions.
Proposal 2: For the case that D2R backscattering is transmitted in the same carrier as CW for D2R backscattering, and for Topology 1, the following cases for CW transmission are prioritized for evaluation purposes.
· Case 1-1: CW is transmitted from inside the topology, transmitted in DL spectrum
· Case 1-4: CW is transmitted from outside the topology, transmitted in UL spectrum

Topology 2
For Topology 2, the following 3 cases are to be further studied according to the corresponding agreement.
· Case 2-2: CW is transmitted from inside the topology (i.e., intermediate UE), transmitted in UL spectrum
· Case 2-3: CW is transmitted from outside the topology, transmitted in DL spectrum 
· Case 2-4: CW is transmitted from outside the topology, transmitted in UL spectrum
Regarding Case 2-2, it is natural for the intermediate UE to transmit carrier-wave in uplink spectrum, considering the existing spectrum regulation. From the perspective of D2R receiver implementation at the intermediate UE, it could be difficult to reuse the existing receiver in legacy NR UEs even without considering the spectrum issue, due to the carrier-wave interference suppression and the processing of highly probable non-OFDM signals for D2R transmissions. An independent D2R receiver implementation in the uplink spectrum is expected to be optimal for the coverage performance of Ambient IoT in D2T2.
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Figure 3 Backscattering without FDD frequency shifting, CW transmitted from inside Topology 2
Regarding Case 2-3 and 2-4, an additional node outside Topology 2 is introduced to transmit the carrier-wave. Considering carrier-wave is transmitted in the uplink spectrum for Case 2-2, it is reasonable and beneficial to reuse the uplink receiver of intermediate UE for both cases where the carrier-wave node is inside and outside D2T2. Consequently, the carrier-wave node is recommended to also transmit carrier-wave in uplink spectrum. If Case 2-3 is assumed, the intermediate UE has to support a D2R receiver implementation in downlink spectrum for Case 2-3 as well as uplink spectrum to support case 2-2, increasing the complexity of the intermediate UE. Clearly, Case 2-4 is preferable.
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Figure 4 Backscattering without FDD frequency shifting, CW transmitted from outside Topology 2
[bookmark: _Hlk161086885]Observation 2: For the case of CW outside D2T2, carrier-wave node transmitting the CW in UL spectrum is beneficial for reusing the D2R receiver implementation at the intermediate UE for the case of CW inside D2T2.
Proposal 3: The study on case 2-3 is concluded by capturing the following in the TR:
· Intermediate UE has to support different D2R receiver implementations in uplink and downlink spectrum, increasing UE complexity.
Proposal 4: For the case that D2R backscattering is transmitted in the same carrier as CW for D2R backscattering, and for Topology 2, the following cases for CW transmission are prioritized for evaluation purposes.
· Case 2-2: CW is transmitted from inside the topology (i.e., intermediate UE), transmitted in UL spectrum
· Case 2-4: CW is transmitted from outside the topology, transmitted in UL spectrum

Backscattering with FDD frequency shifting
For Device 2a, it is theoretically possible to apply FDD frequency shifting during backscattering. In other words, D2R backscattering is transmitted in a different carrier e.g. several 10 MHz away from the external carrier-wave for D2R backscattering.
Topology 1
In Topology 1, carrier-wave can be transmitted by the BS in downlink spectrum, while the corresponding backscattered signal is shifted to uplink spectrum. The spectrum usage is similar to conventional 3GPP FDD systems, except that the external carrier-wave has to be provided to the device during D2R transmissions. As the carrier-wave and backscattered signal are not in the same carrier, there is no carrier-wave interference issue.
Proposal 5: If the case that D2R backscattering is transmitted in different carrier from CW for D2R backscattering (e.g., in UL and DL spectrum, respectively) is to be included in the TR, and for Topology 1, the following case for CW transmission is considered.
· Case 3-1: CW is transmitted from inside the topology, transmitted in DL spectrum
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Figure 5 Backscattering with FDD frequency shifting in Topology 1
Topology 2
For Topology 2, the external carrier-wave is recommended to be transmitted in downlink spectrum as well, with the backscattered signal being shifted to the uplink spectrum. In this way, the same device implementation can be reused between Topology 1 and 2. Meanwhile, the intermediate UE receives Ambient IoT uplink transmission in uplink spectrum, which is similar to Case 2-2 and 2-4. Considering the existing spectrum regulations, a carrier-wave node outside the topology is preferred to transmit carrier-wave in downlink spectrum.
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Figure 6 Backscattering with FDD frequency shifting in Topology 2
[bookmark: _Hlk162010129]Proposal 6: If the case that D2R backscattering is transmitted in different carrier from CW for D2R backscattering (e.g., in UL and DL spectrum, respectively) is to be included in the TR, and for Topology 2, the following case for CW transmission is considered. 
· Case 4-1: CW is transmitted from outside the topology, transmitted in DL spectrum
As discussed in [3], though the low-power FDD frequency shifting is theoretically feasible, there is still some technical uncertainty about its the applicability and performance impact. It is recommended to de-prioritize the study on the above cases that D2R backscattering is transmitted in a different band as the carrier-wave for D2R backscattering (e.g., in UL and DL spectrum, respectively).
Proposal 7: Although the above cases can be captured in the TR, the study de-prioritizes further effort on the cases that D2R backscattering is transmitted in a different carrier from the carrier used for CW transmissions.

Device capability of supporting multiple bands for backscattering
For the case of D2R backscattered signal being in the same carrier as the carrier-wave for D2R backscattering, Ambient IoT devices perform backscattering either in downlink spectrum e.g. in Case 1-1, or in uplink spectrum e.g. in Case 1-4. From the view of device implementation, the support of backscattering in different bands by the same device is technically feasible and mature.
· One way is to support broadband operations for Ambient IoT devices, similar to the existing UHF RFID tags. For example, the spectrum for UHF RFID is usually allocated within two main frequency ranges all over the world, which are 902-928 MHz and 865-868 MHz [8]. Most of the existing UHF RFID tags support the entire operating frequency range of 860 - 960 MHz, as specified in [9]. The key point is to properly design a broadband tag antenna with desired performance over the worldwide operating frequency range [10][11].
· The second way is to support multi-frequency characteristics for Ambient IoT devices. Referring to the related researches on the dual-band antenna for UHF RFID tag, the antenna can operate in the two main frequency ranges simultaneously, by “increasing the parasitic branch, coupling resonance and the load reactance as well as other technologies” [11][12]. With proper design, the tag antenna can even support two bands with much larger frequency interval, such as the UHF RFID band of 855- 935 MHz and the ISM band of 2.4 - 2.5 GHz [13].
· Except the above broadband or dual-band antenna design, there can also be other solutions to support multiple bands for device. For example, the RFID tag with dual-frequency IC is manufactured with a single chip but two independent antennas [14]. The overhead of such implementation can be small, as only one additional antenna is needed. In general, this kind of solution is more suitable to support two FDD bands with a large frequency gap between each other (e.g., 900 MHz and 1.8 GHz).
From the above, the support of working in both downlink and uplink spectrum by a single Ambient IoT device is feasible, with little impact on device power consumption and cost.
Observation 3: It is feasible for the same Ambient IoT device to support backscattering on both the downlink and uplink spectrum, with modest impact on device power consumption and complexity.

Required characteristics of carrier-wave waveform
The carrier-wave waveform should take the potential interference to the receiver of network element(s) in Ambient IoT and NR into account. In the RAN1#116 meeting, the single-tone unmodulated sinusoid waveform has been agreed as a candidate waveform for carrier-wave. 
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Figure 7 Illustration of potential waveforms for external carrier-wave
The other type of waveform that is to be studied is the multi-tone waveform. In general, multi-tone waveforms for carrier-wave can be categorized into two types. One is the conventional OFDM waveform, with each sub-carrier being either modulated or unmodulated. The other can be viewed as the combination of a limited number (e.g., 2 tones) of unmodulated single-tone carriers, with a sufficient frequency gap between each other. In backscatter modulation, the same baseband signal will be modulated on to each single-tone carrier. To avoid overlapping between the signals on adjacent single-tone carriers, the frequency gap should be no smaller than the bandwidth of the baseband signal. The impact of multi-tone waveform(s) on the performance and implementation of interference suppression has to be justified before being included as additional candidate(s) for carrier-wave.
This section will discuss the following aspects that would affect the considered carrier wave waveforms, which are single-tone unmodulated sinusoid waveform, multiple unmodulated single-tone waveforms and OFDM waveforms, and evaluate the suitability of these waveforms for Ambient IoT systems considering the following aspects.
· Spectral efficiency of backscatter modulation
· Harmonized design of the D2R receiver across different device architectures
· Complexity and performance of carrier-wave interference suppression at D2R receiver
· Suppression of the carrier-wave interference to NR
The comparison of each of the waveforms taking into account the aforementioned aspects are summarized in Table 1, with more detailed analysis in the following subsections.
Table 1: Overall comparison of different types of waveforms
	Type of waveform
	Considered aspects
	Applicability for A-IoT

	Single-tone unmodulated sinusoid waveform
	Spectrum efficiency
	High

	
	Possibility of harmonized design
	Yes

	
	Carrier-wave interference suppression at D2R receiver
	Low complexity, sufficient suppression

	
	Carrier-wave interference suppression to NR
	Yes, with sub-carrier orthogonality

	OFDM waveforms
	Spectrum efficiency
	Low

	
	Possibility of harmonized design
	No

	
	Carrier-wave interference suppression at D2R receiver
	High complexity, probably insufficient suppression

	
	Carrier-wave interference suppression to NR
	Yes, with sub-carrier orthogonality

	Multiple unmodulated single-tone waveforms
	Spectrum efficiency
	May be yes for worse coverage, but trade-off required

	
	Possibility of harmonized design
	Yes, with disadvantages

	
	Carrier-wave interference suppression at D2R receiver
	Medium complexity, sufficient suppression

	
	Carrier-wave interference suppression to NR
	Yes, with sub-carrier orthogonality


Considerations on the spectral efficiency of backscatter modulation
For unmodulated single-tone carrier-wave
Since the product of two signals in the time domain corresponds to the convolution of them in the frequency domain, the bandwidth of the backscattered signal is equal to the sum of the bandwidth of the carrier-wave and baseband D2R modulation, e.g. OOK. Consequently, the backscattered signal based on single-tone carrier-waves share the same bandwidth as the baseband signal. 
Observation 4: For single-tone waveform based carrier-wave, the backscattered signal shares the same bandwidth as the baseband signal.
In contrast, either OFDM waveform or multiple single-tone waveform based carrier-wave leads to larger bandwidth of the backscattered signal than the baseband signal. 
For OFDM waveform
Assuming a bandwidth of M PRB for the OFDM waveform-based carrier-wave, the bandwidth of the backscattered signal equals to the bandwidth of baseband D2R modulation (e.g. OOK) plus M PRBs. It should be noted that the additional bandwidth of M PRBs does not help to improve the link performance, but may cause performance degradation due to the more complicated and less effective carrier-wave interference suppression.
For multiple unmodulated single-tone waveforms
Assuming the external carrier-wave consists of N separated “single-tone” waveforms, the bandwidth of the backscattered RF signal will be N times the bandwidth of the baseband signal. However, the frequency-domain diversity of the backscattered signals on multiple “carriers” improves the link performance. The spectrum efficiency may be finally increased, depending on the compromise between the additionally occupied spectrum and the diversity gain. It should be noted that the above assumes the unoccupied spectrum between each two adjacent single-tones is still be schedulable for e.g. NR. Otherwise, the spectrum efficiency will be further reduced.
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Figure 8 Spectrum of backscattered signal based on different carrier-wave waveform
Observation 5: For OFDM waveform based carrier-wave, the backscattered signal not only consumes larger bandwidth than baseband signal, but also may suffer from degraded link performance.
Observation 6: For the external carrier-wave consisting of N separated “single-tone”, the backscattered signal consumes N times the bandwidth of baseband signal, but may improve spectrum efficiency through frequency-domain diversity gain especially for the devices in bad coverage.
The following table summarizes the analysis of the different waveforms and their respective spectrum efficiency.
Table 2: Comparison of CW waveforms w.r.t spectral efficiency of backscatter modulation 
	Type of waveform
	Bandwidth used
	Implications
	Problems

	Single-tone unmodulated sinusoid waveform
	Baseband signal BW
	None

	None


	OFDM waveforms with M PRBs
	Baseband signal BW + M PRBs
	Increased BW does not improve link performance
	Performance degradation 
Due to complicated and ineffective interference suppression

	Multiple N unmodulated single-tone waveforms
	N x Baseband signal BW
(assuming unoccupied gap can be scheduled for other purposes)
	Increased BW improves link performance
	Trade-off required
Trade-off between increased BW and diversity gain


Proposal 8: Capture the comparison of CW waveforms w.r.t spectral efficiency of backscatter modulation in Table 2 into TR.

Considerations on harmonized design of BS for different device architectures
One aspect that needs further investigation in order to achieve a harmonized air interface design is the impact the different waveforms could have not only on the device architectures but also on the BS D2R receiver implementation and what differences would be required to handle these waveforms across different device types.
For Device 2b, the carrier-wave signal is internally generated by the RF local oscillator, which is assumed to be an unmodulated single-tone at the RF center frequency in the frequency domain. The spectrum of the transmitted RF signal is the same as the one shown in Figure 8(a). Since all existing 3GPP devices internally generate a single-tone carrier wave, this assumption can be considered to determine the baseline implementation that would be required at the BS for receiving a D2R transmission.
For unmodulated single-tone carrier-wave
For Device 1/2a, regarding the external carrier-wave for backscatter modulation, a straightforward thinking is to “move” the RF local oscillator out of the conventional heterodyne- or homodyne- transmitter to provide the unmodulated single-tone carrier-wave. By this means, BS can share the same or very similar demodulation processing between Device 1/2a and Device 2b, except the carrier-wave interference suppression processing.
Observation 7: Unmodulated single-tone waveform for external carrier-wave is beneficial for harmonized design in the BS between different device architectures.
For OFDM waveform
If OFDM waveform, either unmodulated or modulated, based carrier-wave is used for backscatter modulation, the spectrum of backscattered RF signal is shown in Figure 8(c), which is quite different from Figure 8(a). 
The basestation has to reconstruct the OFDM waveform to extract the baseband signal from the backscattered signal in Figure 8(c). It certainly leads to different receiver processing from that for the signal shown in Figure 8(a). The following two issues can make the processing for OFDM waveform based carrier-wave even more complicated.
· Considering the multi-path channel experienced by the backscattered signal, channel estimation and pre-distortion is needed for the local carrier-wave reconstruction. 
· If modulated OFDM waveform is being used, additional demodulation of the data carried on the carrier-wave is required, which makes the processing more complicated. 
In conclusion, the OFDM waveform based external carrier-wave leads to quite different signal processing at the receiver of BS between Device 1/2a and Device 2b , which may also impact air interface.
Observation 8: OFDM waveform for external carrier-wave leads to divergence from a harmonized design in the BS between different device architectures.
For multiple unmodulated single-tone waveforms
For the waveform consisting of multiple separate unmodulated “single-tone”, the backscattered signal on each single-tone “carrier” can be filtered e.g. at intermediate frequency (IF), after which each filtering output reuses the baseband processing corresponding to the unmodulated single-tone carrier-wave. In other words, except the RF carrier-wave interference suppression and the additional IF narrowband filtering, the baseband processing corresponding to unmodulated single-tone carrier-waves can be reused, but needs to be run multiple times. It can increase the processing latency by about N times for the carrier-wave consisting of N unmodulated single-tone, or consumes about N times hardware resource to avoid increased latency by parallel processing.
Observation 9: The multiple unmodulated “single-tone” waveform for external carrier-wave leads to a multi-cycle operation of the baseband receiver processing corresponding to an unmodulated single-tone carrier-wave, and requires different RF carrier-wave interference suppression techniques and additional IF narrowband filtering.
The following table summarizes the analysis of the different waveforms and their respective abilities to achieve a harmonized design across device types.
 Table 3: Comparison of CW waveforms w.r.t achieving a harmonized design at BS receiver
	Type of waveform
	Complexity of baseband signal extraction
	Harmonized design suitability

	Single-tone unmodulated sinusoid waveform
	Low
Conventional DC removing
	Yes


	OFDM waveforms 
	High
Channel estimation, pre-distortion and demodulation (if modulated) for local carrier-wave reconstruction are needed to separate D2R signal from the carrier-wave
	Uncertain


	Multiple unmodulated single-tone waveforms
	Medium
Additional IF filters, N rounds of DC removing for N “single-tones”
	Yes, with disadvantages
Possible increased BS processing needs to be considered in timing relationship


Proposal 9: Capture the comparison of CW waveforms w.r.t achieving a harmonized design of the BS receiver in Table 3 into TR.

Considerations on carrier-wave interference suppression for uplink reception
In the case that D2R backscattering is transmitted in the same carrier as the carrier-wave, the backscattered signal from an Ambient IoT device will be interfered by the simultaneously received carrier-wave from the carrier-wave source. As the backscattered signal experiences two path losses (CW2D and D2R) and potential reflection loss at the Ambient IoT device, the received signal power of the backscattered signal can be much lower than the carrier-wave. To achieve optimal D2R receiver sensitivity, a significant suppression to the received carrier-wave interference is needed. For example, assuming the carrier-wave signal is transmitted with 23 dBm power, an overall suppression of at least 143 dB is required to achieve the uplink receiver sensitivity of ‑120 dBm.
General interference suppression 
The following interference suppression scheme can be applied to suppress the carrier-wave interference at the D2R receiver. 
1) If the carrier-wave source is separately deployed from the D2R receiver, the spatial isolation between them can reduce the received interference power. For example, the path loss can be 57 dB for an isolation distance of 20 meters, even assuming free-space propagation.
If the carrier-wave source is co-deployed or integrated with the  D2R receiver, spatial isolation no longer exists. To compensate the loss, an additional circulator or directional coupler is usually used, which can provide an interference suppression of 40-60 dB [15][16].
2) Interference cancellation in RF front-end can be applied especially when the interference power exceeds the blocking threshold of receiver. For example, assuming 23 dBm transmit power for external carrier-wave and 57 dB spatial isolation between the carrier-wave node and D2R receiver, the received carrier-wave signal power is (23-57) = -34 dBm, which is around the general blocking requirement of -35 dBm for micro-BSs [17]. In this case, RF interference cancellation may be applied, depending on the actual blocking performance of the BS. If transmit power higher than 23 dBm is used for carrier-wave, RF interference cancellation will probably be needed. In principle, it can be implemented by reconstructing a local carrier-wave according to the received interference, and subtracting it from the received signal. The performance heavily depends on the similarity between the reconstructed and actual received interference. Consequently, the optimal waveform for carrier-wave is the one which can be easily reconstructed according to the received carrier-wave interference.
3) Digital baseband interference suppression usually provides the largest portion of suppression at the D2R receiver. In general, it can be done by filtering and/or reconstructing-then-subtracting the interference from the received signal. Filtering can be done in frequency domain or spatial domain. Frequency domain filtering depends on the characteristics of the carrier-wave waveform, while spatial domain filtering can be fulfilled by e.g. the classic MMSE-IRC method. The implementation of reconstructing-then-subtracting interference is usually more complicated, as it requires accurate modeling and estimation of both the carrier-wave waveform and the propagation channel.
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Figure 9 Carrier-wave interference suppression at Ambient IoT uplink receiver
For both interference cancellation in RF front-end and interference suppression in digital baseband, the characteristics of carrier-wave waveform obviously impact the performance and implementation complexity of D2R receiver.
Suppression of single-tone waveform
Unmodulated single-tone waveform has the advantage of both optimal performance and simple implementation. For RF interference cancellation, local single-tone carrier-wave signal can be conveniently reconstructed e.g. by hypothesis testing, based on a short duration (e.g., ≤10 ms) of received single-tone carrier-wave for initial calibration. Thanks to the simple mathematical expression of single-tone waveforms, the hypothesis testing can be done only with two parameters of amplitude and initial phase. By subtracting the reconstructed local single-tone carrier-wave from the received carrier-wave, the optimum values for the two parameters can be detected when the residual interference power is minimized or below a certain threshold. A suppression of 10-30 dB can usually be expected for RF interference cancellation. In the digital baseband, a significant suppression (e.g., >80 dBc) can be simply achieved by high-pass filtering, as the received single-tone carrier-wave is shifted to direct current (DC) at baseband. Through spatial isolation, RF interference cancellation and high-pass filtering, the overall suppression to the carrier-wave interference can easily reach (57+10+80) = 147 dBc, which meets the requirement for optimal D2R receiver sensitivity. Based on the above analysis, unmodulated single-tone waveform is recommended to be used for Ambient IoT carrier-wave signal.
Observation 10: Unmodulated single-tone waveform based carrier-wave has the advantage of optimal performance and simple implementation for the interference suppression at the D2R receiver, as it can be simply done by baseband high-pass filtering and RF interference cancellation based on amplitude and initial phase hypothesis testing.
Suppression of OFDM waveform
Regarding OFDM waveforms for external carrier-wave, the interference cancellation and suppression is much more complicated, but with worse performance. For RF interference cancellation, the simple hypothesis testing at RF front-end cannot be applied due to the randomly and rapidly varying amplitude and phase of the time domain OFDM signal. As a possible solution, the local OFDM carrier-wave is reconstructed at the baseband, which is then up-converted to RF through almost the whole RF-chain. There are two key issues about this solution. 
1. First, the reconstruction of OFDM carrier-wave requires accurate information of the received carrier-wave interference, including the original data or training sequence carried by each OFDM symbol, characteristics of the multi-path channel experienced by the carrier-wave interference, and time/frequency synchronization. There is no simple way to meet all the requirements, while the actual performance is uncertain. 
2. Second, the reconstruction involves a complicated processing chain from baseband to RF front-end, which probably introduces non-negligible additional noise and distortion into the target signal, when compared to the reconstruction of the local unmodulated single-tone carrier-wave directly at RF front-end. For baseband interference suppression, high-pass filtering is obviously unable to be used for OFDM carrier-wave. Complicated interference cancellation based on the reconstructing-then-subtracting scheme is needed, whose performance is expected to be much lower than e.g. 80 dB suppression by simple high-pass filtering for unmodulated single-tone carrier-wave. Even with 57 dB spatial isolation, it is hard to satisfy the required remaining suppression of at least 86 dB for OFDM waveform based carrier-wave.
Observation 11: For OFDM waveform based carrier-wave, carrier-wave interference suppression is expected to be much more complicated for both RF front-end and baseband processing, while the performance is uncertain, due to the difficulty to accurately reconstruct the complicated OFDM carrier-wave after an unknown radio propagation channel.
Suppression of multiple “single-tone” waveform
Regarding the waveform consisting of multiple separated unmodulated “single-tone” for external carrier-wave, more complicated RF interference cancellation is required, when compared to the unmodulated single-tone carrier-wave. One possible way is to apply RF narrowband band-pass filtering to the received signal, so as to separate the backscatter signals on each “single-tone carrier”. Then the reconstructing-then-subtracting processing for the unmodulated single-tone carrier-wave can be reused for the filtered signal on each “single tone carrier”. Another possible way is to perform hypothesis testing based on the combination of the amplitude and initial phase of the two single-tone carriers for local carrier-wave reconstruction. The complexity of hypothesis testing increases exponentially with the number of variables, which becomes 4 for two single-tone carriers. The performance may also be impacted due to the residual error of more variables. At digital baseband, a similar or the same processing for unmodulated single-tone carrier-wave can be reused to the received signal on each “carrier”. In conclusion, multiple RF chains supporting the reconstructing-then-subtracting interference cancellation may be needed for the interference suppression at RF front-end, while a multi-cycle operation of the baseband receiver processing for unmodulated single-tone carrier-wave is required. 
Observation 12: For the waveform consisting of multiple separated unmodulated “single-tone”, multiple RF chains supporting the reconstructing-then-subtracting interference cancellation may be needed for the interference suppression at RF front-end, while a multi-cycle operation of the baseband receiver processing for unmodulated single-tone carrier-wave is required.
The following table summarizes the analysis of the different waveforms and their respective abilities to perform carrier-wave interference suppression.
 Table 4: Comparison of CW waveforms w.r.t performing carrier-wave interference suppression at D2R receiver
	Type of waveform
	RF front-end interference cancellation complexity
	Digital baseband interference suppression complexity
	Implications

	Single-tone unmodulated sinusoid waveform
	Low
For reconstruction of local single-tone carrier-wave, hypothesis testing for only amplitude and initial phase can be used
	Low
High-pass filtering can be used
	None
Can meet optimal D2R receiver sensitivity

	OFDM waveforms 
	High
For reconstruction of local OFDM carrier-wave, original data or training sequence carried by each OFDM symbol, characteristics of multi-path channel experienced by the carrier-wave interference, and fine time/frequency synchronization are required
	High
Complicated interference cancellation based on the reconstructing-then-subtracting scheme is required
	Not possible
Cannot satisfy the required remaining suppression to meet optimal D2R receiver sensitivity

	Multiple unmodulated single-tone waveforms
	Medium
For reconstruction of local carrier-wave
Option 1: Separate backscattered signal on each single-tone using RF narrowband band-pass filtering, requiring multiple RF chains
Option 2: Hypothesis testing with the risk that complexity increases with number of single-tone carriers
	Medium
Same as single tone waveform, but requires a multi-cycle operation for each of the single-tones.
	None
Can meet optimal D2R receiver sensitivity


Proposal 10: Capture the comparison of CW waveforms w.r.t performing carrier-wave interference suppression at D2R receiver in Table 4 into TR.
From the perspective of both the harmonized design for different devices and carrier-wave interference suppression at D2R receiver, it should be noted that the above analysis focuses on the D2R receiver at BS in D1T1. Regarding the use of an intermediate UE in D2T2, the increased hardware and software complexity for the support of either OFDM waveforms or multiple single-tone waveform based carrier-waves is assumed to be impractical. In other words, it is recommended to assume only single-tone unmodulated sinusoid waveform to be supported in Topology 2.
[bookmark: _GoBack]Proposal 11: Considering modest complexity of D2R receiver at intermediate UE, it is recommended to support only single-tone unmodulated sinusoid waveform for external carrier-wave in Topology 2.

Considerations on interference to NR BS / UE for in-band operation
For in-band operations, the external carrier-wave may also be received by nearby NR BSs or UEs. It is assumed that the PRBs allocated for Ambient IoT would not be used by NR. In this case, the external carrier-wave may produce adjacent channel interference to the receiver of either the NR BS or UE, which is expected to be evaluated by RAN4.
Orthogonality between the external carrier-wave and NR uplink or downlink signal can obviously help suppress the carrier-wave interference to NR. For example, as OFDM is applied for both NR downlink and uplink, sub-carrier orthogonality between the external carrier-wave and NR signal is expected to efficiently minimize the interference. 
Proposal 12: For Ambient IoT deployment with in-band operations, sub-carrier orthogonality between the external carrier-wave and NR uplink or downlink signal is recommended for the efficient suppression of interference to NR, which is possible for all of the unmodulated single-tone, OFDM, and multiple unmodulated single-tone waveforms.

Proposed waveform for external carrier wave
According to the above analysis, the proposed waveform to be studied for external carrier-wave is concluded as follows.
· Unmodulated single-tone waveform is recommended to be the baseline for external carrier-wave, due to the advantage of simpler processing for carrier-wave interference suppression, higher spectrum efficiency for backscattered signal, and harmonized design between the D2R receivers corresponding to different device architectures. 
· The OFDM waveform based carrier-wave not only leads to more complicated processing and worse performance for carrier-wave interference suppression, but also suffers from lower spectrum efficiency for the backscattered signal and design divergence of D2R receivers corresponding to different device architectures. It is not studied further. 
· The external carrier-wave consisting of multiple separated unmodulated “single-tone” can be further studied for the possible benefit of coverage enhancement through frequency diversity gain.
Proposal 13: The study assumes single-tone unmodulated sinusoid waveform as the baseline for external carrier-wave.
Proposal 14: The study precludes OFDM waveform for external carrier-wave.
Proposal 15: The external carrier-wave consisting of multiple separated unmodulated “single-tone” can be further studied for the possible benefit of coverage enhancement.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the suitable spectrum and waveform characteristics for the external carrier-wave are discussed. It is proposed that the study assumes unmodulated single-tone waveform as the baseline for the external carrier-wave, while OFDM waveform can be precluded. It is recommended to also capture the following observations, together with the proposals, in the TR.
Proposal 1: The study on case 1-2 is concluded by capturing the following in the TR:
· Existing regulatory restrictions prevent the BS from transmitting in DL spectrum.
· Carrier-wave transmissions in UL spectrum causes interference to other UL transmissions.
Proposal 2: For the case that D2R backscattering is transmitted in the same carrier as CW for D2R backscattering, and for Topology 1, the following cases for CW transmission are prioritized for evaluation purposes.
· Case 1-1: CW is transmitted from inside the topology, transmitted in DL spectrum
· Case 1-4: CW is transmitted from outside the topology, transmitted in UL spectrum
Proposal 3: The study on case 2-3 is concluded by capturing the following in the TR:
· Intermediate UE has to support different D2R receiver implementations in uplink and downlink spectrum, increasing UE complexity.
Proposal 4: For the case that D2R backscattering is transmitted in the same carrier as CW for D2R backscattering, and for Topology 2, the following cases for CW transmission are prioritized for evaluation purposes.
· Case 2-2: CW is transmitted from inside the topology (i.e., intermediate UE), transmitted in UL spectrum
· Case 2-4: CW is transmitted from outside the topology, transmitted in UL spectrum
Proposal 5: If the case that D2R backscattering is transmitted in different carrier from CW for D2R backscattering (e.g., in UL and DL spectrum, respectively) is to be included in the TR, and for Topology 1, the following case for CW transmission is considered.
· Case 3-1: CW is transmitted from inside the topology, transmitted in DL spectrum
Proposal 6: If the case that D2R backscattering is transmitted in different carrier from CW for D2R backscattering (e.g., in UL and DL spectrum, respectively) is to be included in the TR, and for Topology 2, the following case for CW transmission is considered. 
· Case 4-1: CW is transmitted from outside the topology, transmitted in DL spectrum
Proposal 7: Although the above cases can be captured in the TR, the study de-prioritizes further effort on the cases that D2R backscattering is transmitted in a different carrier from the carrier used for CW transmissions.
Proposal 8: Capture the comparison of CW waveforms w.r.t spectral efficiency of backscatter modulation in Table 2 into TR.
Table 2: Comparison of CW waveforms w.r.t spectral efficiency of backscatter modulation 
	Type of waveform
	Bandwidth used
	Implications
	Problems

	Single-tone unmodulated sinusoid waveform
	Baseband signal BW
	None

	None


	OFDM waveforms with M PRBs
	Baseband signal BW + M PRBs
	Increased BW does not improve link performance
	Performance degradation 
Due to complicated and ineffective interference suppression

	Multiple N unmodulated single-tone waveforms
	N x Baseband signal BW
(assuming unoccupied gap can be scheduled for other purposes)
	Increased BW improves link performance
	Trade-off required
Trade-off between increased BW and diversity gain


Proposal 9: Capture the comparison of CW waveforms w.r.t achieving a harmonized design of the BS receiver in Table 3 into TR.
Table 3: Comparison of CW waveforms w.r.t achieving a harmonized design 
	Type of waveform
	Complexity of baseband signal extraction
	Harmonized design suitability

	Single-tone unmodulated sinusoid waveform
	Low
Conventional DC removing
	Yes


	OFDM waveforms 
	High
Channel estimation, pre-distortion and demodulation (if modulated) for local carrier-wave reconstruction are needed to separate D2R signal from the carrier-wave
	Uncertain


	Multiple unmodulated single-tone waveforms
	Medium
Additional IF filters, N rounds of DC removing for N “single-tones”
	Yes, with disadvantages
Possible increased BS processing needs to be considered in timing relationship


Proposal 10: Capture the comparison of CW waveforms w.r.t performing carrier-wave interference suppression at D2R receiver in Table 4 into TR.
Table 4: Comparison of CW waveforms w.r.t performing carrier-wave interference suppression at D2R receiver
	Type of waveform
	RF front-end interference cancellation complexity
	Digital baseband interference suppression complexity
	Implications

	Single-tone unmodulated sinusoid waveform
	Low
For reconstruction of local single-tone carrier-wave, hypothesis testing for only amplitude and initial phase can be used
	Low
High-pass filtering can be used
	None
Can meet optimal D2R receiver sensitivity

	OFDM waveforms 
	High
For reconstruction of local OFDM carrier-wave, original data or training sequence carried by each OFDM symbol, characteristics of multi-path channel experienced by the carrier-wave interference, and fine time/frequency synchronization are required
	High
Complicated interference cancellation based on the reconstructing-then-subtracting scheme is required
	Not possible
Cannot satisfy the required remaining suppression to meet optimal D2R receiver sensitivity

	Multiple unmodulated single-tone waveforms
	Medium
For reconstruction of local carrier-wave
Option 1: Separate backscattered signal on each single-tone using RF narrowband band-pass filtering, requiring multiple RF chains
Option 2: Hypothesis testing with the risk that complexity increases with number of single-tone carriers
	Medium
Same as single tone waveform, but requires a multi-cycle operation for each of the single-tones.
	None
Can meet optimal D2R receiver sensitivity


Proposal 11: Considering modest complexity of D2R receiver at intermediate UE, it is recommended to support only single-tone unmodulated sinusoid waveform for external carrier-wave in Topology 2.
Proposal 12: For Ambient IoT deployment with in-band operations, sub-carrier orthogonality between the external carrier-wave and NR uplink or downlink signal is recommended for the efficient suppression of interference to NR, which is possible for all of the unmodulated single-tone, OFDM, and multiple unmodulated single-tone waveform.
Proposal 13: The study assumes single-tone unmodulated sinusoid waveform as the baseline for external carrier-wave.
Proposal 14: The study precludes OFDM waveform for external carrier-wave.
Proposal 15: The external carrier-wave consisting of multiple separated unmodulated “single-tone” can be further studied for the possible benefit of coverage enhancement.

Observation 1: For the case of CW inside D1T1, BS transmitting the CW in DL spectrum is more suitable from the perspective of higher compliance with spectrum regulations and higher permitted transmit power.
Observation 2: For the case of CW outside D2T2, carrier-wave node transmitting the CW in UL spectrum is beneficial for reusing the D2R receiver implementation at the intermediate UE for the case of CW inside D2T2.
Observation 3: It is feasible for the same Ambient IoT device to support backscattering on both the downlink and uplink spectrum, with modest impact on device power consumption and complexity.
Observation 4: For single-tone waveform based carrier-wave, the backscattered signal shares the same bandwidth as the baseband signal.
Observation 5: For OFDM waveform based carrier-wave, the backscattered signal not only consumes larger bandwidth than baseband signal, but also may suffer from degraded link performance.
Observation 6: For the external carrier-wave consisting of N separated “single-tone”, the backscattered signal consumes N times the bandwidth of baseband signal, but may improve spectrum efficiency through frequency-domain diversity gain especially for the devices in bad coverage.
Observation 7: Unmodulated single-tone waveform for external carrier-wave is beneficial for harmonized design in the BS between different device architectures.
Observation 8: OFDM waveform for external carrier-wave leads to divergence from a harmonized design in the BS between different device architectures.
Observation 9: The multiple unmodulated “single-tone” waveform for external carrier-wave leads to a multi-cycle operation of the baseband receiver processing corresponding to an unmodulated single-tone carrier-wave, and requires different RF carrier-wave interference suppression techniques and additional IF narrowband filtering.
Observation 10: Unmodulated single-tone waveform based carrier-wave has the advantage of optimal performance and simple implementation for the interference suppression at the D2R receiver, as it can be simply done by baseband high-pass filtering and RF interference cancellation based on amplitude and initial phase hypothesis testing.
Observation 11: For OFDM waveform based carrier-wave, carrier-wave interference suppression is expected to be much more complicated for both RF front-end and baseband processing, while the performance is uncertain, due to the difficulty to accurately reconstruct the complicated OFDM carrier-wave after an unknown radio propagation channel.
Observation 12: For the waveform consisting of multiple separated unmodulated “single-tone”, multiple RF chains supporting the reconstructing-then-subtracting interference cancellation may be needed for the interference suppression at RF front-end, while a multi-cycle operation of the baseband receiver processing for unmodulated single-tone carrier-wave is required.
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