[bookmark: OLE_LINK1]3GPP TSG RAN WG1 #116-bis								R1-2402967
Changsha, PR China. 15th – 19th April 2024
Agenda Item 	:	9.4.1.1
Source 	:	Sony 
[bookmark: _Hlk47372129]Title 	:	Ambient IoT evaluation assumptions and results 
Document for 	:	Discussion and decision
1 Introduction
In RANP#103 Maastricht, the study item on Ambient IoT was updated [5], including the following objective:
	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.



The following proposals [6] that are relevant to this agenda item were endorsed at RANP#103 Maastricht:
	Proposal 5v2
· RAN design targets for user experienced data rate, maximum message size, and moving speed of device: those can be used as assumptions in coverage evaluations, i.e. the coverage evaluations are done under the conditions that meet those targets.
· Evaluations of RAN design targets for latency and connection/device density are allowed by the Rel-19 SID and observations on those evaluations can be captured in the TR38.769
· Note: this is as per the SID: “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.”



In RAN1#116 Athens, the following agreements were made [7]:
	Agreement
For this study item, the coverage evaluation methodology is based on the following steps. 

For an evaluation scenario
· For each of the link i, 
· Step 1: Obtain the required SINR for the physical channels under target scenarios and service/reliability requirements if Budget-Alt2 is used for this link i.
· Step 2: Obtain the receiver sensitivity using the method Budget-Alt1 (if a predefined threshold is assumed to derive the receiver sensitivity) or Budget-Alt2 (if no predefined threshold is assumed to derive the receiver sensitivity).
· Step 3: Obtain the coverage performance for link i based on the receiver sensitivity from step 2 and link budget template.
· The coverage results for each link are provided.
· FFS: what links are evaluated besides R2D and D2R (e.g., RF-EH)
· FFS whether/how to model the interferenceFFS: for which device(s) a predefined threshold is assumed

Note the following alternatives for obtaining receiver sensitivity are defined, 

· Budget-Alt1: receiver sensitivity is derived by a predefined threshold and no LLS is needed for link budget calculation
· The results rely on the received sensitivity and maximum transmit power, and directly calculate the maximum distance / pathloss based on these values and other related parameters. The link-level simulation (LLS) performances, such as required SINR can be satisfied for such case and no LLS is needed for link budget calculation.

· Budget-Alt2: receiver sensitivity is derived by required SINR which is given by LLS results 
· The results rely on link-level simulation results, e.g., required SINR which corresponds to detail LLS assumptions (e.g., BW, coding, data rate). And based on the required SINR, the received sensitivity can be calculated and then the maximum distance / pathloss can be derived.
· Note: For noise power, a noise figure value needs to be provided.


Agreement
MPL and distance is used as performance evaluation metric for link budget calculation.
· Note: the distance is derived from MPL and corresponding pathloss model.
· FFS: Pathloss model


Agreement
The following pathloss model is used in the coverage evaluation. 
· For D1T1, 
· InF-DH defined in TR38.901 is used. 
· Decide which of the following is used for each link,
· NLOS
· LOS
· FFS: InF-SH
· For D2T2, down-select from the following path loss models
· InF-DL defined in TR38.901 where the BS path loss model is reused for intermediate-UE with antenna height of 1.5m
· InH-Office model defined in TR38.901, (a.k.a, InH_B in Report ITU-R M.2412-0) where the BS path loss model is reused for intermediate-UE with antenna height of 1.5m
· Decide which of the following is used for each link,
· NLOS
· LOS


Conclusion
Companies are encouraged to consider Table 3.4.2 in R1-2401735 for their contributions to RAN1#116bis regarding link budget template.




This document considers evaluation assumptions for Ambient IoT and provides some link budget evaluations.
2 Assumptions and Link Budget Analysis
A. Scope of link budget evaluation
Link budget analysis in this document follows the Budget-Alt-1 approach where D1T1 schemes with A1, A2, B and C scenarios are considered. The difference between different sub-categories is summarised in the following table. 

	Scenarios
	Carrier Wave Emitter (CWE)
	Backscattering Type

	D1T1-A1
	Y (inside the topology)
	Bistatic

	D1T1-A2
	N
	Monostatic

	D1T1-B
	Y (outside the topology)
	Bistatic

	D1T1-C (active device only)
	N/A
	N/A


Table 1. Comparison between different system configurations for D1T1 scenario.
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Figure 1. Block diagram of scenarios applied to backscattering A-IoT devices.

Apart from the D1T1-C scenario which is related to the 2b device (active), the difference between other scenarios highlighted in Table 1 primarily relates only to backscattering transmissions, i.e., carrier-wave-to-device (CW2D) and device-to-reader (D2R) links. Downlink command/signalling transmission through the reader-to-device (R2D) link is unified for the backscattering-related transmissions. 

Proposal 1: A unified approach is used for R2D link budget analysis for D1T1 scenarios, considering different activation thresholds for different device types.

The reader type in D1T1-A1 scenario is indoor base station (BS), which will be deployed in a static manner. This means that the ambient IoT (A-IoT) devices are supposed to be connected to two BSs (R2D/CW2D and D2R links) which are the nearest to the device. While in D1T1-B scenario, the CWE that is deployed outside the topology is allowed; this means that the CW transmission could become more flexible in D1T1-B, compared with the D1T1-A1 scenario, e.g., UEs being deployed as CWEs. It is worth noting that UEs may have more constrained transmission power, and this should be considered in the deployment. 

Observation 1: An advantage introduced by the D1T1-A1 scenario is that the reader BS may enjoy minimized direct-link interference incurred by the CW transmitted by the other BS. We note that this holds especially for a system in which the backscattered signal occupies the same frequency band as the CW, e.g., an A-IoT device modulates its information through on-off keying (OOK) scheme. 

Proposal 2:  Link budget for D1T1-A1 scenario should be conducted based on the agreed assumptions of the indoor BS deployment. For example,  m for big hall and  for small hall, etc.  denotes the distance between two adjacent indoor BSs. This means that the distance between the CWE and the reader (both are BSs) is  and thus the device should ideally communicate with both. 

As mentioned above, we conduct link budget investigation primarily for the D1T1 scenario by considering 1) the R2D link as a unified link for different sub-scenarios and 2) joint CW2D and D2R links. 
B. Link Budget Analysis - R2D link
The rationale of considering the R2D link as a unified link for different sub-scenarios is that in D1T1 scenario, the command/signal link shall always be initiated by the BS and received by the device(s). Depending on the type of the A-IoT devices, either type 1 or type 2, the device excitation threshold could be different. 

Detailed configurations for unified R2D link are summarised in Table 2.

	Frequency band
	 MHz

	R2D Tx. Power (BS), 
	 dBm

	Tx. antenna gain (BS), 
	 dBi

	Rx. antenna gain (A-IoT devices), 
	 dBi

	Path loss, 
	TBD, range-dependent

	Polarisation mismatch, 
	 dB

	On-object antenna penalty 
	 dB – cardboard sheet
 dB – aluminium slab 
other values [1]

	Excitation threshold, 
	 dBm type-i device;
 dBm type-ii (a) device [2].

	BS height
	 m

	Device height
	 m


Table 2. Parameter assumptions for D1T1 R2D link.



With the discussion above, we use the following formulas to highlight the derivation of MPL for R2D link. 
     (Eq.1)
     (Eq.2)
A-IoT devices are attached to various objects made of different materials, such as cardboard, aluminium, etc. This diversity in materials introduces an "on-object antenna penalty," a phenomenon that adversely affects the antenna's performance. This penalty manifests as a reduction in both the R2D received signal power and the power of the D2R backscattered signal. The underlying cause of the on-object antenna penalty is the physical interaction between the device’s antenna and the material of the object it's attached to. Different materials have different electromagnetic properties, which can alter the impedance matching between the tag antenna and the reader, leading to less efficient energy transfer and signal degradation.

Proposal 3: For backscattering devices, i.e., type 1 and type 2a devices, an on-object antenna penalty in both R2D and D2R links is considered. RAN1 assumes  dB for cardboard sheet and  dB for aluminium slab as on-object antenna penalties.  
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Figure 2. Device received signal power (dBm) as a function of R2D range (m) in the D1T1 R2D link.

Figure 2 illustrates the A-IoT device’s received signal power as a function of the communication range of the R2D link. Both LoS and NLoS R2D are considered; also, we consider cardboard sheet ( dB antenna penalty) and aluminium slab ( dB antenna penalty) as two types of the material for the attaching object. The InF-DH scenario with big hall setup is assumed in which the distance between BSs is  m.

In the indoor scenarios, the A-IoT devices are likely to connect to the BSs close to them for the sake of excitation. This requires that the device’s location/closeness is known by the network and the BS in their vicinity is scheduled to serve the R2D link. Therefore, a potential limit of the R2D link range is . This value could be derived based on the illustration in Figure 5; there are four indoor BS which form a square with the distance between adjacent BSs being . Given that the A-IoT device is in the area highlighted in yellow, the two BSs at the bottom could be deployed to handle the device connection. And the maximum distance between any of the BS and the device is .

The excitation threshold is assumed for type 1 devices is  dBm. Based on the results shown in Figure 1, type 1 devices may fail to be excited given that the attaching material is aluminium. This observation holds no matter whether the communication is LoS or NLoS.

Observation 2:  Given that the distance between two adjacent BSs in the big hall deployment equals  m, the maximum R2D range is Approx.  m. This also implies that the type 1 device could only be supported in limited conditions, e.g., R2D range within  and the device attached to the cardboard sheet. 

As for the type 2a device,  dBm is assumed as the corresponding excitation threshold. It can be observed that the cases with cardboard sheet and aluminium slab as attaching material are well supported. If R2D range goes beyond  m, the device would possibly not be excited; we note that this still satisfies the requirement for the considered  R2D range 
Observation 3: When the material that the device is attached to is reflective, e.g., metal, deploying type-2a devices or active devices is required to ensure the successful command reception. Type 1 devices are not compatible with the D1T1 scenario. 

According to both Eq.1 and 2, the MPL for R2D is calculated as
· Type-i device:  dB for MPL depending on the material of the attaching object.
· Type-ii(a) device:  dB for MPL depending on the material of the attaching object.
C. Link Budget Analysis – D2R link
The following table summarizes the parameters assumed for the link budget analysis for D2R link in different D1T1 scenarios, i.e., D1T1-A1, D1T1-A2, D1T1-B and D1T1-C. 

	Frequency band
	 MHz

	CW Tx. power (BS), 
	 dBm

	CW Tx. antenna gain (BS), 
	BS:  dBi; UE: 2 dBi

	Device antenna gain (device), 
	 dBi

	Modulation factor (equivalent to backscatter loss), 
	 dB; only applies to backscattering devices

	Backscattering amplification gain, 
	Type 1:  dB; type 2a:  dB

	D2R Tx. power (device), 
	For backscattering device dependent on pathloss from CWE to device (see note 1);
Type 2b devices:  dBm

	Polarisation mismatch, 
	 dB

	On-object antenna penalty 
	 dB – cardboard sheet
 dB – aluminium slab 
other values [1]

	EIRP
	See note (2)

	Reader sensitivity, 
	 dBm


Table 3. Parameter assumptions for D1T1 D2R links.

Notes:
1. Transmitting power calculation for type-i and type-ii (a) devices follows 
    (Eq. 3)
2. EIRP calculated for the devices follows
        (Eq. 4)
3. MPL for the D2R link is calculated as 
        (Eq. 5)
In the literature, the calculation of modulation factor of various backscattering modulation schemes is calculated by considering the antenna load impedance switching, with each load impedance state representing a unique power reflection ratio. Depending on the modulation scheme, both high-reflection and low-reflection states may exist. Therefore, the modulation factor is used to quantify the average power reflection ratio across different impedance states, and it typically appears as backscatter loss in the link budget analysis of backscattering communication [4]. 

As for the uplink backscattering communications, two links, i.e., CW2D and D2R, are both involved. When BSs are deployed as CWE or reader with their location being fixed, the distance of CW2D and D2R would be dependent on one another. It is hence necessary to consider both CW2D and D2R links for link budget analysis of the backscattering transmission. 

a) CW2D and D2R for D1T1-A2 
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Figure 3. Received signal power (dBm) as a function of D2R distance. In D1T1-A2 topology, D2R range is equivalent to CW2D range (InF-DH big hall deployment).

We first analyse the D2R link budget for the D1T1-A2 scenario where the BS that transmits signalling/command also serves the CWE. Clearly, such a topology belongs to the monostatic backscattering category. The CW2D distance and the D2R distances denoted are identical. 

The indoor factory with big hall setup is assumed and thus, the distance between two adjacent indoor BSs is  m. Like the maximum R2D range, we further assume that the maximum D2R/CW2D range is therefore . 
Figure 3 illustrates the received signal power of both device (from CW2D link) and BS (from D2R link)

Given that the excitation threshold of type 1 device is  dBm and the attaching object is made of aluminium, type 1 devices fail to be activated in some scenarios. Since this observation is similar to that observed in R2D, detailed discussion is omitted here. It is perhaps worth noting that the solid black curve in Figure 2(a) should only be seen as reference purposes while in practice the D2R might not exist because of the failure of device activation in the CW2D link. 

Observation 4: Given that the excitation threshold of type-ii (a) device is  dBm and the reader sensitivity is  dBm, type 2a device can well support the D2R link in the D1T1-A2 scenario.

D1T1-A2 essentially enables the monostatic backscattering communication where the CW2D and D2R links share the unified distance. Also, the device transmitting power is determined by the CW power received from the CW2D link. There exists the possibility that the device cannot be activated due to insufficient power of CW signal. It can also be observed from Figure 2 (b) that the margin between device excitation threshold and the obtained signal power received by the device at in CW2D link range (Approx.  dB) is much smaller than that between the reader sensitivity and the obtained signal power received by the reader (Approx.  dB). 

For the D1T1-A2 scenario, the CW2D link is the link that dominates the overall coverage. The supported MPLs are:
· Type 1 device:  dB for MPL depending on the material of the attaching object.
· Type 2a device:  dB for MPL depending on the material of the attaching object.

b) CW2D and D2R in D1T1-A1 with fixed location of BSs 
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Figure 4. Received signal power (dBm) as a function of D2R distance with D1T1-A1 topology.

[image: ]
Figure 5. Graphic illustration on the derivation of  and .

In the D1T1-A1 scenario, both the CWE and the reader are indoor BSs whose deployment is likely to follow the specification discussed in Table XXX in [3]. Given that the A-IoT device location is sufficiently accurate and known by the network, two nearest BSs can be scheduled to serve as the CWE and reader, respectively. Effectively, the CW2D (denoted by ) distance and D2R (denoted by )  distance could be derived by
     (Eq. 6a)
     (Eq. 6b)
And a graphic illustration is shown in Figure 5. 

Figure 4 illustrates for both type 1 and type 2a devices, the device-received signal power, and the reader-received signal power as a function of CW2D range. Note that the D2R range is calculated according to Eq. 6b. It is observed from Figure 4 (a) that type 1 devices may fail to be activated in the CW2D link if the attaching object is aluminium slab; it may also encounter limited effective range if the attaching object is cardboard sheet, i.e., effective range less than 30 m. While it is possible to guarantee the device excitation by swapping the CWE and reader. Note that a similar approach also applies to the type 2a device.

On the other hand, the type 2a device can be activated with CW2D link range up to  m, according to Figure 4(b). We note that the practical range is expected to be smaller because of the multipath/shadowing fade margin. 

For scenario D1T1-A1, it is advantageous to use the BS that is the nearest to the device as CWE for the sake of successful device excitation. 

c) CW2D and D2R for D1T1-B 
Recall that the difference between D1T1-A1 and D1T1-B in terms of their CW2D and D2R links is based on whether the external CWE exists or not, e.g., on whether a UE serves as the external CWE. Deploying UE as CWE may introduce extra degrees of freedom of adjusting the CW2D link distance and could potentially improve the probability of successful device activation. 

Therefore, we conduct the analysis based on the consideration that UE is deployed as the external CWE. Correspondingly,  dBm CW transmission power and  dBi UE antenna gain is assumed. Also, we consider the CW2D range as  m or  m for illustration purpose.



	CW2D range (m)
	Device Rx. power (dBm)

	
	Cardboard
	Aluminium

	
	
	

	
	
	


Table 4. Device received signal power derived with different CW2D ranges.

Given the CW2D range,  m or  m, Table 4 illustrates the resulting device received signal with different attaching object. The received signal strengths are less than for the D1T1-A scenarios discussed previously partly because the UE transmit power (23 dBm) is less than the gNB transmit power (33 dBm). We consider LoS link for all cases because of the short distance. We find that it is challenging to activate type 1 devices with CW2D range  m, regardless of the type of attaching object. Type 2a devices could be activated with the CW2D range being up to  m. 
Observation 5: Type 2a devices are required for D1T1-B, where the UE is deployed as external CWE, in order to achieve successful device excitation. 
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Figure 6. Reader received signal power as a function of D2R distance with D1T1-B topology for type 2a device. 

We only consider type 2a device for the D2R link budget analysis in the figure above (the type 1 device receives insufficient power for excitation); the CW2D range is assumed to be  m and the corresponding device received signal power is  dBm. As illustrated in Figure 6, it is observed that the considered scenarios can be well supported by the device, given that the reader BS is properly selected with D2R range being no greater than . 
d) D2R for D1T1-C 
[image: A graph of a paper with a blue line

Description automatically generated with medium confidence]
Figure 7. Reader received signal power as a function of D2R distance with D1T1-C topology for type2b device.
Figure 7 illustrates the received signal power of the reader for the type 2b device in the D1T1-C scenario. Given the maximum D2R range as , the considered scenarios are well supported. There is Approx.  dB margin remaining which means the transmitting power of the device could be further reduced. E.g., -20 dBm, to achieve less power consumption.

Observation 6: Type 2b devices are required easily achieve the link budget for the D1T1-C scenario. 

3 Conclusion 
This document has considered the link budget and evaluation assumptions for the Ambient IoT study. The following observations and proposals are made:
Observation 1: An advantage introduced by the D1T1-A1 scenario is that the reader BS may enjoy minimized direct-link interference incurred by the CW transmitted by the other BS. We note that this holds especially for a system in which the backscattered signal occupies the same frequency band as the CW, e.g., an A-IoT device modulates its information through on-off keying (OOK) scheme. 

Observation 2:  Given that the distance between two adjacent BSs in the big hall deployment equals  m, the maximum R2D range is Approx.  m. This also implies that the type 1 device could only be supported in limited conditions, e.g., R2D range within  and the device attached to the cardboard sheet. 

Observation 3: When the material that the device is attached to is reflective, e.g., metal, deploying type-2a devices or active devices is required to ensure the successful command reception. Type 1 devices are not compatible with the D1T1 scenario. 

Observation 4: Given that the excitation threshold of type-ii (a) device is  dBm and the reader sensitivity is  dBm, type 2a device can well support the D2R link in the D1T1-A2 scenario.

Observation 5: Type 2a devices are required for D1T1-B, where the UE is deployed as external CWE, in order to achieve successful device excitation. 

Observation 6: Type 2b devices are required easily achieve the link budget for the D1T1-C scenario. 

Proposal 1: A unified approach is used for R2D link budget analysis for D1T1 scenarios, considering different activation thresholds for different device types.

Proposal 2:  Link budget for D1T1-A1 scenario should be conducted based on the agreed assumptions of the indoor BS deployment. For example,  m for big hall and  for small hall, etc.  denotes the distance between two adjacent indoor BSs. This means that the distance between the CWE and the reader (both are BSs) is  and thus the device should ideally communicate with both. 

Proposal 3: For backscattering devices, i.e., type 1 and type 2a devices, an on-object antenna penalty in both R2D and D2R links is considered. RAN1 assumes  dB for cardboard sheet and  dB for aluminium slab as on-object antenna penalties.  
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