[bookmark: _Hlk37418177]3GPP TSG RAN WG1 #116-bis	 R1- 2403397
Changsha, China, April 15th – April 19th, 2024

Agenda item:       9.4.1.1
Source:	IIT Kanpur, Indian Institute of Technology Madras (IITM)
Title:	Evaluation assumption and preliminary results for AIoT  
Document for:     Discussion and Decision
1. Introduction
In recent years, IoT has gained much attraction in wireless communications. More things are expected to be interconnected to increase productivity, efficiency, and the comfort of life and reduce the stress on the existing infrastructure. In most current technologies, the devices are battery-powered, with a limited life cycle, or needs to be charged manually. It is impossible to power all these devices or things through batteries, leading to environmental issues and high maintenance costs. 
[bookmark: _Hlk510705081]Existing technologies are not suitable to meet the requirements of the target use case mentioned in TR 22.840. Hence, in Rel-18, a RAN Plenary level study was conducted to study the use case and the requirements of a new IoT technology, which relies on ultra-low complexity devices with ultra-low power consumption for the very-low-end IoT applications. In Rel-19, a study on a new device class called Ambient IoT (AIoT) is going on, which can meet the strict complexity and power consumption requirements of these use cases defined in TR 22.840. 
For the evaluation of the coverage for AIoT, the following agreements were made in the last RAN1 #116 meeting [1].
	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 interference 
· FFS: 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.



					
2. Discussion
This contribution provides a discussion about methodology assumptions on coverage evaluations, link budget calculations, and remaining design targets of TR 38.848 for Ambient IoT devices [2]. 
2.1 Evaluation for coverage
As per the last meeting agreement RAN1 #116, MPL was agreed as a performance metric to be used for link budget calculation for the AIoT. The definitions are as follows [3].
Definition of MPL:
· MPL = MIL – Shadow fading margin + BS selection/macro-diversity gain – Penetration margin + Other gains.
Where, MIL = Total transmit power – Receiver sensitivity – Tx loss – Rx loss + BS antenna gain + UE antenna gain.

To perform the coverage evaluation for the AIoT devices, maximum coverage could be analytically calculated based on the path loss model with respect to MPL values. 
MPL can be derived from the path loss expression wherein  is the normalized operation frequency and  is related to the coverage [4].
MPL=
PLNLOS for InF-DH NLOS
PLLOS  for InF-DH LOS
After evaluation of MPL from the link budget, coverage can be calculated as follows.
Maximum distance (m),d2D = 
2.1.1 Monostatic case
The Carrier Wave emitter and reader will be the same node in the monostatic transmission case. Specifically, the CW signal is emitted from the emitter and reflected back to the same emitter node from the AIoT device.
For downlink AIoT (CW node / BS -> AIoT)
MIL = Total transmit power – Receiver sensitivity – Tx loss – Rx loss + gNB antenna gain + UE antenna gain
         = 33 - (-36) - 0 - 0 +2 + 0 =71
MPL = MIL – Shadow fading margin + BS selection/macro-diversity gain – Penetration margin + Other gains.
         =71-4+0-3+0=64

Maximum distance (m),d2D =  = 27m

For uplink AIoT (AIoT -> CW node / BS)

MIL = EIRP+Total antenna gain(BS/CW node)-cable loss-Reader sensitivity
         = -52+2-0-(-123) = 71
MPL = MIL-Shadow fading margin-other margin (AIoT)+other gain
          = 71-4-3+0 = 64
Maximum distance (m),d2D =  = 27m

Based on the above expressions, a summary Table 1 is presented for AIoT device type-1 parameters, and UL and DL coverage for monostatic configuration are listed.
Table 1: Parameters and values for AIoT device type-1 and UL and DL coverage evaluation
	Transmitter
	A-IoT DL,
BS/CW node -> device

	A-IoT UL,
Device ->BS/CW node

	(1) Number of transmit antenna elements
	For BS:
- 2 or (optional) 4 antenna elements for 0.9 GHz

For Intermediate UE:
- 1 or 2 (if CPE)

For device:
- 1
	2
	
1

	(2) Number of transmit TxRUs
Note: this row is void (left empty) for uplink
	For BS:
- 2 or (optional) 4 TXRUs for 900 MHz
	2
	

	(3bis) Total transmit power for occupied bandwidth (dBm)
	BS: 33 dBm or (optional) 38 dBm
Intermediate UE: 23 dBm
Device: 
· For UL transmission generated internally, reported by companies
	33
	
N/A

	(AIoT 2) CW received power (dBm)
	Device: 
· For UL transmission backscattered on a carrier wave provided externally, reported by companies
	N/A
	
-46

	(8) Cable, connector, combiner, body losses, etc. 
	BS/intermediate UE/Device: Reported by companies
	0
	0

	(AIoT 1a) Total backscatter loss (dB)
	Device: 
· For UL transmission backscattered on a carrier wave provided externally without amplification, reported by companies
	N/A
	
6

	(AIoT 1b) Total backscatter amplification gain (dB)
	Device: 
· For UL transmission backscattered on a carrier wave provided externally with amplification, reported by companies
	N/A
	
N/A

	(4) Total antenna gain (dB)
	BS: Reported by companies
Intermediate UE/Device: 0dB
	2
	0

	(9) EIRP
	BS/intermediate UE: (3bis) + (4) - (8)
Device: 
· For UL transmission backscattered on a carrier wave provided externally without amplification, (AIoT 2) + (4) – (8) - (AIoT 1a)
· For UL transmission backscattered on a carrier wave provided externally with amplification, (AIoT 2) + (4) - (8) + (AIoT 1b)
For UL transmission generated internally, (3bis) + (4) - (8)
	35
	


-52

	Receiver
	
	

	(10) Number of receive antenna elements
	For BS:
- 2 or (optional) 4 antenna elements for 0.9 GHz

For Intermediate UE:
- 1 or 2 (if CPE)

For device:
- 1
	1
	
2



	(10a) Number of receive TxRUs
	For BS:
- 2 or (optional) 4 TXRUs for 900 MHz
	N/A
	2

	(11) Total antenna gain (dB)
	BS: reported by companies
Intermediate UE/Device: 0dB
	0
	
2

	(12) Cable, feeder, connector, combiner, body losses, etc. 
	BS/intermediate UE/Device: Reported by companies
	0
	0

	(13) Receiver noise figure (dB)
	BS/intermediate UE: Reported by companies
	
	9

	(14) Thermal noise density (dBm/Hz)
	BS/intermediate UE: Reported by companies
	
	-174

	(3c) Occupied BW (Hz)
	BS/intermediate UE/Device: Reported by companies
	180000
	15000

	(18) Effective noise power (dBm)
	BS/intermediate UE: (14)+10log((3c))
	N/A
	-123

	(19) Required SNR (dB)
	BS/intermediate UE: Reported by companies
	N/A
	2

	(20) Receiver implementation margin (dB)
	BS/intermediate UE: Reported by companies
	N/A
	0

	(22) Receiver sensitivity (dBm)
	BS/intermediate UE: (18)+(19)+(20)
Device: Reported by companies
	-36
	-121

	Calculation of available pathloss
	
	

	(23) Hardware link budget (dB)
	(9) + (11) - (12) - (22)
	MIL 71
	71

	(25) Shadow fading margin (dB)
	According to path loss model in deployment scenario assumption
	4
	4

	(AIoT 3) Other margin if any (dB)
	Reported by companies
	3
	3

	(28) Other gain if any (dB)
	Reported by companies
	0
	0

	(29) Available maximum path loss (dB)
	(23) - (25)  - (AIoT 3) + (28)
	64
	64

	Maximum distance calculation
	
	

	(30) Maximum distance (m)
	Based on (29) and according to path loss model in deployment scenario assumption
	27
	27



[image: ]
Figure 1. UL and DL AIoT coverage for device Type-1 and Topology 1
The assumption, parameters and its values of Type-2 backscatter and active AIoT device (Monostatic) are summarized in Table-2.
	Table-2: Coverage comparison for different AIoT device Type-2 and link configurations 
	Device type:
	AIoT ii 
	AIoT ii 
 

	Comms method:
	Backscatter (Monostatic)
	Active (Monostatic)
 

	Frequency (c/λ) GHz:
	0.9
	0.9

	Path loss exponent (γ):
	2.5
	2.5

	EMITTER 
 

	TX power (PT):
	23
	23

	Ant Gain (GT) (dBi): 
	6
	6

	TAG/Device


	Activation level (PR_tag_act), (dBm):
	-45
	-45

	Modulation factor (M):
	1
	NA

	Ant Gain (Gtag_ant):
	0
	0

	Response TX power (PT_tag):
	N/A
	-2

	READER


	Sensitivity (S) (dBm)
	-100
	-100

	Ant Gain (GR) (dBi)
	6
	6

	Ambient IoT DL distance (dEmitter) (m)
	44
	49

	Ambient IoT UL distance (dRead) (m)
	45
	52

	Power at Tag (PR_tag) (dBm)
	-45
	-45

	Power at Reader (PR) (dBm)
	-100
	-71
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Figure 2. Coverage evaluation for backscatter and active AIoT device
Some observations can be made as per Table 2 as follows.
Observation 1: In the monostatic mode of operation, the downlink range of the AIoT device is limited by the tag receiver sensitivity.

2.1.2 Bistatic case
In this subsection, the communication range of passive AIoT devices with no amplification for bistatic mode of operation in Topology 1 where the CW node is outside the topology are discussed. In the bistatic transmission, CW emitter and reader will be different nodes. The assumed parameters and its values for the coverage evaluation are summarized in Table 3.
	BS Tx power (dBm)
	BS antenna gain (dB)
	Emitter Tx power (dBm)
	Emitter antenna gain (dB)
	Ambient IoT antenna gain (dB)
	Fade margin (dB)
	Modulation factor M
	Absorption loss of Ambient IoT device (dB)
	Polarization miss-match (dB)
	Carrier frequency (MHz)

	30
	6
	23
	3
	2
	4, 10
	0.5, .25
	0.9, 4.5
	3
	900, 700


Table-3: Parameters and its values for coverage evaluation



(a)      (b)
Figure 3: Bistatic, modulation factor=0.25, fading margin=4dB, fc = 900MHz, (a) absorption loss=0.9dB, (b) absorption loss=4.5dB.
 



















(a)      (b)
Figure 4: Bistatic, fading margin=4dB, absorption loss=4.5dB, (a) modulation factor=0.25, fc = 700MHz (b) modulation factor=0.5, fc = 900MHz

[image: ]
Figure 5: Bistatic, fading margin=4dB, absorption loss=4.5dB, modulation factor=0.25, fc = 900MHz, Amplification=10dB. 


Table-4: Achievable coverage for bistatic passive and active AIoT
	Emitter-to-Ambient IoT distance (m)
	10m
	20m

	Modulation factor
	Absorption loss (dB)
	Carrier frequency (GHz)

	0.25
	0.9 (cardboard)
	0.9
	15m
	7m

	
	4.5 (plywood)
	0.70
	14m
	7.25m

	
	
	0.9
	No Amp
	8.5m
	4.5m

	
	
	
	Amp (10dB)
	27m
	13.5m

	0.5
	4.5 (plywood)
	0.9
	11.5m
	5.5m



Some observations can be made as per Table-4 as follows.
Observation 2: The maximum coverage is function of the distance between the AIoT device and the CW emitter.
The coverage estimation of passive Ambient IoT devices with and without amplification power for monostatic is illustrated in Figure 6.
[image: ]
Figure 6. Coverage evaluation with and without amplification power, Monostatic, modulation factor=0.25, fc =900MHz, Absorption =4.5dB.

Table-5: Achievable coverage for monostatic AIoT devices with and without amplification power
	Absorption loss
	Amplification power (dB)
	BS-to-AIoT coverage (m)

	0.9dB
	N/A
	18m

	
	10
	38m

	4.5dB
	N/A
	15m

	
	10
	27m



Observation can be made as per Table-5 as follows.
Observation 3: With amplification power, coverage can be achieved more than 25m in case of tag’s absorption loss of 4.5dB, while coverage is reduced to 18m without amplification power and absorption loss of 0.9dB.

2.2  Link Performance 
For uplink, backscatter communication requires new methodologies in link-level simulation (LLS). Such as carrier wave, self-interference or cross-link interference, the strength of interference signals, SINR evaluation of backscatter signal, and antenna and channel model.
· Carrier wave signal
The uplink signal is generated based on the backscattering of incident carrier wave for uplink transmissions, so the carrier wave (CW) is required to be modelled in the LLS. A single-tone carrier signal with a constant amplitude and phase can be generated for LLS. 
· Self-interference or cross-link interference
In addition to modelling the carrier wave signal, the interference caused by the carrier wave should also be modelled at the reader for at least bistatic transmission. The self-interference and cross-link interference should be modelled on the reader side. Since signal power degradation caused by pathloss is typically not modelled in LLS, ratio between backscatter signal power and interference power from CW and noise power at reader, named as SINR, can be modelled to reflect the power difference between desired backscatter signal and interference signal. 
· SNR evaluation of the backscatter
In LLS, the SNR is evaluated transmission side, i.e., the transmission is normalized at emitter, and noise is added at reader depending on a given SNR. The signal is generated through modulation of CW passed through channel, the received power of the CW at AIoT device varies across simulation samples due to different channel fading for backscatter transmission. Therefore, the transmission power of backscatter signal is also varied across simulation samples. In this case, transmission power of backscatter signal is normalized at the transmitter. The backscatter signal should be normalized at AIoT device to obtain constant SNR for simulation samples with different channel fading, 

· Antenna and channel model
AIoT devices should consider ultra-low complexity with ultra-low power consumption, 1Tx /1 Rx antenna configuration should be considered for LLS. 
To obtain the required link performance, the channel models defined in TR 38.901 are considered as a baseline for simplicity. Two-hop channel model can be further discussed to demonstrate the impact of backscattering on signal propagation if required for backscatter transmission. actual deployment scenarios for inventory or command use case should be considered, in addition to the backscatter transmission from AIoT devices, the pathloss and reflection also need to be discussed, which may cause the interference on the receiving signal at readers, and more complicated design of channel models will be considered. 
Proposal 1: The evaluation methodology of AIoT should consider both R2D and D2R links. 
Proposal 2: Interrogation signals from transmitter node or CW node in AIoT should be modelled in the evaluation, including signal generation, waveform and modulation, channel coding.
Proposal 3: In the RAN1 study, some hardware impairment like impact of antenna performance, link budget, polarization mismatch and absorption loss over frequency should be included in the analysis of AIoT device.  
Proposal 4: For link performance for AIoT device, carrier wave, self-interference or cross link interference, the strength of interference signals, SINR evaluation of backscatter signal, and antenna and channel model should be studied in the RAN1.
For the LLS, the parameters summarized in the Table-6 are considered, and we provide an initial simulation result of DL AIoT in Figure 7. 

Table-6: LLS assumptions for R2D link performance
	Parameter
	Assumption

	Carrier Frequency
	900MHz

	Waveform
	OOK waveform (OOK-1, SCS=30KHz)

	Channel structure
	Payload size: 28 bits (1 slots), 56 bits (2 slots), 140 bits (5 slots)


	DL CMD Bandwidth
	4.32MHz

	Code scheme
	Manchester

	Rx Filter BW
	For device using RF ED(1μW), [20MHz] Rx BW for RF ED.

	Sampling Rate/ADC bit width
	For 1μW device (type-1), [1.92]MHz, [1]bit ADC

	Channel Model
	TR 38.901, InF-DH-NLOS



[image: ]
Figure 7. DL BER Vs SNR for different payload size (28bits, 56bits, 140bits), OOK-1, Manchester coding.
Observation 4: Link performance deteriorates when payload size or message size is increased.
Proposal 5: Message or payload size related to backscattering should be considered in the modelling of AIoT UL/DL signal transmission.
Proposal 6: In the link-level simulation, self-interference in the DL transmission and direct/cross-interference in the UL transmission should be considered in the modelling.
Proposal 7: Multipath effect on the transmitted OOK signal should be studied for AIoT device in LLS.
3 Conclusion
In this contribution, evaluation methodology, assumptions and initial results are discussed. We have the following observations and proposals:

Observation 1: In the monostatic mode of operation, the downlink range of the AIoT device is limited by the tag receiver sensitivity.
Observation 2: The maximum coverage is function of the distance between the AIoT device and the CW emitter.
Observation 3: With amplification power, coverage can be achieved more than 25m in case of tag’s absorption loss of 4.5dB, while coverage is reduced to 18m without amplification power and absorption loss of 0.9dB.
Observation 4: Link performance deteriorates when payload size or message size is increased.
Proposal 1: The evaluation methodology of AIoT should consider the both R2D and D2R links. 
Proposal 2: Interrogation signals from transmitter node or CW node in AIoT should be modelled in the evaluation, including signal generation, waveform and modulation, channel coding.
Proposal 3: In the RAN1 study, some hardware impairment like impact of antenna performance, link budget, polarization mismatch and absorption loss over frequency should be included in the analysis of AIoT device.  
Proposal 4: For link performance for AIoT device, carrier wave, self-interference or cross link interference, the strength of interference signals, SINR evaluation of backscatter signal, and antenna and channel model should be studied in the RAN1.
Proposal 5: Message or payload size related to backscattering should be considered in the modelling of AIoT UL/DL signal transmission.
Proposal 6: In the link-level simulation, self-interference in the DL transmission and direct/cross-interference in the UL transmission should be considered in the modelling.
Proposal 7: Multipath effect on the transmitted OOK signal should be studied for AIoT device in LLS.
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