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1. Introduction
Internet-of-Thing (IoT) Devices such as smart wearables, wireless sensor nodes, etc. are increasing the ease of living by providing reliable connectivity while supporting the massive Machine Type Communication (mMTC), which is one of the three core 5G services. However, the limited battery capacity of the existing IoT Devices limits their continuous operation, leading to manual recharging or replacing the batteries. Thus, massive deployment of such battery operated IoT Devices is not practically feasible due to high maintenance cost. On the other hand, the energy harvesting IoT Devices face the issue of limited energy availability due to the absence of on demand energy sources. 
Thus, the existing IoT technology is not suitable in most of the target use cases as mentioned in TR 22.840 [1]. Hence, 3GPP Rel-18 has conducted a study to find a new IoT technology called Ambient IoT which is suitable for the use cases mentioned in TR 22.840 [1]. The Ambient IoT Devices are ultra-low power consuming and ultra-low complex making them suitable for very low-end IoT applications. The complexity and power consumption of Ambient IoT Device 1 and 2a are comparable to the existing RFID technology, whereas the number of connections and/or Device density is higher than the Narrow Band-IoT (NB-IoT). As per the deployment scenario mentioned in TR38.848 [2], the Ambient IoT Devices can communicate with the NR/LTE base stations (BSs) due to their large coverage range and harvest energy from such nearby BS or user equipment (UE) to execute the operation of the Device. 
[bookmark: _Hlk510705081]For the evaluation of the coverage for Ambient IoT, the following agreements were made in the last RAN1 #116-bis meeting [3].

	Agreement
For D1T1,
· InF-DH NLOS model defined in TR38.901 is used for D2R and R2D links as pathloss model in coverage evaluation.
For D2T2,
· InF-DL and InH-Office model defined in TR38.901is used as pathloss model in coverage evaluation,
· NLOS for D2R and R2D links if InF-DL is used
· LOS for D2R and R2D links if InH-Office is used



				
2. Discussion on Coverage Evaluation and Link Budget Analysis
This contribution provides a discussion on the link budget analysis to evaluate the maximum path loss (MPL) and distance for Device 1, 2a, 2b considering D1T1 and D2T2 topology. Based on the analysis, few system parameters such as, transmit power of the Reader, Reader sensitivity, Device activation threshold, etc. can be decided to achieve an optimal maximum coverage for each scenario discussed in the last RAN1 #116-bis meeting [3]. The link budget in this Contribution is calculated considering Budget Alt-1for both R2D and D2R transmission. The link performance has to be evaluated for three different physical channels PRDCH (for R2D downlink transmission), PDRCH (for D2R uplink transmission), CW2D (for carrier wave transmission to Device). Due to the backscatter communication, the transmit power of the Device (sometimes denoted as ‘D’) is computed based on the received signal power from the CW transmitter (sometimes denoted as ‘CWT’). In case of CW inside topology, Reader (sometimes denoted as ‘R’) itself is the CWT and incase of CW outside topology, an independent CWT is considered to provide carrier wave to the Device for backscatter communication.  
As the performance evaluation metric for link budget calculation of Ambient IoT, the following agreements were made in the RAN1 #116 meeting [4].
	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


The definition of MPL as given in TR 38.830 [5] is as follows:
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.
In MPL calculation, polarization mismatch loss is also considered in this contribution.

2.1 Coverage evaluation for D1T1 topology
This section provides the link budget analysis for the D1T1 topology with three deployment scenarios D1T1-A1, D1T1-A2, and D1T1-B for Device 1, 2a and D1T1-C for Device 2b. As per the agreement made in the last RAN1 #116-bis meeting, InF-DH NLOS model defined in TR38.901 is used to calculate the maximum pathloss (MPL) and distance from the MPL.  
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Fig. 1: CW inside, bistatic                  Fig. 2: CW inside, monostatic              Fig. 3: CW outside, monostatic

Let, the distance between R1/CW and D be ‘d1’ and the distance between D and R2 be ‘d2’ in Fig. 1. Let the distance between R/CW and D in Fig. 2 be ‘d’. Similarly, Let the distance between R and D in Fig. 3 be ‘d’ and the CW is located at a suitable distance to provide carrier wave to the Device 1/2a.

2.1.1 Link budget analysis for Device 1 
According to the TR 38.848 [2], Device 1 has no energy storage or has ultra-low energy storage unit such as a capacitor which is recharged from the incident radio frequency (RF) signal through RF-energy harvesting (RF-EH). The Device has no active RF component to generate modulated RF signal to transmit information to the Reader in the uplink transmission. Therefore, a carrier wave (CW) has to be transmitted from the Reader (CW inside topology) or from an external independent source (CW outside topology) to enable backscatter communication. The same CW can act as an ambient energy harvesting (EH) source for the Device to harvest the required energy to activate the Device and perform its operation such as, transmitting the Device id, Device type, etc.     
The EH unit has can harvest energy if the received signal power is above a certain threshold called Device activation threshold. Thus, the maximum distance between Reader and Device should be decided based on the Device activation threshold, which is considered as the read sensitivity or receiver sensitivity for PRDCH and CW2D reception. According to [6-8], a nominal Device activation threshold of -20 dBm is considered in our link budget calculation based on the read sensitivity of the commercially available RFID tags. On the availability of ultra-low sensitive RFID tags, the coverage performance will improve. 
Table 1 shows the link budget analysis for Device 1 at 900 MHz center frequency, where the transmit power from base station is chosen as 33 dBm, which is agreed in the last RAN1 #116-bis meeting [3].   

Table 1: Link budget analysis for Device 1 at 900MHz center frequency for deployment scenario D1T1 
	No
	Deployment Scenario
	D1T1-A1:
indoor BS + indoor AIoT Device, CW inside, bistatic
	D1T1-A2:
indoor BS + indoor AIoT Device, CW inside, monostatic
	D1T1-B:
indoor BS + indoor AIoT Device, CW outside topology, monostatic

	
	Case
	Case 1-1: CW inside
CW2D in DL, D2R in DL, R2D in DL spectrum
	Case 1-1: CW inside
CW2D in DL, D2R in DL, R2D in DL spectrum
	Case 1-4: CW outside
CW2D in UL, D2R in UL, R2D in DL spectrum

	
	Channel
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D

	(0) System configurations

	
	Device type
	Device 1
	Device 1
	Device 1

	0A
	Center frequency (GHz)
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9

	(1) Transmitter

	1A
	Tx power (dBm)
	33
	-20
	33
	33
	-20
	33
	33
	-20
	23

	1B
	Tx antenna gain (dBi)
	6
	0
	6
	6
	0
	6
	6
	0
	0

	1C
	Number of Tx antenna elements / TxRU/ Tx chains modelled in LLS
	2
	1
	N/A
	2
	1
	N/A
	2
	1
	N/A

	1D
	Occupied bandwidth (Hz)
	180000
	180000
	N/A
	180000
	180000
	N/A
	180000
	180000
	N/A

	1E
	Ambient IoT backscatter loss (dB)
	N/A
	6
	N/A
	N/A
	6
	N/A
	N/A
	6
	N/A

	1F
	Ambient IoT on-object antenna penalty
	N/A
	0.9
	N/A
	N/A
	0.9
	N/A
	N/A
	0.9
	N/A

	1G
	Ambient IoT backscatter amplifier gain (dB)
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	1H
	Modulation factor (dB) ->OOK
	N/A
	-6
	N/A
	N/A
	-6
	N/A
	N/A
	-6
	N/A

	1I
	EIRP (dBm)
For R2D: [1I]=[1A]+[1B]
For D2R: [1I]=[1A]+1[B]-[1E]-[1F]+[1G]+[1H]
	39
	-32.9
	39
	39
	-32.9
	39
	39
	-32.9
	23

	1J
	CWT to tag distance (m)
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	1K
	CWT to tag pathloss (dB)
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	(2) Receiver

	2A
	Number of receive antenna elements / TxRU / chains modelled in LLS
	1
	2
	N/A
	1
	2
	N/A
	1
	2
	N/A

	2B
	Occupied bandwidth (Hz)
	180000
	180000
	N/A
	180000
	180000
	N/A
	180000
	180000
	N/A

	2C
	Receiver antenna gain (dBi)
	0
	6
	0
	0
	6
	0
	0
	6
	0

	2D
	Receiver Noise Figure (dB)
	N/A
	5
	N/A
	N/A
	5
	N/A
	N/A
	5
	N/A

	2E
	Thermal Noise(dBm/Hz)
	N/A
	-174
	N/A
	N/A
	-174
	N/A
	N/A
	-174
	 N/A

	2F
	Noise Power (dBm)
 [2F]=[2E]+[2D]+lin2dB([2B])
	N/A
	-116.4
	N/A
	N/A
	-116.4
	N/A
	N/A
	-116.4
	 N/A

	2G
	Required SNR (for Alt 1)
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	2H
	CW cancellation (dB)
	N/A
	N/A 
	 
	N/A
	140
	N/A
	N/A
	N/A
	N/A

	2I
	Remaining interference
	N/A
	0
	N/A
	N/A
	-107
	N/A
	N/A
	0
	N/A

	2J
	Receiver Sensitivity (dBm)
for CW2D: [2J]=Device activation threshold
	-20
	-100
	-20
	-20
	-100
	-20
	-35
	-100
	-20

	2K
	Degraded Receiver sensitivity
	N/A
	-100
	N/A
	N/A
	-90.08
	N/A
	N/A
	-100
	N/A

	(3) System margins

	3A
	Shadow fading margin (function of the cell area reliability and lognormal shadow fading std deviation) (dB)
	4
	4
	4
	4
	4
	4
	4
	4
	4

	3B
	polarization mismatching loss (dB)
	3
	3
	3
	3
	3
	3
	3
	3
	3

	3C
	BS selection/macro-diversity gain (dB)
	0
	0
	0
	0
	0
	0
	0
	0
	0

	3D
	Other gains (dB) (if any please specify)
	0
	0
	0
	0
	0
	0
	0
	0
	0



	MPL
(Maximum Path Loss in dB)
	52
	66.1
	52
	52
	56.18
	52
	67
	66.1
	36

	Distance (m)
	7.6
	33.5
	7.6
	7.6
	11.8
	7.6
	36.8
	33.5
	1.4

	Final maximum distance (m)
	d1 = min (PRDCH, CW2D)
	d2 = PDRCH
	d = min (PRDCH, PDRCH, CW2D)
	d = min (PRDCH, PDRCH)

	
	7.6
	33.5
	7.6
	33.5



As the CWT is outside the topology in case of D1T1-B, the MPL/distance for CW2D is calculated based on the Device activation threshold. For 23 dBm transmit power of the CW transmitter and -20 dBm Device activation threshold, the CW2D distance is which is 1.4 m. However, since the Device can harvest the required energy form the CW, the receiver sensitivity for PRDCH is set based on the sensitivity of the RF-ED which is chosen as -35 dBm in this calculation. 
Observation 1: For D1T1-A1 (CW inside topology, bistatic), considering 33 dBm transmit power and -20 dBm receiver sensitivity for both PRDCH and CW2D, and -100 dBm receiver sensitivity for PDRCH (using budget Alt-1), the maximum distance d1 from Reader R1 to Device D is 7.6 m for downlink transmission and the maximum distance d2 from Device to Reader R2 is 33.5 m for uplink transmission.
Observation 2: For D1T1-A2 (CW inside topology, monostatic), considering 33 dBm transmit power and -20 dBm receiver sensitivity for both PRDCH and CW2D, and -100 dBm receiver sensitivity for PDRCH (using budget Alt-1), the maximum distance d from Reader R to Device D (same as Device to Reader) is 7.6 m for both downlink transmission and uplink transmission.
Observation 3: For D1T1-B (CW outside topology, monostatic), considering 33 dBm and 23 dBm transmit power for PRDCH and CW2D, respectively, -35 dBm and -20 dBm receiver sensitivity for PRDCH and CW2D, respectively, and -100 dBm receiver sensitivity for PDRCH (using budget Alt-1), the maximum distance D from Reader R to Device D (same as Device to Reader) is 33.5 m for both downlink transmission and uplink transmission.  The CWT should be kept at 1.4 m distance from the Device to receive minimum signal power of -20 dBm.
Proposal 1: The maximum achievable distance between CW transmitter and Device should be decided based on the Device activation threshold, which is considered as the read sensitivity or receiver sensitivity for PRDCH and CW2D reception. Considering a fixed CW2D distance for CW inside topology limits the coverage between Reader and Device as the Reader and CWT are collocated. 

Table 2: Device 1 - MPL/distance vs Transmit power for D1T1-A1, bistatic 
	Channel
	PRDCH
	PDRCH
	CW2D
	 

	Tx power (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance (d1)
= min (PRDCH, CW2D)
	Max distance (d2) = PDRCH

	23
	42
	2.6
	66.1
	33.5
	42
	2.6
	2.6
	33.5

	26
	45
	3.6
	66.1
	33.5
	45
	3.6
	3.6
	33.5

	30
	49
	5.5
	66.1
	33.5
	49
	5.5
	5.5
	33.5

	33
	52
	7.6
	66.1
	33.5
	52
	7.6
	7.6
	33.5

	38
	57
	12.9
	66.1
	33.5
	57
	12.9
	12.9
	33.5

	46
	65
	29.8
	66.1
	33.5
	65
	29.8
	29.8
	33.5



Observation 4: For D1T1-A1, the maximum distance d1 from Reader R1 to Device D increases with transmit power, whereas, the maximum distance d2 from Device to Reader R2 is fixed. Thus, a suitable transmit power can be chosen based on the target maximum distance d1.  


Table 3: Device 1 - MPL/distance vs Transmit power for D1T1-A2, monostatic 
	Channel
	PRDCH
 
	PDRCH
 
	CW2D
 
	 

	Tx power (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance
 = min (PRDCH, PDRCH, CW2D)

	23
	42
	2.6
	63.3
	25.1
	42
	2.6
	2.6

	26
	45
	3.6
	61.69
	21.1
	45
	3.6
	3.6

	30
	49
	5.5
	58.7
	15.5
	49
	5.5
	5.5

	33
	52
	7.6
	56.18
	11.8
	52
	7.6
	7.6

	38
	57
	12.9
	51.49
	7.2
	57
	12.9
	7.2

	46
	65
	29.8
	43.6
	3.1
	65
	29.8
	3.1



Observation 5: For D1T1-A2, the maximum distance from Reader to Device D (same as D to R, same as CWT to D) increases with transmit power and then decreases due to the increase in remaining interference (2I in Table 1) due to CW transmission, as CW and Reader are colocated.

Table 4: Device 1 - MPL/distance vs Transmit power for D1T1-B, monostatic
	Channel
	PRDCH
	PDRCH
	CW2D
	 

	Tx power (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance 
= min (PRDCH, PDRCH)

	23
	57
	12.9
	66.1
	33.5
	36
	1.41
	12.9

	26
	60
	17.6
	66.1
	33.5
	36
	1.41
	17.6

	30
	64
	26.8
	66.1
	33.5
	36
	1.41
	26.8

	33
	67
	36.8
	66.1
	33.5
	36
	1.41
	33.5

	38
	72
	62.2
	66.1
	33.5
	36
	1.41
	33.5

	46
	80
	144
	66.1
	33.5
	36
	1.41
	33.5



Observation 6: For D1T1-B, the maximum distance is the minimum of PRDCH and PDRCH (monostatic scenario), which increases with transmit power and then saturates. In our observation, 33 dBm transmit power from Reader (base station in D1T1) provides the maximum distance. The CWT is kept at a fixed distance of 1.4 m to receive the minimum power of -20 dBm at the Device side.
Proposal 2: A suitable transmit power from the Reader (base station) should be chosen to achieve the maximum coverage that satisfies all the distances for the physical channels PRDCH, PDRCH, and CW2D. We propose 33 dBm as the transmit power of base station as it provides maximum coverage for D1T1-A2 and D1T1-B topology. To achieve a higher distance d1 in D1T1-A1 topology, 38 dBm transmit power can be chosen. 

It has been observed that the Device activation threshold plays a critical role to decide the maximum coverage for Device 1, as the Device 1 is solely powered by the CW signal. Thus, the variation of maximum distance with Device activation threshold for 33 dBm transmit power from base station is presented in Table 5, Table 6, and Table 7 for deployment scenarios D1T1-A1, D1T1-A2, and D1T1-B, respectively. On the availability of ultra-low sensitive RFID tags with lower read sensitivity or Device activation threshold such as -24 dBm, the coverage performance can be improved up to a certain distance.  

Table 5: Device 1 - Device activation threshold vs MPL/distance for D1T1-A1, bistatic 
	Channel
	PRDCH
	PDRCH
	CW2D
	 

	Device activation threshold (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance (d1)
= min (PRDCH, CW2D)
	Max distance (d2) = PDRCH

	-20
	52
	7.6
	66.1
	33.5
	52
	7.6
	7.6
	33.5

	-24
	56
	11.6
	62.1
	22
	56
	11.6
	11.6
	22

	-35
	67
	36.8
	51.1
	6.91
	67
	36.8
	36.8
	6.91



Observation 7: In case of D1T1-A1, with decreasing Device activation threshold, the maximum distance d1 increases, as the Device read sensitivity (same as Device activation threshold) also decreases. However, d2 decreases with decreasing Device activation threshold, as the Device transmit power decreases. Please note that, the minimum Device transmit power is same as the Device activation threshold for Device 1, which provides the maximum distance. 
 

Table 6: Device 1 - Device activation threshold vs MPL/distance for D1T1-A2, monostatic 
	Channel
	PRDCH
 
	PDRCH
 
	CW2D
 
	 

	Device activation threshold (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance
= min (PRDCH, PDRCH, CW2D)

	-20
	52
	7.6
	56.18
	11.8
	52
	7.6
	7.6

	-24
	56
	11.6
	52.18
	7.7
	56
	11.6
	7.7

	-35
	67
	36.8
	41.18
	2.4
	67
	36.8
	2.4



Observation 8: In case of D1T1-A2, with decreasing Device activation threshold, the maximum distance for PRDCH and CW2D increases and PDRCH decreases. As it is a monostatic, the final distance is the minimum among all. Thus, the final maximum distance between the Reader/CWT and Device increases up to certain value and then decreases.

Table 7: Device 1 - Device activation threshold vs MPL/distance for D1T1-B, monostatic 
	Channel
	PRDCH
	PDRCH
	CW2D
	 

	Device activation threshold (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance
= min (PRDCH, PDRCH)

	-20
	67
	36.8
	66.1
	33.5
	36
	1.41
	33.5

	-24
	67
	36.8
	62.1
	22
	40
	2.15
	22

	-35
	67
	36.8
	51.1
	6.91
	51
	6.84
	6.91



Observation 9: In case of D1T1-B, the maximum distance for PRDCH is fixed as the receiver sensitivity is kept fixed (-35 dBm). However, the distance for PDRCH decreases due to the transmit power form Device. The maximum CW2D distance increases as the threshold decreases. Thus, a CW transmitter can be kept at a suitable distance to achieve received signal power above the threshold to trigger the Device and that decides the maximum distance for PDRCH, which decides the final maximum distance.
Proposal 3: In the case of CW inside topology for Device 1, the Device activation threshold plays a critical role to decide the maximum coverage. Thus, a suitable Device activation threshold should be decided that maximizes the final coverage. We propose -20 dBm Device activation threshold is sufficient for D1T1-A2 and D1T1-B topology. However, -24 dBm provides better coverage in D1T1-A1 topology.

2.1.2 Link budget analysis for Device 2a
According to the TR 38.848 [2], Device 2a has limited energy storage unit and it is capable of harvesting energy form incident RF signal as well as other ambient sources like solar, thermal, etc. The Device has no active RF component to generate modulated RF signal to transmit information to the Reader in the uplink transmission. Therefore, a carrier wave (CW) has to be transmitted from the Reader (CW inside topology) or from an external independent source (CW outside topology) to enable backscatter communication. Since, Device 2a is not completely dependent on CW signal to harvest energy, the receiver sensitivity in this case for PRDCH is chosen -55 dBm which is the minimum signal power for the RF-envelop detector (RF-ED) with LNA. For CW2D, the receiver sensitivity is again considered as -20 dBm [6-8], which is the Device activation threshold. However, the MPL/distance for CW2D channel is not dependent on the Device activation threshold. Considering a fixed distance between CW transmitter and the A-IoT Device restricts the maximum distance between Reader and Device as the Reader itself is the CW transmitter for CW inside topology. It has been observed that, increasing the CW2D distance decreases the PDRCH distance as the Device transmit power is nothing but the received signal power of the Device from the carrier wave. Therefore, an optimal distance should be chosen for a fixed transmit power of the base station (R) that maximizes both the CW2D distance and PDRCH distance. Thus, as balanced MPL/distance should be chosen for CW2D and PDRCH in case of CW inside topology. For CW outside topology, a fixed CW to tag/Device distance of 5 m is considered in this link budget calculation. Device 2a also has a reflection amplifier of gain 10 dB to amplify the backscatter signal.
Table 8 shows the link budget analysis for Device 2a at 900 MHz center frequency, where the transmit power from base station is chosen as 33 dBm, which is agreed in the last RAN1 #116-bis meeting [3].   

Table 8: Link budget analysis for Device 2a at 900MHz center frequency for deployment scenario D1T1 
	No
	Deployment Scenario
	D1T1-A1:
indoor BS + indoor AIoT Device, CW inside, bistatic
	D1T1-A2:
indoor BS + indoor AIoT Device, CW inside, monostatic
	D1T1-B:
indoor BS + indoor AIoT Device, CW outside topology, monostatic

	
	Case
	Case 1-1: CW inside
CW2D in DL, D2R in DL, R2D in DL spectrum
	Case 1-1: CW inside
CW2D in DL, D2R in DL, R2D in DL spectrum
	Case 1-4: CW outside
CW2D in UL, D2R in UL, R2D in DL spectrum

	
	Channel
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D

	(0) System configurations

	
	Device type
	Device 2a
	Device 2a
	Device 2a

	0A
	Center frequency (GHz)
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9

	(1) Transmitter

	1A
	Tx power (dBm)
	33
	-35.05
	33
	33
	-30.11
	33
	33
	-32.02
	23

	1B
	Tx antenna gain (dBi)
	6
	0
	6
	6
	0
	6
	6
	0
	0

	1C
	Number of Tx antenna elements / TxRU/ Tx chains modelled in LLS
	2
	1
	N/A 
	2
	1
	N/A 
	2
	1
	N/A 

	1D
	Occupied bandwidth (Hz)
	180000
	180000
	 N/A
	180000
	180000
	N/A 
	180000
	180000
	N/A 

	1E
	Ambient IoT backscatter loss (dB)
	N/A 
	0
	N/A 
	 N/A
	0
	N/A 
	N/A 
	0
	N/A 

	1F
	Ambient IoT on-object antenna penalty
	 N/A
	0.9
	 N/A
	 N/A
	0.9
	 N/A
	N/A 
	0.9
	 N/A

	1G
	Ambient IoT backscatter amplifier gain (dB)
	 N/A
	10
	 N/A
	 N/A
	10
	 N/A
	 N/A
	10
	 N/A

	1H
	Modulation factor (dB) ->OOK
	 N/A
	-6
	 N/A
	 N/A
	-6
	 N/A
	 N/A
	-6
	 N/A

	1I
	EIRP (dBm)
For R2D: [1I]=[1A]+[1B]
For D2R: [1I]=[1A]+1[B]-[1E]-[1F]+[1G]+[1H]
	39
	-31.95
	39
	39
	-27.01
	39
	39
	-28.92
	23

	1J
	CWT to tag distance (m)
	N/A
	N/A
	37
	 N/A
	 N/A
	22
	 N/A
	N/A 
	5

	1K
	CWT to tag pathloss (dB)
	N/A
	N/A
	67.05
	 N/A
	 N/A
	62.11
	 N/A
	 N/A
	48.02

	(2) Receiver

	2A
	Number of receive antenna elements / TxRU / chains modelled in LLS
	1
	2
	 N/A
	1
	2
	N/A 
	1
	2
	N/A 

	2B
	Occupied bandwidth (Hz)
	180000
	180000
	 N/A
	180000
	180000
	 N/A
	180000
	180000
	 N/A

	2C
	Receiver antenna gain (dBi)
	0
	6
	0
	0
	6
	0
	0
	6
	0

	2D
	Receiver Noise Figure (dB)
	N/A
	5
	N/A
	N/A
	5
	N/A
	N/A
	5
	N/A

	2E
	Thermal Noise(dBm/Hz)
	N/A
	-174
	N/A
	N/A
	-174
	N/A
	N/A
	-174
	N/A

	2F
	Noise Power (dBm)
 [2F]=[2E]+[2D]+lin2dB([2B])
	N/A
	-116.4
	N/A
	N/A
	-116.4
	N/A
	N/A
	-116.4
	N/A

	2G
	Required SNR (for Alt 1)
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	2H
	CW cancellation (dB)
	N/A
	N/A
	N/A
	N/A
	140
	N/A
	N/A
	N/A
	N/A

	2I
	Remaining interference
	N/A
	0
	N/A
	N/A
	-107
	N/A
	N/A
	0
	N/A

	2J
	Receiver Sensitivity (dBm)
for CW2D: [2J] = Device activation threshold
	-55
	-100
	-20
	-55
	-100
	-20
	-55
	-100
	-20

	2K
	Degraded Receiver sensitivity
	 N/A
	-100
	 N/A
	 N/A
	-90.08
	N/A 
	N/A 
	-100
	 N/A

	(3) System margins

	3A
	Shadow fading margin (function of the cell area reliability and lognormal shadow fading std deviation) (dB)
	4
	4
	4
	4
	4
	4
	4
	4
	4

	3B
	polarization mismatching loss (dB)
	3
	3
	3
	3
	3
	3
	3
	3
	3

	3C
	BS selection/macro-diversity gain (dB)
	0
	0
	0
	0
	0
	0
	0
	0
	0

	3D
	Other gains (dB) (if any please specify)
	0
	0
	0
	0
	0
	0
	0
	0
	0



	MPL
(Maximum Path Loss in dB)
	87
	67.04
	 
	87
	62.07
	 
	87
	70.07
	 

	Distance (m)
	301
	36.9
	 
	301
	21.9
	 
	301
	50.8
	 

	Final maximum distance  (m)
	d1 = min (PRDCH, CW2D)
	d2 = PDRCH
	d = min (PRDCH, PDRCH, CW2D)
	d = min (PRDCH, PDRCH)

	
	37
	36.9
	21.9
	50.8



Observation 10: For D1T1-A1 (CW inside topology, bistatic), a high value of PRDCH distance is achieved due to the low sensitivity of the RF-ED (due to LNA). However, the PDRCH distance is inversely proportional to CW2D distance. Hence, an optimal distance is achieved that balances both the PRDCH and CW2D distance and maximizes the final distance. Thus, d1 = d2 ~ 37 m is the final maximum distance achieved in our analysis.
Observation 11: For D1T1-A2 (CW inside topology, monostatic), although the PRDCH distance is very high, the interference due to CW transmission at receiver of the Reader degrades the receiver sensitivity. Thus, in this scenario the maximum distance is reduced to ~22 m.  
Observation 12: For D1T1-B (CW outside topology, monostatic), since the received signal power at the Device side is not dependent on the Device activation threshold for Device 2a, the CW transmitter to Device/tag distance is kept 5 m (fixed) and based on the received signal power at the Device the PDRCH distance is calculated. In our analysis maximum 50 m distance is achieved between the Reader and Device in this topology. 
Proposal 4: In case of CW inside topology, the PDRCH distance is inversely proportional to CW2D distance. Therefore, we propose to choose an optimal distance for CW2D for a fixed transmit power from the base station (R) such that the similar distance can be achieved for PDRCH. This method gives a balanced MPL/distance between R/R1/R2 and D which is optimal. In case of CW outside topology, a fixed CWT to tag/Device distance can be considered to evaluate the maximum coverage for Device 2a.
Table 9: Device 2a - MPL/distance vs Transmit power for D1T1-A1, bistatic 
	Channel
	PRDCH
	PDRCH
	CW2D
	 

	Tx power (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance (d1)
= min (PRDCH, CW2D)
	Max distance (d2) = PDRCH

	23
	77
	105
	62.02
	21.8
	62.07
	21.9
	21.9
	21.8

	26
	80
	144
	63.54
	25.6
	63.55
	25.6
	25.6
	25.6

	30
	84
	220
	66.55
	31.6
	65.54
	31.6
	31.6
	31.6

	33
	87
	301
	67.04
	36.9
	67.05
	37
	37
	36.9

	38
	92
	509
	69.54
	48.1
	69.55
	48.1
	48.1
	48.1

	46
	100
	1180
	73.55
	73.2
	73.54
	73.2
	73.2
	73.2



Observation 13: In case of D1T1-A1, the maximum distance d1 and d2 increases with increasing with transmit power of Reader. However, an optimal distance d1 = d2 can be achieved that maximizes the final coverage. Fixing CW2D distance at a certain value independently, limits the final maximum distance between R1/R2 and D in CW inside topology.  


Table 10: Device 2a - MPL/distance vs Transmit power for D1T1-A2, monostatic 
	Channel
	PRDCH
 
	PDRCH
 
	CW2D
 
	 

	Tx power (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance
 = min (PRDCH, PDRCH, CW2D)

	23
	77
	105
	60.68
	18.9
	60.67
	18.9
	18.9

	26
	80
	144
	61.34
	20.3
	61.34
	20.3
	20.3

	30
	84
	220
	61.89
	21.5
	61.87
	21.5
	21.5

	33
	87
	301
	62.09
	22
	62.09
	22
	22

	38
	92
	509
	62.25
	22.3
	62.24
	22.3
	22.3

	46
	100
	1180
	62.32
	22.5
	62.3
	22.5
	22.5



Observation 14: In case of D1T1-A2, the maximum distance between R and D increases with increasing with transmit power of Reader. However, the increment is rather small due to the CW interference at the receiver of the Reader. An optimal distance can be achieved that maximizes the final coverage. Fixing CW2D distance at a certain value independently, limits the final maximum coverage in case of CW inside topology.  
Table 11: Device 2a - MPL/distance vs Transmit power for D1T1-B, monostatic 
	Channel
	PRDCH
	PDRCH
	CW2D
	 

	Tx power (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance 
= min (PRDCH, PDRCH)

	23
	77
	105
	70.07
	50.8
	48.02
	5
	50.8

	26
	80
	144
	70.07
	50.8
	48.02
	5
	50.8

	30
	84
	220
	70.07
	50.8
	48.02
	5
	50.8

	33
	87
	301
	70.07
	50.8
	48.02
	5
	50.8

	38
	92
	509
	70.07
	50.8
	48.02
	5
	50.8

	46
	100
	1180
	70.07
	50.8
	48.02
	5
	50.8



Observation 15: In case of D1T1-B, the maximum distance for PDRCH depends on the distance between CWT and Device. In our observation a maximum distance of 50.8 m can be achieved with CW2D distance of 5 m for CW outside topology. Increasing CW2D distance will decrease the PDRCH distance. 
Proposal 5: A fixed transmit power of 33 dBm is proposed to set for Device 2a. The CW2D distance should be chosen optimally based on the system parameters that maximizes the final distance in case of CW inside topology. The CW2D distance can be fixed to 5 m in case of CW inside topology. 

2.1.3 Link budget analysis for Device 2b
According to the TR 38.848 [2], Device 2b has energy storage unit such as rechargeable battery or supercapacitor and it is capable of harvesting energy form incident RF signal as well as other ambient sources like solar, thermal, etc. The Device has active RF component to generate RF signal to transmit information to the Reader in the uplink transmission. Therefore, no CW transmission is required to communicate with Device 2b. The receiver sensitivity in this case for PRDCH is chosen -85 dBm which is the minimum signal power for the RF-envelop detector (RF-ED) with improved LNA. Device 2b is considered to have a Power Amplifier (PA). Thus, the transmit power is set as -10 dB for this Device type, which is agreed in the last RAN1 #116-bis meeting [3]. 
Table 12 shows the link budget analysis for Device 2b at 900 MHz center frequency, where the transmit power from base station is chosen as 33 dBm, which is agreed in the last RAN1 #116-bis meeting [3].   

Table 12: Link budget analysis for Device 2b at 900MHz center frequency for deployment scenario D1T1 
	No
	Deployment Scenario
	D1T1-C: 
indoor BS + indoor AIoT Device, active UL transmission

	
	Case
	No CW

	
	Channel
	PRDCH
	PDRCH

	(0) System configurations

	
	Device type
	Device 2a

	0A
	Center frequency (GHz)
	0.9
	0.9

	(1) Transmitter

	1A
	Tx power (dBm)
	33
	-10

	1B
	Tx antenna gain (dBi)
	6
	0

	1C
	Number of Tx antenna elements / TxRU/ Tx chains modelled in LLS
	2
	1

	1D
	Occupied bandwidth (Hz)
	180000
	180000

	1E
	Ambient IoT backscatter loss (dB)
	N/A 
	N/A 

	1F
	Ambient IoT on-object antenna penalty
	N/A 
	0.9

	1G
	Ambient IoT backscatter amplifier gain (dB)
	 N/A
	 N/A

	1H
	Modulation factor (dB) ->OOK
	 N/A
	-6

	1I
	EIRP (dBm)
For R2D: [1I] = [1A] + [1B]
For D2R: [1I] = [1A] + 1[B] - [1E] - [1F] + [1G] + [1H]
	39
	-16.9

	1J
	CWT to tag distance (m)
	 N/A
	 N/A

	1K
	CWT to tag pathloss (dB)
	 N/A
	N/A 

	(2) Receiver

	2A
	Number of receive antenna elements / TxRU / chains modelled in LLS
	1
	2

	2B
	Occupied bandwidth (Hz)
	180000
	180000

	2C
	Receiver antenna gain (dBi)
	0
	6

	2D
	Receiver Noise Figure (dB)
	N/A 
	5

	2E
	Thermal Noise(dBm/Hz)
	 N/A
	-174

	2F
	Noise Power (dBm)
 [2F]=[2E]+[2D]+lin2dB([2B])
	 N/A
	-116.4

	2G
	Required SNR (for Alt 1)
	 N/A
	 N/A

	2H
	CW cancellation (dB)
	 N/A
	 N/A

	2I
	Remaining interference
	 N/A
	N/A 

	2J
	Receiver Sensitivity (dBm)
for CW2D: [2J] = Device activation threshold
	-85
	-100

	2K
	Degraded Receiver sensitivity
	 N/A 
	 N/A

	(3) System margins

	3A
	Shadow fading margin (function of the cell area reliability and lognormal shadow fading std deviation) (dB)
	4
	4

	3B
	polarization mismatching loss (dB)
	3
	3

	3C
	BS selection/macro-diversity gain (dB)
	0
	0

	3D
	Other gains (dB) (if any please specify)
	0
	0



	MPL (Maximum Path Loss in dB)
	117
	82.1

	Distance (m)
	7060
	180

	Final maximum distance (m) = min (PRDCH, PDRCH)
	180



Observation 16: For D1T1 C, the maximum achievable distance using Device 2b is 180 m for the system parameters given in Table 12.
 
Table 13: Device 2b - MPL/distance vs Transmit power for D1T1-C, monostatic 
	Channel
	PRDCH
	PDRCH
	 

	Tx power (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance 
= min (PRDCH, PDRCH)

	23
	107
	2470
	82.1
	180
	180

	26
	110
	3380
	82.1
	180
	180

	30
	114
	5150
	82.1
	180
	180

	33
	117
	7060
	82.1
	180
	180

	38
	122
	11900
	82.1
	180
	180

	46
	130
	27700
	82.1
	180
	180



Observation 17: For D1T1 C, the PDRCH distance is independent of the base station transmit power as the Device transmit power is fixed to -10 dB. Thus, the maximum achievable distance is 180 m for the system parameters given in Table 12.


2.2 Coverage evaluation for D2T2 topology
This section provides the link budget analysis for the D2T2 topology with three deployment scenarios D2T2-A1, D2T2-A2, and D2T2-B (case 2-3 and case 2-4) for Device 1, 2a and D2T2-C for Device 2b. As the intermediate node is communicating between the base station and Device in D2T2 topology, the maximum transmit power of the intermediate node is set as 23 dBm (maximum transmit power of UE). In D2T2-B case 2-3, the CW2D is outside topology and transmitted in DL spectrum and hence the transmit power is set as 33 dBm. As per the agreement made in the last RAN1 #116-bis meeting, InF-DL NLOS model defined in TR38.901 is used to calculate the MPL and distance from the MPL.
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           Fig. 4: CW inside, bistatic          Fig. 5: CW inside, monostatic              Fig. 6: CW outside, monostatic

Let, the distance between R1/CW and D be ‘d1’ and the distance between D and R2 be ‘d2’ in Fig. 4. Let the distance between R/CW and D in Fig. 5 be ‘d’. Similarly, Let the distance between R and D in Fig. 6 be ‘d’ and the CW is located at a suitable distance to provide carrier wave to the Device 1/2a.

2.2.1 Link budget analysis for Device 1
The Device characteristics are discussed in Sec. 2.1. In D2T2 topology, the maximum transmit power of UE is -23dBm and the CW interference in case of monostatic deployment scenario is set as 120 dB based on the capability of UE. Table 14 shows the link budget analysis for Device 1 at 900 MHz center frequency.

Table 14: Link budget analysis for Device 1 at 900MHz center frequency for deployment scenario D2T2
	No.
	Deployment Scenario
	D2T2-A1:
outdoor BS + indoor AIoT Device, CW inside topology, bistatic
	D2T2-A2:
outdoor BS + indoor AIoT Device, CW inside topology, monostatic
	D2T2-B:
outdoor BS + indoor AIoT Device, CW outside topology, monostatic

	
	Case
	Case 2-2: CW inside
CW2D in UL, D2R in UL, R2D in UL spectrum
	Case 2-2: CW inside
CW2D in UL, D2R in UL, R2D in UL spectrum
	Case 2-3: CW outside
CW2D in DL, D2R in DL, R2D in UL spectrum
	Case 2-4: CW outside
CW2D in UL, D2R in UL, R2D in DL spectrum

	
	Channel
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D

	(0) System configuration

	 
	Device type
	Device 1
	Device 1
	Device 1
	Device 1

	0A
	Center frequency (GHz)
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9

	(1) Transmitter

	1A
	Tx power (dBm)
	23
	-20
	23
	23
	-20
	23
	23
	-20
	33
	23
	-20
	23

	1B
	Tx antenna gain (dBi)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	1C
	Number of Tx antenna elements / TxRU/ Tx chains modelled in LLS
	2
	1
	 
	2
	1
	 
	2
	1
	 
	2
	1
	 

	1D
	Occupied bandwidth (Hz)
	180000
	180000
	 
	180000
	180000
	 
	180000
	180000
	 
	180000
	180000
	 

	1E
	Ambient IoT backscatter loss (dB) 
	 
	6
	 
	 
	6
	 
	 
	6
	 
	 
	6
	 

	1F
	Ambient IoT on-object antenna penalty
	 
	0.9
	 
	 
	0.9
	 
	 
	0.9
	 
	 
	0.9
	 

	1G
	Ambient IoT backscatter amplifier gain (dB)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	1H
	Modulation factor (dB) ->OOK
	 
	-6
	 
	 
	-6
	 
	 
	-6
	 
	 
	-6
	 

	1I
	EIRP (dBm)
For R2D: [1I]=[1A]+[1B]
For D2R: [1I]=[1A]+1[B]-[1E]-[1F]+[1G]+[1H]
	23
	-32.9
	23
	23
	-32.9
	23
	23
	-32.9
	33
	23
	-32.9
	23

	1J
	CWT to tag distance (m)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	1K
	CWT to tag pathloss (dB)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	
	 
	 

	(2) Receiver

	2A
	Number of receive antenna elements / TxRU / chains modelled in LLS
	1
	2
	 
	1
	2
	 
	1
	2
	 
	1
	2
	 

	2B
	Occupied bandwidth (Hz)
	180000
	180000
	 
	180000
	180000
	 
	180000
	180000
	 
	180000
	180000
	 

	2C
	Receiver antenna gain (dBi)
	0
	6
	0
	0
	6
	0
	0
	6
	0
	0
	6
	0

	2D
	Receiver Noise Figure (dB)
	 
	7
	 
	 
	7
	 
	 
	7
	 
	 
	7
	 

	2E
	Thermal Noise(dBm/Hz)
	 
	-174
	 
	 
	-174
	 
	 
	-174
	 
	 
	-174
	 

	2F
	Noise Power (dBm)
 [2F]=[2E]+[2D]+lin2dB([2B]) 
	 
	-114.4
	 
	 
	-114.4
	 
	 
	-114.4
	 
	 
	-114.4
	 

	2G
	Required SNR
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	2H
	CW cancellation (dB)
	 
	 
	 
	 
	120
	 
	
	 
	 
	 
	 
	 

	2I
	Remaining intereference
	
	 
	 
	 
	-97
	 
	 
	 
	 
	 
	 
	 

	2J
	Receiver Sensitivity (dBm) [Alt-1]
for CW2D: [2J]=Device activation threshold 
	-20
	-100
	-20
	-20
	-100
	-20
	-35
	-100
	-20
	-35
	-100
	-20

	2K
	Degraded Receiver sensitivity
	 
	-100
	 
	 
	-82.4
	 
	 
	-100
	 
	 
	-100
	 

	(3) System margins

	3A
	Shadow fading margin (function of the cell area reliability and lognormal shadow fading std deviation) (dB)
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	3B
	polarization mismatching loss (dB)
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	3C
	BS selection/macro-diversity gain (dB)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	3D
	Other gains (dB) (if any please specify)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	MPL 
(Maximum Path Loss in dB)
	36
	66.1
	36
	36
	48.5
	36
	51
	66.1
	46
	51
	66.1
	36

	Distance (m)
	1.4
	21.6
	1.4
	1.4
	4.4
	1.4
	5.5
	21.6
	3.5
	5.5
	21.6
	1.4

	Final maximum distance (m)
	d1 = min (PRDCH, CW2D)
	d2 = PDRCH
	d = min (PRDCH, PDRCH, CW2D)
	d = min (PRDCH, PDRCH)
	d = min (PRDCH, PDRCH)

	
	1.4
	21.6
	1.4
	5.5
	5.5



Observation 18: It can be observed that the distance achieved in this case is smaller than the D1T1 topology due to the low transmit power of UE. However, a higher distance can be achieved in the case of CW outside topology. 

Table 15: Device 1 - Device activation threshold vs MPL/distance for D2T2-A1, bistatic 
	Channel
	PRDCH
	PDRCH
	CW2D
	

	Device activation threshold (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance (d1)
= min (PRDCH, CW2D)
	Max distance (d2) = PDRCH

	-20
	36
	1.4
	66.1
	21.6
	36
	1.4
	1.4
	21.6

	-24
	40
	2
	62.1
	15
	40
	2
	2
	15

	-35
	51
	5.5
	51.1
	5.5
	51
	5.5
	5.5
	5.5


Observation 19: Similar to the Observation 7, d1 increases and d2 decreases with decreasing Device activation threshold. 

Table 16: Device 1 - Device activation threshold vs MPL/distance for D2T2-A2, monostatic 
	Channel
	PRDCH
 
	PDRCH
 
	CW2D
 
	 

	Device activation threshold (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance
= min (PRDCH, PDRCH, CW2D)

	-20
	36
	1.4
	48.5
	4.4
	36
	1.4
	1.4

	-24
	40
	2
	44.5
	3
	40
	2
	2

	-35
	51
	5.5
	33.5
	1.1
	51
	5.5
	1.1


Observation 20: It has been observed that the coverage is maximum at -24 dBm in monostatic scenario as the PDRCH distance decreases with decreasing Device activation threshold for Device 1.
Table 17: Device 1 - Device activation threshold vs MPL/distance for D2T2-B, case 2-3, monostatic
	Channel
	PRDCH
	PDRCH
	CW2D
	 

	Device activation threshold (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance
= min (PRDCH, PDRCH)

	-20
	51
	5.5
	66.1
	21.6
	46
	3.5
	5.5

	-24
	51
	5.5
	62.1
	15
	50
	5
	5.5

	-35
	51
	5.5
	51.1
	5.5
	61
	13.6
	5.5



Observation 21: In case of CW outside topology, a higher coverage can be achieved with lower receiver sensitivity of -35 dBm (sensitivity of RF-ED) for PRDCH for Device 1. CWT ensures a minimum signal power to be received to power up the Device. Therefore, unlike D2T1-A1 and D2T2-A2, receiver sensitivity of Device is independent of the Device activation threshold.

Table 18: Device 1 - Device activation threshold vs MPL/distance for D2T2-B, case 2-4, monostatic
	Channel
	PRDCH
	PDRCH
	CW2D
	 

	Device activation threshold (dBm)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	MPL (dB)
	Distance (m)
	Max distance
= min (PRDCH, PDRCH)

	-20
	51
	5.5
	66.1
	21.6
	36
	1.4
	5.5

	-24
	51
	5.5
	62.1
	15
	40
	2
	5.5

	-35
	51
	5.5
	51.1
	5.5
	51
	5.5
	5.5



Observation 22: In case of CW outside topology, a higher coverage can be achieved with lower receiver sensitivity of -35 dBm (sensitivity of RF-ED) for PRDCH for Device 1. CWT ensures a minimum signal power to be received to power up the Device. Therefore, unlike D2T1-A1 and D2T2-A2, receiver sensitivity of Device is independent of the Device activation threshold.

2.2.2 Link budget analysis for Device 2a
The characteristics of Device 2a are discussed in Sec. 2.1. In D2T2 topology, the maximum transmit power of UE is -23dBm and the CW interference in case of monostatic deployment scenario is set as 120 dB based on the capability of UE. A backscatter amplifier gain of 10 dB is considered which is agreed in the last RAN#116-bis meeting [3]. The receiver sensitivity of the Device is set as -55 dBm due to LNA which is followed by the RF-ED. Table 19 shows the link budget analysis for Device 2a at 900 MHz center frequency.

Table 19: Link budget analysis for Device 2a at 900MHz center frequency for deployment scenario D2T2
	No.
	Deployment Scenario
	D2T2-A1:
outdoor BS + indoor AIoT Device, CW inside topology, bistatic
	D2T2-A2:
outdoor BS + indoor AIoT Device, CW inside topology, monostatic
	D2T2-B:
outdoor BS + indoor AIoT Device, CW outside topology, monostatic

	
	Case
	Case 2-2: CW inside
CW2D in UL, D2R in UL, R2D in UL spectrum
	Case 2-2: CW inside
CW2D in UL, D2R in UL, R2D in UL spectrum
	Case 2-3: CW outside
CW2D in DL, D2R in DL, R2D in UL spectrum
	Case 2-4: CW outside
CW2D in UL, D2R in UL, R2D in DL spectrum

	
	Channel
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D
	PRDCH
	PDRCH
	CW2D

	(0) System configuration

	 
	Device type
	Device 2a
	Device 2a
	Device 2a
	Device 2a

	0A
	Center frequency (GHz)
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9

	(1) Transmitter

	1A
	Tx power (dBm)
	23
	-44.5
	23
	23
	-37.2
	23
	23
	-23.9
	33
	23
	-33.9
	23

	1B
	Tx antenna gain (dBi)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	1C
	Number of Tx antenna elements / TxRU/ Tx chains modelled in LLS
	2
	1
	 
	2
	1
	 
	2
	1
	 
	2
	1
	 

	1D
	Occupied bandwidth (Hz)
	180000
	180000
	
	180000
	180000
	 
	180000
	180000
	 
	180000
	180000
	 

	1E
	Ambient IoT backscatter loss (dB) 
	 
	0
	 
	 
	0
	 
	 
	0
	 
	 
	0
	 

	1F
	Ambient IoT on-object antenna penalty
	 
	0.9
	 
	 
	0.9
	 
	 
	0.9
	 
	 
	0.9
	 

	1G
	Ambient IoT backscatter amplifier gain (dB)
	 
	10
	 
	 
	10
	 
	 
	10
	 
	 
	10
	 

	1H
	Modulation factor (dB) ->OOK
	 
	-6
	 
	 
	-6
	 
	 
	-6
	 
	 
	-6
	 

	1I
	EIRP (dBm)
For R2D: [1I]=[1A]+[1B]
For D2R: [1I]=[1A]+1[B]-[1E]-[1F]+[1G]+[1H]
	23
	-41.4
	23
	23
	-34.1
	23
	23
	-20.8
	33
	23
	-30.8
	23

	1J
	CWT to tag distance (m)
	 
	 
	13.1
	 
	 
	6.7
	 
	 
	5
	 
	 
	5

	1K
	CWT to tag pathloss (dB)
	 
	 
	60.5
	 
	 
	53
	 
	 
	49
	
	 
	49.9

	(2) Receiver

	2A
	Number of receive antenna elements / TxRU / chains modelled in LLS
	1
	2
	 
	1
	2
	 
	1
	2
	 
	1
	2
	 

	2B
	Occupied bandwidth (Hz)
	180000
	180000
	 
	180000
	180000
	 
	180000
	180000
	 
	180000
	180000
	 

	2C
	Receiver antenna gain (dBi)
	0
	6
	0
	0
	6
	0
	0
	6
	0
	0
	6
	0

	2D
	Receiver Noise Figure (dB)
	 
	7
	 
	 
	7
	 
	 
	7
	 
	 
	7
	 

	2E
	Thermal Noise(dBm/Hz)
	 
	-174
	 
	 
	-174
	 
	 
	-174
	 
	 
	-174
	 

	2F
	Noise Power (dBm)
 [2F]=[2E]+[2D]+lin2dB([2B]) 
	 
	-114.4
	 
	 
	-114.4
	 
	 
	-114.4
	 
	 
	-114.4
	 

	2G
	Required SNR
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	2H
	CW cancellation (dB)
	 
	 
	 
	 
	120
	 
	
	 
	 
	 
	 
	 

	2I
	Remaining intereference
	
	 
	 
	 
	-97
	 
	 
	 
	 
	 
	 
	 

	2J
	Receiver Sensitivity (dBm) [Alt-1]
for CW2D: [2J]=Device activation threshold 
	-55
	-100
	-20
	-55
	-100
	-20
	-55
	-100
	-20
	-55
	-100
	-20

	2K
	Degraded Receiver sensitivity
	 
	-100
	 
	 
	-82.4
	 
	 
	-100
	 
	 
	-100
	 

	(3) System margins

	3A
	Shadow fading margin (function of the cell area reliability and lognormal shadow fading std deviation) (dB)
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	3B
	polarization mismatching loss (dB)
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	3C
	BS selection/macro-diversity gain (dB)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	3D
	Other gains (dB) (if any please specify)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	MPL 
(Maximum Path Loss in dB)
	71
	57.52
	 
	71
	47.3
	 
	71
	78.1
	 
	71
	68.1
	 

	Distance (m)
	31.1
	13.1
	 
	31.1
	6.7
	 
	31.1
	49.5
	 
	31.1
	26
	 

	Final maximum distance (m)
	d1 = min (PRDCH, CW2D)
	d2 = PDRCH
	d = min (PRDCH, PDRCH, CW2D)
	d = min (PRDCH, PDRCH)
	d = min (PRDCH, PDRCH)

	
	13.1
	13.1
	6.7
	31.1
	26



Observation 23: Similar to the D1T1, CW inside topology for Device 2a, the PDRCH distance is inversely proportion to CW2D distance. Therefore, an optimum distance is achieved for both the channels that maximizes the final distance. For CW outside topology a fixed 5 m distance for CW2D is considered.

2.2.3 Link budget analysis for Device 2b

Table 20: Link budget analysis for Device 2b at 900MHz center frequency for deployment scenario D2T2
	No.
	Deployment Scenario
	D2T2-C:
outdoor BS + indoor AIoT Device, 
active UL transmission

	
	Case
	D2R in UL spectrum and R2D in UL spectrum

	
	Channel
	PRDCH
	PDRCH

	(0) System configuration

	 
	Device type
	Device 2b

	0A
	Center frequency (GHz)
	0.9
	0.9

	(1) Transmitter

	1A
	Tx power (dBm)
	23
	-10

	1B
	Tx antenna gain (dBi)
	0
	0

	1C
	Number of Tx antenna elements / TxRU/ Tx chains modelled in LLS
	2
	1

	1D
	Occupied bandwidth (Hz)
	180000
	180000

	1E
	Ambient IoT backscatter loss (dB) 
	 
	 

	1F
	Ambient IoT on-object antenna penalty
	 
	0.9

	1G
	Ambient IoT backscatter amplifier gain (dB)
	 
	 

	1H
	Modulation factor (dB) ->OOK
	 
	-6

	1I
	EIRP (dBm)
For R2D: [1I]=[1A]+[1B]
For D2R: [1I]=[1A]+1[B]-[1E]-[1F]+[1G]+[1H]
	23
	-16.9

	1J
	CWT to tag distance (m)
	 
	 

	1K
	CWT to tag pathloss (dB)
	 
	 

	(2) Receiver

	2A
	Number of receive antenna elements / TxRU / chains modelled in LLS
	1
	2

	2B
	Occupied bandwidth (Hz)
	180000
	180000

	2C
	Receiver antenna gain (dBi)
	0
	6

	2D
	Receiver Noise Figure (dB)
	 
	7

	2E
	Thermal Noise(dBm/Hz)
	 
	-174

	2F
	Noise Power (dBm)
 [2F]=[2E]+[2D]+lin2dB([2B]) 
	 
	-114.44

	2G
	Required SNR
	 
	 

	2H
	CW cancellation (dB)
	 
	 

	2I
	Remaining interference
	 
	 

	2J
	Receiver Sensitivity (dBm) [Alt-1]
for CW2D: [2J]=Device activation threshold 
	-85
	-100

	2K
	Degraded Receiver sensitivity
	 
	 

	(3) System margins

	3A
	Shadow fading margin (function of the cell area reliability and lognormal shadow fading std deviation) (dB)
	4
	4

	3B
	polarization mismatching loss (dB)
	3
	3

	3C
	BS selection/macro-diversity gain (dB)
	0
	0

	3D
	Other gains (dB) (if any please specify)
	0
	0



	MPL 
(Maximum Path Loss in dB)
	101
	82.1

	Distance (m)
	216
	63.7

	Final maximum distance (m) = min (PRDCH, PDRCH)
	63.7



Observation 24: In case of Device 2b, the maximum distance of 63.7 m can be achieved with the system parameters provided in Table 20.

3. Conclusion
In this contribution, we have studied a detailed analysis of the link budget of Ambient IoT Device 1, 2a, and 2b at two different center frequencies of 900 MHz and 2.1 GHz for various topologies under the deployment scenarios D1T1 and D2T2. The detailed link budget analysis for 900 MHz center frequency is discussed in this contribution, whereas, the link budget analysis for 2.1 GHz center frequency is provided in the spreadsheets attached with this contribution. We have made the following observations and proposals related to Evaluation assumption and preliminary results for Ambient IoT: 

Observation 1: For D1T1-A1 (CW inside topology, bistatic), considering 33 dBm transmit power and -20 dBm receiver sensitivity for both PRDCH and CW2D, and -100 dBm receiver sensitivity for PDRCH (using budget Alt-1), the maximum distance d1 from Reader R1 to Device D is 7.6 m for downlink transmission and the maximum distance d2 from Device to Reader R2 is 33.5 m for uplink transmission.
Observation 2: For D1T1-A2 (CW inside topology, monostatic), considering 33 dBm transmit power and -20 dBm receiver sensitivity for both PRDCH and CW2D, and -100 dBm receiver sensitivity for PDRCH (using budget Alt-1), the maximum distance d from Reader R to Device D (same as Device to Reader) is 7.6 m for both downlink transmission and uplink transmission.
Observation 3: For D1T1-B (CW outside topology, monostatic), considering 33 dBm and 23 dBm transmit power for PRDCH and CW2D, respectively, -35 dBm and -20 dBm receiver sensitivity for PRDCH and CW2D, respectively, and -100 dBm receiver sensitivity for PDRCH (using budget Alt-1), the maximum distance D from Reader R to Device D (same as Device to Reader) is 33.5 m for both downlink transmission and uplink transmission.  The CWT should be kept at 1.4 m distance from the Device to receive minimum signal power of -20 dBm.
Proposal 1: The maximum achievable distance between CW transmitter and Device should be decided based on the Device activation threshold, which is considered as the read sensitivity or receiver sensitivity for PRDCH and CW2D reception. Considering a fixed CW2D distance for CW inside topology limits the coverage between Reader and Device as the Reader itself transmitting the CW signal to the Device.
Observation 4: For D1T1-A1, the maximum distance d1 from Reader R1 to Device D increases with transmit power, whereas, the maximum distance d2 from Device to Reader R2 is fixed.
Observation 5: For D1T1-A2, the maximum distance from Reader to Device D (same as D to R, same as CWT to D) increases with transmit power and then decreases due to the increase in remaining interference (2I in Table 1) due to CW transmission.
Observation 6: For D1T1-B, the maximum distance is the minimum of PRDCH and PDRCH (monostatic scenario), which increases with transmit power and then saturates. The CWT is kept at a fixed distance of 1.4 m to receive the minimum power of -20 dBm at the Device side.
Proposal 2: A suitable transmit power from the Reader (base station) should be chosen to achieve the maximum coverage that satisfies all the distances for the physical channels PRDCH, PDRCH, and CW2D.
Observation 7: In case of D1T1-A1, with decreasing Device activation threshold, the maximum distance d1 increases, as the Device read sensitivity increases and d2 decreases, as the Device transmit power decreases. 
Observation 8: In case of D1T1-A2, with decreasing Device activation threshold, the maximum distance for PRDCH and CW2D increases and PDRCH decreases. As it is a monostatic, the final distance is the minimum among all. Thus, the final maximum distance between the Reader/CWT and Device increases up to certain value and then decreases.
Observation 9: In case of D1T1-B, the maximum distance for PRDCH is fixed as the receiver sensitivity is kept fixed (-35 dBm). However, the distance for PDRCH decreases due to the transmit power form Device. The maximum CW2D distance increases as the threshold decreases. Thus, a CW transmitter can be kept at a suitable distance to achieve received signal power above the threshold to trigger the Device and that decides the maximum distance for PDRCH, which decides the final maximum distance.
Proposal 3: In the case of CW inside topology for Device 1, the Device activation threshold plays a critical role to decide the maximum coverage. Thus, a suitable Device activation threshold should be decided that maximizes the final coverage.
Observation 10: For D1T1-A1 (CW inside topology, bistatic), a high value of PRDCH distance is achieved due to the low sensitivity of the RF-ED (due to LNA). However, the PDRCH distance is inversely proportional to CW2D distance. Hence an optimal distance is achieved that balances both the PRDCH and CW2D distance, and hence maximizes the final distance. Thus, d1 = d2 ~ 37 m is the final maximum distance achieved in our link budget analysis.
Observation 11: For D1T1-A2 (CW inside topology, monostatic), although the PRDCH distance is very high, the interference due to CW transmission at receiver of the Reader degrades the receiver sensitivity. Thus, in this scenario the maximum distance is reduced to ~22 m.  
Observation 12: For D1T1-B (CW outside topology, monostatic), since the received signal power at the Device side is not dependent on the Device activation threshold for Device 2a, the CW transmitter to Device/tag distance is kept 5 m (fixed) and based on the received signal power at the Device the PDRCH distance is calculated. In our analysis maximum 50 m distance is achieved between the Reader and Device in this topology. 
Proposal 4: In case of CW inside topology, the PDRCH distance is inversely proportional to CW2D distance. Therefore, an optimal distance should be chosen for a fixed transmit power from the base station (R) that gives a balanced MPL/distance between R/R1/R2 and D. In case of CW outside topology, a fixed CWT to tag/Device distance can be considered to evaluate the maximum coverage for Device 2a.
Observation 13: In case of D1T1-A1, the maximum distance d1 and d2 increases with increasing with transmit power of Reader. However, an optimal distance d1 = d2 can be achieved that maximizes the final coverage. Fixing CW2D distance at a certain value independently, limits the final maximum distance between R1/R2 and D in CW inside topology.  
Observation 14: In case of D1T1-A2, the maximum distance between R and D increases with increasing with transmit power of Reader. However, the increment is rather small due to the CW interference at the receiver of the Reader. An optimal distance can be achieved that maximizes the final coverage. Fixing CW2D distance at a certain value independently, limits the final maximum distance between R and D in CW inside topology.  
Observation 15: In case of D1T1-B, the maximum distance for PDRCH depends on the distance between CWT and Device. In our observation a maximum distance of 50.8 m can be achieved with CW2D distance of 5 m for CW outside topology. Increasing CW2D distance will decrease the PDRCH distance. 
Proposal 5: A fixed transmit power of 33 dBm is proposed to set for Device 2a. The CW2D distance should be chosen optimally based on the system parameters that maximizes the final distance in case of CW inside topology. The CW2D distance can be fixed to 5 m in case of CW inside topology. 
Observation 16: For D1T1 C, the maximum achievable distance using Device 2b is 180 m for the system parameters given in Table 12. 
Observation 17: For D1T1 C, the PDRCH distance is independent of the base station transmit power as the Device transmit power is fixed to -10 dB. Thus, the maximum achievable distance is 180 m for the system parameters given in Table 12.
Observation 18: It can be observed that the distance achieved in this case is smaller than the D1T1 topology due to the low transmit power of UE. However, a higher distance can be achieved in the case of CW outside topology. 
Observation 19: Similar to the Observation 7, d1 increases and d2 decreases with decreasing Device activation threshold. 
Observation 20: It has been observed that the coverage is maximum at -24 dBm in monostatic scenario as the PDRCH distance decreases with decreasing Device activation threshold for Device 1.
Observation 21: In case of CW outside topology, a higher coverage can be achieved with lower receiver sensitivity of -35 dBm (sensitivity of RF-ED) for PRDCH for Device 1. CWT ensures a minimum signal power to be received to power up the Device. Therefore, unlike D2T1-A1 and D2T2-A2, receiver sensitivity of Device is independent of the Device activation threshold.
Observation 22: In case of CW outside topology, a higher coverage can be achieved with lower receiver sensitivity of -35 dBm (sensitivity of RF-ED) for PRDCH for Device 1. CWT ensures a minimum signal power to be received to power up the Device. Therefore, unlike D2T1-A1 and D2T2-A2, receiver sensitivity of Device is independent of the Device activation threshold.
Observation 23: Similar to the D1T1, CW inside topology for Device 2a, the PDRCH distance is inversely proportion to CW2D distance. Therefore, an optimum distance is achieved for both the channels that maximizes the final distance. For CW outside topology a fixed 5 m distance for CW2D is considered.
Observation 24: In case of Device 2b, the maximum distance of 63.7 m can be achieved with the system parameters provided in Table 20.
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