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Link budget analysis for “clean-slate” physical layer for IoT
Introduction
At GERAN#62, a new SI [1] was approved to study cellular support for ultra-low complexity and low throughput IoT. In [2], Neul has submitted an outline proposal for a Cellular IoT physical layer to support the requirements defined in [1]. In this contribution, the link budget resulting from the proposal in [2] is analyzed. The stated aim in [1] is to achieve 20 dB coverage enhancement compared with legacy GPRS. 
Link budget analysis
The calculation of maximum coupling loss (MCL) for both legacy GPRS and the highest coverage mode of the proposed Cellular IoT physical layer is shown in Table 1.
	
	GPRS
	Cellular IoT

	
	Downlink
	Uplink
+33 dBm
	Downlink
	Uplink
+23 dBm
	Uplink
+33 dBm

	Transmitter
	
	
	
	
	

	(0) Total Tx power  (dBm)
	43
	33
	43
	23
	33

	(1) Tx power per channel (dBm)
	43
	33
	32.2
	23
	33

	Receiver
	
	
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	9
	5
	9
	5
	5

	(4) Interference margin (dB)
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (kHz)
	180
	180
	12
	3.75
	3.75

	(6) Effective noise power
        = (2) + (3) + (4) + 10 log((5))  (dBm)
	-112.4
	-116.4
	-124.2
	-133.3
	-133.3

	(7) Required SINR (dB)
	7
	11
	-7.5
	-5.0
	-5.0

	(8) Receiver sensitivity
        = (6) + (7) (dBm)
	-105.4
	-105.4
	-131.7
	-138.3
	-138.3

	(9) Receiver processing gain (dB)
	0
	5
	0
	0
	0

	Maximum coupling loss (MCL)
        = (1) – (8) + (9) (dB)
	148.4
	143.4
	163.9
	161.3
	171.3
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The GPRS calculation is taken from [3] but adjusted for a UE transmit power of +33 dBm rather than +29 dBm. The uplink MCL for the highest coverage mode of the proposed Cellular IoT physical layer is shown for both a transmit power of +33 dBm and also a lower transmit power of +23 dBm as this may be important in terms of solution cost.

Some explanatory notes regarding the link budget table are as follows:

· The analysis makes standard assumptions for the receiver noise figures of the base station and the UE; these values may be conservative for modern implementations, but the same values are used for both legacy GPRS and Cellular IoT to provide a fair comparison. 
· For the Cellular IoT downlink, the base station transmit power per physical downlink channel is derived by assuming the same average power spectral density as for the GPRS base station. In other words, if the Cellular IoT base station was using all available physical channels, then the total transmission power would be the same as for the GPRS base station. This approach aims to provide a fair comparison.
The detailed modelling assumptions for the Cellular IoT system, corresponding to the coverage enhancement scenario of Table 1, are shown in Table 2. Refer to [2] for more details of the proposed physical layer.
	
	Cellular IoT (highest coverage mode)

	
	Downlink
(per FDM channel)
	Uplink
(per FDM user)

	Antennas
	1T1R
	1T2R

	Modulation
	BPSK
	GMSK

	Symbol rate
	12 ksym/s
	3.75 ksym/s

	Spreading factor
	4
	1

	Repetition factor
	4
	4

	Pilot overheads
	20%
	33%

	Coding
	1/2 convolutional
	1/3 turbo

	Overall data rate per physical channel
	300 bps
	208 bps

	Packet length
	100 bytes
	100 bytes

	Channel model
	TU 1 Hz

	Packet error rate
	10%

	Frequency hopping
	No frequency hopping gain included in link budget

	HARQ
	No HARQ gain included in link budget
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The “Required SINR” values in Table 1 for the proposed Cellular IoT physical layer have been derived by link level simulations.
As shown in Table 2, the Cellular IoT link budget does not assume any gain from frequency hopping or from HARQ, even though both are available within the overall system design. So this is a conservative modelling assumption.
It can be seen from Table 1 that the MCL for legacy GPRS is limited by the uplink, which sets an MCL of 143.4 dB for a +33 dBm UE. Therefore, the target MCL for Cellular IoT should be 163.4 dB, based on the requirement for 20 dB coverage enhancement. 
The results for the Cellular IoT system in Table 1 show that 163.4 dB MCL can be achieved for both downlink and uplink, assuming a UE transmit power of about +25 dBm. This is for PHY data rates, after accounting for PHY layer overheads, of at least 208 bps, which provides margin for higher layer overheads relative to the overall requirement for a minimum data rate of 160 bps defined in [1]. 
This analysis assumes GMSK modulation. Link level simulations for BPSK show that the required SINR is about 3 dB lower than with GMSK, and hence the 163.4 dB MCL target can be achieved with a reduced transmit power of about +22 dBm (though the UE power amplifier efficiency will be lower due to the use of non-constant envelope modulation).
A focus of ongoing study is downlink performance improvements through frequency diversity and spatial diversity, and this will be reported in a future paper. In addition, it would be possible to enhance downlink performance by using Turbo encoding instead of convolutional coding, if the increase in complexity at the UE receiver is acceptable. 
Summary
This paper demonstrates that 20 dB coverage enhancement can be achieved with the proposed Cellular IoT physical layer. The 20 dB enhancement is defined relative to legacy GPRS devices operating at +33 dBm, which implies an MCL target of 143.4 dB. This coverage enhancement is achieved by the proposed physical layer whilst maintaining the minimum data rate defined in [1]. 
Furthermore, the 20 dB coverage enhancement can be achieved even when the UE transmit power is reduced to about +25 dBm with GMSK modulation or +22 dBm with BPSK modulation. This is important for low cost IoT modules and/or with lower cost battery technologies for which higher transmit power may be impractical.
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