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1 Introduction

Although coverage analyses’ were conducted during the eMTC WI [7] to ensure the target coverage performance was being achieved, no analysis has been done after the CAT-M1 specification was finalized in March’2016 to determine the maximum coupling loss (MCL) (i.e. coverage) the normative specification actually provides. This paper analyses the MCL supported through link level simulations (LLS) for the Rel 13 CAT-M1 UEs with a 23 dBm PA. This analysis used, where possible, the simulation assumptions and methods as outlined in TR 45.820 [2] and used the most recent approved versions of the CAT-M1 specification [4,5,6]. 
2 MCL Calculations and Targets
2.1 MCL’s and Gain Targets using TR 36.888 [1] Assumptions

From the WID [7], the target was to provide 15dB of coverage for CAT-M1 with a 20 dBm PA above that of a normal UE with 23 dBm PA in a reference LTE FDD scenario with 10 MHz system bandwidth. As a result, the CAT-M1 specification had to provide up to 18 dB of additional coverage depending on the channel. The following table showes the baseline, the required gain, and then the targeted MCL based on assumption from [1]:

  
[image: image1.emf]Physical channel name PUCCH PRACH PUSCH PDSCH PBCH SCH MPDCCH

Transmitter

(0) Max Tx power(dBm) 20 20 20 46 46 46 46

(1) Actual Tx power (dBm) 20 20 20 32 36.8 36.8 36.8

Receiver

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

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

(5) Occupied ch bandwidth (Hz) 180000 1080000 180000 360000 1080000 1080000 1080000

(6) Effective noise power

= (2) + (3) + 10 log((5))  (dBm)

(7) Required SINR (dB) -7.8 -10 -1.3 -4 -7.5 -7.8 -4.7

(8) Receiver sensitivity

= (6) + (7) (dBm)

(9) Baseline MCL

= (1) - (8) (dB) 144.2 138.7 137.7 145.4 149.0 149.3 146.2

Require Gain 11.5 17.0 18.0 10.3 6.7 6.4 9.5

Target MCL 155.7 155.7 155.7 155.7 155.7 155.7 155.7

-104.7

-124.2 -118.7 -117.7 -113.4 -112.2 -112.5 -109.4

-116.4 -108.7 -116.4 -109.4 -104.7 -104.7


Observation: Using TR 36.888 assumptions, the target MCL is 155.7 dB.

The gain required to reach this target MCL is different for each channel. The largest gain is required for the PUSCH at 18 dB.   
2.2 MCL’s and Gain Targets using TR 45.820 [2] Assumptions

Most of the recent LPWA 3GPP coverage analysis have been using [2]for calculating MCL e.g. for NB-IOT and EC-GSM-IOT thus for the remainder of this analysis the assumptions in [2] will be used. The following table shows the baseline, the required gain, and then the targeted MCL based on assumptions from [2]:

 
[image: image2.emf]Physical channel name PUCCH PRACH PUSCH PDSCH PBCH SCH MPDCCH

Transmitter

(0) Max Tx power(dBm) 23 23 23 46 46 46 46

(1) Actual Tx power (dBm) 23 23 23 32 36.8 36.8 36.8

Receiver

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

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

(5) Occupied ch bandwidth (Hz) 180000 1080000 180000 360000 1080000 1080000 1080000

(6) Effective noise power

= (2) + (3) + 10 log((5))  (dBm)

(7) Required SINR (dB) -7.8 -10 -1.3 -4 -7.5 -7.8 -4.7

(8) Receiver sensitivity

= (6) + (7) (dBm)

(9) Baseline MCL

= (1) - (8) (dB) 149.2 143.7 142.7 149.4 153.0 153.3 150.2

Require Gain 11.5 17.0 18.0 10.3 6.7 6.4 9.6

Target MCL 160.7 160.7 160.7 159.7 159.7 159.7 159.7

-108.7

-126.2 -120.7 -119.7 -117.4 -116.2 -116.5 -113.4

-118.4 -110.7 -118.4 -113.4 -108.7 -108.7


The only values that changed compared to the table in Section 2.1 have been highlighted.

Observation: Using TR 45.820 assumptions, the target MCLs are UL: 160.7 dB and DL: 159.7 dB
3 DL MCL Analysis

3.1 With 3dB Power Boosting

The following table shows the resulting MCL’s if 3dB of DL power spectral density (PSD) boosting is applied:


[image: image3.emf]Physical channel name PUCCH PRACH PUSCH PDSCH PBCH SCH MPDCCH

Transmitter

(0) Max Tx power(dBm) 23 23 23 46 46 46 46

(1) Actual Tx power (dBm) 23 23 23 35 39.8 39.8 39.8

Receiver

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

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

(5) Occupied ch bandwidth (Hz) 180000 1080000 180000 360000 1080000 1080000 1080000

(6) Effective noise power

= (2) + (3) + 10 log((5))  (dBm)

(7) Required SINR (dB) -7.8 -10 -1.3 -4 -7.5 -7.8 -4.7

(8) Receiver sensitivity

= (6) + (7) (dBm)

(9) Baseline MCL

= (1) - (8) (dB) 149.2 143.7 142.7 152.4 156.0 156.3 153.2

Require Gain 11.5 17.0 18.0 10.3 6.7 6.4 9.6

Target MCL 160.7 160.7 160.7 162.7 162.7 162.7 162.7

-108.7

-126.2 -120.7 -119.7 -117.4 -116.2 -116.5 -113.4

-118.4 -110.7 -118.4 -113.4 -108.7 -108.7


The only values that changed compared to the table in Section 2.2 have been highlighted.

Observation: With 3dB of power boosting, the target MCL’s are UL: 160.7 dB and DL: 162.7 dB 
3.2 Without Power Boosting 

Although not studied in detail, the supporting companies feel that a DL MCL of 162.7 dB can at least in part be accomplished through repetitions.  For example, the MCL of 159.7dB only requires 128 PDSCH repetitions [14,15] while the specification support up to 2048 repeats, which strongly suggest that more than 159.7 dB is achievable. 

Observation: The tdocs submitted during the eMTC WI, suggest the 3GPP CAT-M1 specification supports a DL MCL well beyond 159.7 with no power boosting. 
4 UL MCL Analysis

4.1 Repetitions Required to Meet WI Target MCL of 160.7dB

As discussed in Section 2.2, with the assumptions from [2], the eMTC WI had a target UL MCL of 160.7dB and for this MCL the following required number of repetitions have been determined:

 PUSCH Repeats [8] 

90 repeats (averaged of from 4 companies’ LLS)
PRACH Repeats [9, 10, 11] 
25 repeats (averaged from 3 companies’ LLS)
PUCCH Repeats [12, 13] 

9 repeats (averaged from 3 companies’ LLS)
However, the specification allows for repeat much beyond those [4,5,6]:

Max PUSCH repeats

2048 repeats

Max PRACH repeats

128 repeats

Max PUCCH repeats

32 repeats
Typically coverage (or MCL) goes up approximately equal to  10*log(#Repeats) so doubling the number of repeats improves MCL by 3dB. 

Observation: The tdocs submitted during the WI, suggest the 3GPP CAT-M1 specification supports an UL MCL beyond 160.7 dB. 
4.2 Repetitions Required to Reach UL MCL 162.7
In this section, we include LLS results to show that an UL MCL of 162.7 dB is possible. The LLS assumptions are based on [2] as much as possible and shown in appendix A. The required number of repeats to provide a MCL of 162.7 dB is shown below:

PUSCH repeats


<=256

PRACH repeat


<=64 

PUCCH repeats


<=16

Note: the LLS results use realistic channel estimation and have frequency hopping enabled.

Observation: The required numbers of repeats need to support a UL MCL of 162.7 dB are less than the maximum number of repetitions specified in the CAT-M1specification. 

Observation:  An UL MCL of at least 162.7dB is supported by the 3GPP CAT-M1 specification.

Conclusions:  A MCL of at least 162.7dB is supported by the 3GPP CAT-M1 specification.

5 Summary and Conclusion

Observation: Using TR 36.888 assumptions, the target MCL is 155.7 dB.

Observation: Using TR 45.820 assumptions, the target MCLs are UL: 160.7 dB and DL: 159.7 dB
Observation: With 3dB of power boosting, the target MCL’s are UL: 160.7 dB and DL: 162.7 dB
Observation: The tdocs submitted during the eMTC WI, suggest the 3GPP CAT-M1 specification supports a DL MCL well beyond 159.7 with no power boosting. 
Observation: The tdocs submitted during the WI, suggest the 3GPP CAT-M1 specification supports an UL MCL beyond 160.7 dB. 
Observation: The required numbers of repeats need to support a UL MCL of 162.7 dB are less than the maximum number of repetitions specified in the CAT-M1specification. 

Observation:  An UL MCL of at least 162.7dB is supported by the 3GPP CAT-M1 specification.

Conclusions:  A MCL of at least 162.7dB is supported by the 3GPP CAT-M1 specification.
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Annex Simulation assumptions
Table: Assumptions for link level simulations

	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU 1 Hz with model

	Antenna configuration
	BS: 2T2R
MS: 1T1R

	Frequency error
	+-30 Hz Uniformly distributed

	Channel Estimation
	Realistic cross SF channel estimation

	Frequency Hopping
	PUSCH,PRACH, PUCCH

	System BW
	10 MHz

	PUSCH  Performance Limit
	10% BLER

	PUCCH Performance Limit
	0.1%BLER

	PRACH Performance Limit
	Pmiss=1%
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		Physical channel name		PUCCH		PRACH		PUSCH		PDSCH		PBCH		SCH		PDCCH

		Transmitter

		(0) Max Tx power(dBm)		20		20		20		46		46		46		46

		(1) Actual Tx power (dBm)		20		20		20		32		36.8		36.8		42.8

		Receiver

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

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

		(5) Occupied ch bandwidth (Hz)		180000		1080000		180000		360000		1080000		1080000		4320000

		(6) Effective noise power		-116.4		-108.7		-116.4		-109.4		-104.7		-104.7		-98.6

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-7.8		-10		-1.3		-4		-7.5		-7.8		-4.7

		(8) Receiver sensitivity		-124.2		-118.7		-117.7		-113.4		-112.2		-112.5		-103.3

		= (6) + (7) (dBm)

		(9) Baseline MCL

		= (1) - (8) (dB)		144.2		138.7		137.7		145.4		149.0		149.3		146.1

		Require Gain		11.5		17.0		18.0		10.3		6.7		6.4		9.6

		Target MCL		155.7		155.7		155.7		155.7		155.7		155.7		155.7



		Physical channel name		PUCCH		PRACH		PUSCH		PDSCH		PBCH		SCH		MPDCCH

		Transmitter

		(0) Max Tx power(dBm)		23		23		23		46		46		46		46

		(1) Actual Tx power (dBm)		23		23		23		32		36.8		36.8		36.8

		Receiver

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

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

		(5) Occupied ch bandwidth (Hz)		180000		1080000		180000		360000		1080000		1080000		1080000

		(6) Effective noise power		-118.4		-110.7		-118.4		-113.4		-108.7		-108.7		-108.7

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-7.8		-10		-1.3		-4		-7.5		-7.8		-4.7

		(8) Receiver sensitivity		-126.2		-120.7		-119.7		-117.4		-116.2		-116.5		-113.4

		= (6) + (7) (dBm)

		(9) Baseline MCL

		= (1) - (8) (dB)		149.2		143.7		142.7		149.4		153.0		153.3		150.2

		Require Gain		11.5		17.0		18.0		10.3		6.7		6.4		9.6

		Target MCL		160.7		160.7		160.7		159.7		159.7		159.7		159.7



		Physical channel name		PUCCH		PRACH		PUSCH		PDSCH		PBCH		SCH		PDCCH

		Transmitter

		(0) Max Tx power(dBm)		23		23		23		46		46		46		46

		(1) Actual Tx power (dBm)		23		23		23		35		39.8		39.8		45.8

		Receiver

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

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

		(5) Occupied ch bandwidth (Hz)		180000		1080000		180000		360000		1080000		1080000		4320000

		(6) Effective noise power		-118.4		-110.7		-118.4		-113.4		-108.7		-108.7		-102.6

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-7.8		-10		-1.3		-4		-7.5		-7.8		-4.7

		(8) Receiver sensitivity		-126.2		-120.7		-119.7		-117.4		-116.2		-116.5		-107.3

		= (6) + (7) (dBm)

		(9) Baseline MCL

		= (1) - (8) (dB)		149.2		143.7		142.7		152.4		156.0		156.3		153.1

		Require Gain		11.5		17.0		18.0		10.3		6.7		6.4		9.6

		Target MCL		160.7		160.7		160.7		162.7		162.7		162.7		162.7
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		Transmitter

		(0) Max Tx power(dBm)		20		20		20		46		46		46		46

		(1) Actual Tx power (dBm)		20		20		20		32		36.8		36.8		42.8

		Receiver

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

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

		(5) Occupied ch bandwidth (Hz)		180000		1080000		180000		360000		1080000		1080000		4320000

		(6) Effective noise power		-116.4		-108.7		-116.4		-109.4		-104.7		-104.7		-98.6

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-7.8		-10		-1.3		-4		-7.5		-7.8		-4.7

		(8) Receiver sensitivity		-124.2		-118.7		-117.7		-113.4		-112.2		-112.5		-103.3

		= (6) + (7) (dBm)

		(9) Baseline MCL

		= (1) - (8) (dB)		144.2		138.7		137.7		145.4		149.0		149.3		146.1

		Require Gain		11.5		17.0		18.0		10.3		6.7		6.4		9.6

		Target MCL		155.7		155.7		155.7		155.7		155.7		155.7		155.7



		Physical channel name		PUCCH		PRACH		PUSCH		PDSCH		PBCH		SCH		PDCCH

		Transmitter

		(0) Max Tx power(dBm)		23		23		23		46		46		46		46

		(1) Actual Tx power (dBm)		23		23		23		32		36.8		36.8		42.8

		Receiver

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

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

		(5) Occupied ch bandwidth (Hz)		180000		1080000		180000		360000		1080000		1080000		4320000

		(6) Effective noise power		-118.4		-110.7		-118.4		-113.4		-108.7		-108.7		-102.6

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-7.8		-10		-1.3		-4		-7.5		-7.8		-4.7

		(8) Receiver sensitivity		-126.2		-120.7		-119.7		-117.4		-116.2		-116.5		-107.3

		= (6) + (7) (dBm)
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		(1) Actual Tx power (dBm)		23		23		23		35		39.8		39.8		39.8
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		= (6) + (7) (dBm)
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		Physical channel name		PUCCH		PRACH		PUSCH		PDSCH		PBCH		SCH		MPDCCH

		Transmitter

		(0) Max Tx power(dBm)		20		20		20		46		46		46		46

		(1) Actual Tx power (dBm)		20		20		20		32		36.8		36.8		36.8

		Receiver

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

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

		(5) Occupied ch bandwidth (Hz)		180000		1080000		180000		360000		1080000		1080000		1080000

		(6) Effective noise power		-116.4		-108.7		-116.4		-109.4		-104.7		-104.7		-104.7

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-7.8		-10		-1.3		-4		-7.5		-7.8		-4.7

		(8) Receiver sensitivity		-124.2		-118.7		-117.7		-113.4		-112.2		-112.5		-109.4

		= (6) + (7) (dBm)

		(9) Baseline MCL

		= (1) - (8) (dB)		144.2		138.7		137.7		145.4		149.0		149.3		146.2

		Require Gain		11.5		17.0		18.0		10.3		6.7		6.4		9.5

		Target MCL		155.7		155.7		155.7		155.7		155.7		155.7		155.7
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