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Introduction
[bookmark: _Ref178064866]3GPP has as part of the New Study Item on Self Evaluation towards IMT-2020 Submission [1] agreed to “Provide self evaluation results against technical performance requirements for mMTC as per defined in Report ITU-R M.[IMT-2020. TECH PERF REQ]  [RAN1, RAN2], including Connection density”.
A submission time plan has also been agreed [2] where the 3GPP meetings for submission of description and compliance templates according to report IMT-2020.SUBMISSION [3] are set. The Compliance template for technical performance contains the minimum technical performance requirement item Connection density. To fulfil this requirement 3GPP must show that it’s candidate Radio Interface Technologies (RITs) submitted to ITU‑R supports a connection density of 1 000 000 devices per km2. The evaluation is to be performed in accordance to test environment Urban Macro-mMTC as described in report IMT-2020.EVAL [4].
In this contribution, we present results on Connection Density for LTE Bandwidth reduced Low complexity (BL) UEs operating in Coverage Enhanced (CE) modes A and B, and for NB-IoT. The LTE BL/CE mode operation is hereafter referred to as LTE-M operation. It is shown that LTE-M and NB-IoT meets the IMT-2020 requirement and should be part of the 3GPP submission to ITU-R.
The contribution also introduces the connection density requirement definition including the by IMT-2020 allowed system simulation procedures and some of the most relevant simulation assumptions defining the test environment Urban Macro-mMTC.
Introduction to the Connection density requirement
Requirement definition
[bookmark: _Toc498687117][bookmark: _Toc499802312]The connection density requirement requires a RIT to provide a certain Quality of Service (QoS) to 1 000 000 devices per km2 at a grade of service (GoS) of 99 percent. Service is considered provided when a message latency of less than 10 seconds is supported for a user attempting to send an uplink data packet of 32 bytes defined at layer 2. Besides the supported connection density, it is encouraged to report the connection efficiency which is defined as the connection density normalized by the required system bandwidth.
[bookmark: _Toc510606836][bookmark: _Toc510606858][bookmark: _Toc510606917][bookmark: _Toc510607027][bookmark: _Toc510617352][bookmark: _Toc510624478]The connection density requirement requires 99% grade of service where acceptable quality of service is defined by a message latency of 10 seconds or less.
System simulation procedure 
Report IMT-2020.EVAL [4] outlines two system simulator procedures for evaluating connection density. The first is a non-full buffer system level simulation that requires a state of the art system simulator to perform the evaluations. In this paper, we have followed this setup. The second approach is for a full buffer system simulation that allows input based on a more rudimentary system simulator combined with post processing supported by link level simulations. Both approaches have their merits and we provide input for the full buffer methodology in [6].
Table 1 Non-full buffer system level simulation procedure [4].
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Test environment 
Report IMT-2020.EVAL specifies the test environment to be used in the evaluations according to Table 2. The simulations presented in this contribution where to a large extent following this set of assumptions. Further detailed assumptions are outlined in section 3.
[bookmark: _Ref494315436]Table 2: Urban Macro-mMTC test environment definition [4].
	Parameters
	Config. A
	Config. B

	Carrier frequency for evaluation
	700 MHz
	700 MHz

	BS antenna height
	25 m
	25 m

	Total transmit power per TRxP
	46 dBm for 10 MHz bandwidth
	46 dBm for 10 MHz bandwidth

	UE power class
	23 dBm
	23 dBm

	Percentage of high loss and low loss building type 
	20% high loss, 80% low loss  
Note: Applies only to Channel model B. 
	20% high loss, 80% low loss  
Note: Applies only to Channel model B.

	Inter-site distance
	500 m
	1732 m

	Number of antenna elements per TRxP
	Up to 64 Tx/Rx
	Up to 64 Tx/Rx

	Number of UE antenna elements 
	Up to 2 Tx
Up to 2 Rx
	Up to 2 Tx
Up to 2 Rx

	Device deployment
	80% indoor, 20% outdoor
Note: Randomly and uniformly distributed over the area
	80% indoor, 20% outdoor
Note: Randomly and uniformly distributed over the area

	UE mobility model
	Fixed and identical speed |v| of all UEs of the same mobility class, randomly and uniformly distributed direction.
	Fixed and identical speed |v| of all UEs of the same mobility class, randomly and uniformly distributed direction.

	UE speeds of interest
	3 km/h for indoor and outdoor
Note: Corresponds to 2 Hz Doppler
	3 km/h for indoor and outdoor
Note: Corresponds to 2 Hz Doppler

	Inter-site interference modeling
	Explicitly modelled
	Explicitly modelled

	BS noise figure
	5 dB
	5 dB

	UE noise figure
	7 dB 
	7 dB 

	BS antenna element gain
	8 dBi
	8 dBi

	UE antenna element gain
	0 dBi
	0 dBi

	Thermal noise level
	-174 dBm/Hz
	-174 dBm/Hz

	Traffic model
	With layer 2 PDU(Protocol Data Unit) message size of 32 bytes:
1 message/day/device
or
1 message/2 hours/device
Note: Only 1 message/2 hours/device
studied herein.
	With layer 2 PDU(Protocol Data Unit) message size of 32 bytes:
1 message/day/device
or
1 message/2 hours/device
Note: Only 1 message/2 hours/device
studied herein.

	Simulation bandwidth
	Up to 10 MHz
	Up to  50 MHz

	UE antenna height
	1.5 m
	1.5 m



[bookmark: _Ref494454610]Simulation configuration
Simulation assumptions
Table 3 presents the herein investigated LTE-M and NB-IoT system level configurations, that overrides or comes in addition to those presented in Table 2. 
[bookmark: _Ref494630826]Table 3: Simulation configuration.
	Parameter
	LTE-M
	NB-IoT

	More of operation
	Inband
	Inband

	DL carrier configuration
	NB not carrying SSS, PSS, PBCH or PDSCH containing SIB-BR transmission. 
	Non-anchor carrier not carrying NSSS, NPSS, NPBCH or NPDSCH containing SIB1-NB transmission.

	UL carrier configuration
	PRACH configured on 1 subframe in each radio frame corresponding to 10% overhead.
	NPRACH configured on 7% of all UL resources.

	Simulated system bandwidth
	1 NB (6 PRB)
	1 PRB

	Total transmit power per TRxP
	29 dBm/PRB
	29 dBm/PRB
Note: Power boosting not applied.

	Number of antenna elements per TRxP
	16 Tx/Rx, (M,N,P,Mg,Ng) = (8,1,2,1,1), (dH,dV) = (N/A, 0.8)λ
+45°, -45° polarization
[5]
	16 Tx/Rx, (M,N,P,Mg,Ng) = (8,1,2,1,1), (dH,dV) = (N/A, 0.8)λ
+45°, -45° polarization
[5]

	Number of TXRU per TRxP
	2TXRU, (Mp,Np,P,Mg,Ng) = (1,1,2,1,1) [5]
	2TXRU, (Mp,Np,P,Mg,Ng) = (1,1,2,1,1) [5]

	Number of UE antenna elements 
	1Tx/Rx
0° polarization
[5]
	1Tx/Rx
0° polarization
[5]

	Number of TXRU per UE
	1TXRU [5]
	1TXRU [5]

	UE antenna element gain
	0 dBi [5]
	0 dBi [5]

	UE antenna element pattern
	Omni-directional [5]
	Omni-directional [5]

	Thermal noise level
	-174 dBm/Hz
	-174 dBm/Hz

	Traffic model
	With layer 2 PDU(Protocol Data Unit) message size of 32 bytes:
1 message/2 hours/device
	With layer 2 PDU(Protocol Data Unit) message size of 32 bytes:
1 message/2 hours/device

	Channel model variant
	Alt. 1: Channel model A 
Alt. 2: Channel model B
	Alt. 1: Channel model A
Alt. 2: Channel model B

	TRxP number per site
	3 [5]
	3 [5]

	Mechanic tilt 
	90° in GCS (pointing to horizontal direction)
	90° in GCS (pointing to horizontal direction)

	Electronic tilt
	Conf A: 93° in LCS
Conf B: 99° in LCS
Note: Selected to optimize UL/DL SINR.
	Conf A: 93° in LCS
Conf B: 99° in LCS
Note: Selected to optimize UL/DL SINR.

	Handover margin (dB)
	2 dB (handover modelled explicitly)
	2 dB (handover modelled explicitly)

	TRxP boresight
	30 / 150 / 270 degrees [5]
[image: ]
	30 / 150 / 270 degrees [5]
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	UT attachment
	Based on RSRP (formula (8.1-1) in TR36.873) from port 0 [5]
	Based on RSRP (formula (8.1-1) in TR36.873) from port 0 [5]

	Wrapping around method
	Radio distance-based wrapping
	Radio distance-based wrapping

	Minimum distance of TRxP and UE
	10 m [5]
	10 m [5]

	Polarized antenna model
	Model-2 in TR36.873 [5]
	Model-2 in TR36.873 [5]

	System layout
	7 sites, 3 sectors per site
	7 sites, 3 sectors per site

	Scheduling strategy
	 Round robin
	Round robin

	Channel estimation
	Ideal
	Ideal

	(N)PRACH model
	Access attempt failed in case of collision
	Access attempt failed in case of collision

	(N)PBCH model
	Based on L2S shown in Annex
	Based on L2S shown in Annex

	(N)PSS/(N)SSS model
	TBD
	Based on L2S shown in Annex

	Packet drop timer
	20 sec
	20 sec

	RRC Connection setup procedure
	CIoT UP Optimization (RRC Resume)
	CIoT UP Optimization (RRC Resume)

	RLC Mode 
	AM
	AM



In addition its worth to mention that:
· All four combinations of system configurations (Conf. A/B) and channel models (UMA A/B) are investigated.
· Overhead from (N)PSS, (N)SSS and (N)PBCH were not modelled which corresponds to the modelling of NB-IoT non-anchors, and LTE-M narrowbands (NB) not overlapping with the center of the LTE carrier.
· (N)PRACH was configured to fully overlap with the simulated resource blocks.
· [bookmark: _GoBack]A link-to-system interface (L2S) for NPSS, NSSS and NPBCH acquisition delay was modelled based on average DL SINR experienced by the devices. The L2S was based on an assumption of initial acquisition and is shown in the Figure 6 Annex. A L2S for LTE-M PBCH acquisition was also implemented. The delay due to PSS/SSS synchronization will be added in a revision of this contribution. It is expected that this will have a minimal impact on the presented performance.
Channel model
The coupling gain for the different configurations and channel models was recorded by the simulator and are shown in Figure 1 below. These include antenna gains, Urban Macro A and Urban Macro B SCM channel models and outdoor to indoor losses. The large cell size of Configuration B leads to a higher coupling loss than what is seen for Configuration A. Channel model UMA A contains aggressive assumptions for the indoor to outdoor loss which is also visible in the below figure.
[image: ]
[bookmark: _Ref494212061]Figure 1: Coupling gain distribution for test environment Urban Macro mMTC based on the settings of Table 1.

Connection density evaluation
The achieved latencies for LTE-M and NB-IoT are presented in Figure 2. The results are reported per cell and per resource block (RB). To translate the x-axis to arrival intensity per km2 the Configuration A results should be scaled by a factor 1/0.072 and the Configuration B results by a factor 1/0.866. To get the LTE-M results per narrowband a scaling factor of 6 should be applied.
LTE-M offers a superior latency until the system reaches the point of congestion. This thanks to its support of higher order modulation and bandwidths up to 6 PRBs. NB-IoT offers a higher connection density partly thanks to its robust performance under low SINR conditions and partly due to a more efficient channel allocation strategy. These observations are supported by Figure 3 in the Annex: It is shown that LTE-M has a higher DL resource utilization than NB-IoT which is believed to be partly due to the use of higher bandwidth to facilitate low latency and high DL coverage. Figure 4 indicate that the higher resource utilization leads to higher DL interference levels, which eventually limits the performance of the systems. Compared to the DL SINR characteristics shown in previous contributions [7] less negative levels are observed. This is partly due to the optimization of the antenna tilt settings and partly due to a correction in the SINR plotting script. It is expected that there is room to optimize the power control settings and the scheduling strategy to further improve the DL SINR characteristics and the overall performance. This especially for LTE-M where a less advanced scheduling strategy is used compared to NB-IoT. Figure 5 shows the UL interference statistics for the devices in worst radio conditions. Again the SINR levels have improved compared to earlier contributions [7], for the same reasons as for the DL. For Config A the improved UL SINR also explains the significant increase in supported connection density. For Config B an offset between LTE-M and NB-IoT UL interference levels are seen. This is explained by the minimal scheduling unit, which for NB-IoT is one subcarrier while for LTE-M it is 1 PRB. The LTE-M Release 15 feature for sub-PRB allocation is hence not supported in these simulations.
In absolute numbers the highest connection density is supported for Configuration A. This since the cell area is 12 times smaller for the 500 m ISD, compared to the 1732 m ISD in Configuration B. This supports a densification of the cell grid which supports higher access loads.
It should be noted that the reported latency for NB-IoT now includes the time to synchronize and read the master information block. For LTE-M only the latency from PBCH acquisition is modelled. The PSS/SSS acquisition delay will be added in a revision of this contribution.
[image: ]

[bookmark: _Ref494316458]Figure 2: LTE-M and NB-IoT service latency at the 99th percentile.
In Table 4 the connection density is reported based on the results presented in Figure 2. Given the assumed cell size of 0.07 km2 in Configuration A and 0.86 km2 in Configuration B and the traffic model 1 message/2 hours/device the arrival intensity can be translated into number of supported devices per km2. 
Table 4 also presents the needed bandwidth to support the connection density target. In addition to the reported bandwidth a NB is needed for LTE-M to carry synchronization and master/system information signalling. For NB-IoT an additional anchor PRB is needed to carry synchronization and master/system information signalling. For completeness the connection efficiency and spectral efficiency are presented. 
[bookmark: _Ref510621285]Table 4 LTE-M and NB-IoT performance metrics.
	
	Connection density @ 99 percent GoS
[devices/NB or PRB]
	Bandwidth to support 1 000 000 devices per km2
[NB or PRB]
	Connection efficiency
[devices/Hz]
	Spectral efficiency
[bits/s/Hz]

	LTE-M: UMA A, Conf A
	8.978.950 devices/NB
	1 NB
	8.31 devices/Hz
	0.30 bits/s/Hz

	LTE-M: UMA B, Conf A
	8.978.950 devices/NB
	1 NB
	8.31 devices/Hz
	0.30 bits/s/Hz

	LTE-M: UMA A, Conf B
	370.653 devices /NB
	3 NB
	0.34 devices/Hz
	0.01 bits/s/Hz

	LTE-M: UMA B, Conf B
	468.928 devices /NB
	3 NB
	0.43 devices/Hz
	0.02 bits/s/Hz

	NB-IoT: UMA A, Conf A
	1.606230 devices /1 PRB
	1 PRBs
	8.93 devices/Hz
	0.32 bits/s/Hz

	NB-IoT: UMA B, Conf A
	1.616.210 devices/1 PRB
	1 PRBs
	8.98 devices/Hz
	0.32 bits/s/Hz

	NB-IoT: UMA A, Conf B
	84.806 devices/1 PRB
	12 PRBs
	0.47 devices/Hz
	0.02 bits/s/Hz

	NB-IoT: UMA B, Conf B
	121.389 devices/1 PRB
	9 PRBs
	0.67 devices/Hz
	0.02 bits/s/Hz



Conclusions
In this contribution, we have discussed the IMT-2020 connection density requirement and provided input to the 3GPP Study Item on Self Evaluation towards IMT-2020 Submission. It has been shown that LTE-M and NB-IoT fulfils the IMT-2020 connection density requirement and should be part of the 3GPP IMT-2020 submission.
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Annex: Simulation results
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[bookmark: _Ref510624004]Figure 3 Average DL resource utilization.
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[bookmark: _Ref510623999]Figure 4 1st percentile DL SINR.
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[bookmark: _Ref510779866]Figure 5 1st percentile UL SINR.
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[bookmark: _Ref513646589]Figure 6 NPSS, NSSS, NPBCH acquisition delay link to system model.
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Non-full buffer system-level simulation

Step 1:  Set system user number per TRxP as N.

Step 2:  Generate the user packet according to the traffic model.

Step 3:  Run non-full buffer system-level simulation to obtain the packet outage rate. The outage 

rate is defined as the ratio of the number of packets that failed to be delivered to the 

destination receiver within a transmission delay of less than or equal to 10s to the total 

number of packets generated in the step 2.

Step 4:  Change the value of N and repeat step2-3 to obtain the system user number per TRxP N’ 

satisfying the packet outage rate of 1%.

Step 5:    Calculate connection density by equation C = N’ / A, where the TRxP area A is calculated 

as A = ISD

2

 × sqrt(3)/6, and ISD is the inter-site distance.

Misc: The requirement is fulfilled if the connection density C is greater than or equal to the 

connection density requirement defined in ITU-R M.[IMT-2020.TECH PERF REQ].

The simulation bandwidth used 

to fulfill the requirement should be reported. Additionally, it 

is encouraged to report

 the connection efficiency (measured as N’ divided by simulation 

bandwidth) for the achieved connection density.
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