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[bookmark: _Ref421460494]At RAN#69 a new work item on narrowband IoT was agreed. In this contribution the cell capacity is evaluated by running system level simulations following the methodology given in TR45.820 [1] section 5.2.2, “Capacity evaluation based on MS generated user data”, with setup according to annex D, and E of the same document. Some modelling has been simplified, only in ways that we consider not having a positive impact on the system capacity. 
The objective is to assess the performance of an NB-LTE system deployed in-band in a single LTE physical resource block. The success criterion is that the frame erasure rate (FER) can be kept below 10% for the type of scenario and traffic defined in [1]. The performance at 50% lower and higher rates of reports, corresponding to 50% lower and higher number of devices, is used to get an indication if the optimum capacity is higher than the 52k devices specified in [1].
Cell capacity evaluation
Assumptions
We consider NB-LTE deployed in a single resource block, PRB, in-band in an LTE system. The network is assumed to be synchronized, and NB-LTE is deployed in same PRB in all cells. The performance of the LTE system is not considered. This implies that the interference is due to the NB-LTE traffic in neighbouring cells. 
The full 180 kHz bandwidth, i.e. 12 uplink subcarriers at 15kHz subcarrier spacing, is used for this first system level analysis. This is known to perform worse than single tone e.g. 2.5kHz or 15kHz, so the achieved capacity in this study will be lower bounds compared to what can be achieved.   
The capacity is defined by [1] as the rate of reports per hour, reports/h/cell. For the case of 52k devices this number is 6.8 reports/s/cell. We vary this value by considering values 50% lower and higher in order to achieve a rough indication of the optimum.

Simulation methodology and assumptions
This section describes the simulation assumptions that closely follow TR 45.820 [1] that specify the scenario, for which Table 1 lists the main parameters, and the traffic model for which the main features are repeated below. For the further details, please see [1]. The scenario is a regular grid of tri-sector sites with inter-site distance of 1732 m.



[bookmark: _Ref434561104][bookmark: _Ref434561081]Table 1.  Simulation assumptions
	No
	Parameter
	Assumption

	1
	Cellular Layout
	Hexagonal grid, 3 sectors per site1

	2
	Frequency band
	900 MHz

	3
	Inter site distance 
	1732 m

	4
	MS speed 
	0 km/h

	5
	User distribution
	Users dropped uniformly in entire cell

	6
	BS transmit power per 200 KHz 
(at the antenna connector)
	32 dBm    (3 dB boosting applied)

	7
	MS Tx power 
(at the antenna connector)
	23 dBm

	8
	Pathloss model
	L=I + 37.6log10(.R), R in kilometers
I=120.9 for the 900 MHz band

	9
	Shadowing standard deviation
	8 dB

	10
	Correlation distance of Shadowing
	110 m 

	11
	Shadowing correlation
	Between cell sites


	0.5

	
	
	Between sectors of the same cell site
	1.0 

	12
	Antenna pattern (horizontal) 
	See table 5-7, 3GPP TR 45.914 [4], 65° H-plane.

	13
	BS antenna gain
	18 dBi

	14
	MS Antenna gain
	-4 dBi

	15
	BS cable loss
	3 dB

	16
	Building Penetration Loss
	40 dB

	17
	Inter-site correlation coefficient
	0.5

	
	
	

	
	Simulated time,  simulated reports
	71 s, ~8000 - ~24000                  [Note: ~ 1 DL per 2 UL]



An elaborate model, COST 231 Non Line of Sight (NLOS), is applied for the building penetration loss. This has been simplified for this first system level analysis. We consider first the distribution of the penetration loss as by the detailed model, which is provided in [1], copied in Figure 1. The main observation is that the value lies in the approximate range 8 – 38 dB. For this study we would like to simplify by applying a constant penetration loss, and in order to ensure that high coupling losses are achieved, we have chosen to use a value of 40 dB.
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[bookmark: _Ref434561565]Figure 1.  This is copy of TR45.820 [1] Figure 6.2.6.15.1-1 “CDF of the building penetration loss for the two correlation scenarios with different correlation factors”

At first we used the close to median value of 20 dB, but for this value that likelihood of a coupling loss higher than 145 dB is extremely low. This is caused by a device selecting the strongest cell, which means that the distance dependent path loss is limited by the geometry. In addition, the shadow fading with a variance of 8 dB may add to the loss, but generally has the opposite effect. When there are multiple feasible cells, the shadow fading adds an uncorrelated random component to the loss on each individual link, and the device then selects the strongest. This means that the net effect of the shadowing is generally a lower coupling loss. The shadow fading has a standard deviation of 8 dB, but the shadowing losses on different links are correlated, we have applied the 0.5 correlation coefficient, so the previously mentioned randomization is by part of the shadowing, i.e. with lower standard deviation. The resulting distribution of coupling loss is shown on Figure 2.
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[bookmark: _Ref434488007]Figure 2. Distribution of coupling loss (shown as gain, hence negative)

Observation #1: The scenarios defined by TR 45.820 does not produce frequent extreme coupling loss samples. E.g. values exceeding 155 dB are extremely rare.
The applied traffic models are according to TR45.820 [1] annex E, Mobile Autonomous Reporting (MAR) periodic traffic model. 
This is characterized by:
· Application payload size is Pareto distributed with parameters:
alpha = 2.5, minimum (beta) = 20 bytes, cutoff = 200 bytes. 
The reports are only very rarely large. 50%, 75%, and 90% of sizes are less than 27, 35, and 50 bytes respectively. The mean size is 32 bytes.
This distribution of sizes is used for the uplink transmissions.
A downlink application layer response (ACK) is generated for 50% of the reports. The payload is 0 bytes.
· The inter-arrival time is distributed over three categories of periodic transmissions with constant inter-arrival times of 1 day, 2 hours, 1 hour and 30 minutes. The respective proportions of devices are 40%, 40%, 15%, and 5%. 
The average arrival rate of reports per device is

· Assuming 52k (52547) devices per cell, as considered in [1], and a network of seven 3-sector sites, which is 21 cell, the total number of devices in the network is 1103487. 
The total rate of uplink packets in a cell with 52k devices is
.
The total rate of uplink packets in the network is
.
The reverse calculation from network packet rate, R [reports/s/cell], to number of devices is
 	.
Since the aggregation of a very large number of very rare events is Poisson distributed, we model this by an overall Poisson process with an intensity of 143 events (reports) per second. Each report is assigned to a simulated device that starts in IDLE state, performs call setup from cell search until in CONNECTED state, and transmits the report. All transmissions are blind, in the sense that there is no feedback on L3 or lower layers. The downlink response to an uplink transmission is an application layer message.
We are considering the above rate of reports, as well as the values 50% lower and higher, which is 72 and 215 reports/s. The cases are labelled pps72, pps143, and pps215 respectively. The corresponding number of devices are 26k (26424), 52k (52481), and 79k (78905).
According to TR 45.820 [1] we apply a header overhead of 65 bytes, assuming uncompressed headers. And, a 24 bit CRC field is added. This means that the mean report size of 32 bytes, 65 byte header, and 3 byte CRC becomes a packet of 100 bytes. 
All devices apply the QPSK ½ coding scheme. Chase combining is used, such that the same information is repeated N times, N being the number of repetitions. Transmissions are done blindly, i.e. no HARQ feedback. Repetitions are clearly not required when the coupling loss is low, since a very robust MCS is always used. And, too aggressive repetitions will cause unnecessary interference, hence have a negative impact on the error rates. Simulations have therefore been run with multiple coverage classes, defined by the coupling loss. 
Some simulations have applied two coverage classes, which means that a coupling loss threshold must be defined. This has been set to 145 dB based on rough evaluations on the relationship between coupling loss and likelihood of HARQ retransmissions, when applying HARQ feedback. Actual optimization of the values has not been performed. The number of repetitions when below 145 dB is 1, and when above 145 dB we have considered 6, 12, and 24 repetitions. These cases have been labelled Rep1, Rep6, Rep12, and Rep24.
Other simulations have be run with an additional third coverage class. The threshold for this class has been set to 150 dB. The number of repetitions considered are listed inTable 2.
[bookmark: _Ref434584743]Table 2. The considered coverage classes
	Label
	Repetitions when
CL < 145 dB
	Repetitions when
145 dB < CL < 150 dB
	Repetitions when
150 dB < CL

	Rep1
	1
	1
	1

	Rep6
	1
	6
	6

	Rep12
	1
	12
	12

	Rep24
	1
	24
	24

	Rep12_48
	1
	12
	48

	Rep12_64
	1
	12
	64

	Rep6_24
	1
	6
	24


Again, the coverage class thresholds have not been optimized. 
Simulation results
The frame erasure rates achieved when simulating the cases described in section 2.2 are presented in Figure 3. Observe that there is one transmission in downlink for each transmission in uplink, and the payload sizes are on average 32 bytes and fixed zero byte for uplink and downlink respectively. This means that the load is much lower in downlink, which explains the lower error rates. 

Uplink                                                                      Downlink
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[bookmark: _Ref434569229]Figure 3  Frame erasure rates
We observe a significant decrease in error rates when applying repetitions when the coupling loss is high, when introducing the first coverage class. This applies to transmissions when the coupling loss is above 145 dB, which is approx. 15% of the transmissions. 
We observe a less significant decrease in error rates when adding the third coverage class that applies to transmissions then the coupling loss is above 150 dB. The reason is that very few devices, < 1%, experience a coupling loss higher than 150 dB, even when applying a close to maximum penetration loss of 40 dB. The COST 231 model does theoretically provide losses greater than 40 dB, only the probability is extremely low, as the tail above 40 dB on Figure 1 is virtually absent.
We observe that the number of successful reports is exceeding 
capacity  = (1 – 10%)*215 reports/s  / 21 cells  = 9.21 reports/s/cell = 33171 reports/h/cell
This report rate corresponds to  7716 * 9.21 devices/cell = 71k devices/cell
Observation #2: Introduction of repetition of transmissions for devices with coupling loss exceeding 145 dB provides a significant reduction in frame erasure rates. 
Observation #3: In the scenario specified by TR 45.820, at least 33171 reports can be delivered per hour per cell site, corresponding to  at least 71k devices/cell, with 24 repetitions applied when coupling loss is above 145 dB.
The reason for the increase in error rates with increased repetition is that the study assumes interference between NB-LTE deployed in all cells. The repetitions cause increased load, and interference, hence higher likelihood of reception errors. E.g. when 1% of the transmissions are repeated 64 time, the total number of transmissions increase by 63%. Figure 4 show the recorded uplink load that illustrates this.
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[bookmark: _Ref434573647]Figure 4 Uplink load (resource block utilization)
Conclusions
This contribution provides system level performance results according to the methodology and assumptions specified by TR 45.820, with few simplifications that are considered not having a positive impact on the performance. The most significant is applying for all devices a 40 dB building penetration loss, which is close to the maximum value generated by the model described in TR 45.820.
Observation #1: The scenarios defined by TR 45.820 do not produce sufficient extreme coupling loss samples. E.g. values exceeding 155 dB are extremely rare.
Observation #2: Introduction of repetition of transmissions for devices with coupling loss exceeding 145 dB provides a significant reduction in frame erasure rates. 
Observation #3: In the scenario specified by TR 45.820, at least 33171 reports can be delivered per hour per cell site, corresponding to  at least 71k devices/cell, with 24 repetitions applied when coupling loss is above 145 dB.

Conclusion: The capacity of in-band deployed NB-LTE system is in excess of 33k reports/h/cell, corresponding to 71k devices/cell.
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