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Capacity and coverage 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 provided an outline proposal for a Cellular IoT physical layer to support the requirements defined in [1]. In this contribution, the capacity and coverage resulting from the proposal in [2] are analyzed. 
Cell capacity analysis
The cell capacity that can be achieved with the proposed Cellular IoT physical layer defined in [2] has been simulated based on the modelling assumptions described in Table 1. This analysis assumes that the uplink is the limiting factor for capacity.
In order to estimate the cell capacity, the coupling loss from each UE to the base station is calculated using a Monte-Carlo simulation. The simulation determines the optimum modulation mode, and hence maximum available data rate, for each UE. This is based on the required SNR values for each modulation mode that have been obtained from link level simulations using the TU 1 Hz channel model. Importantly, the modulation mode is selected with a 6 dB margin because in practice the mode selection must be performed quite conservatively to accommodate some statistical variation in coupling loss in a real deployment. This avoids an unrealistically optimistic capacity estimate. The analysis assumes a deployment in a single 200 kHz GSM channel, and makes allowance for 1/3 frequency re-use.
	Parameter
	Value

	Propagation loss model
	120.9 + 37.6 log10(Rkm) dB

	Log-normal fading
	8 dB sigma

	Penetration loss
	20, 30 or 40 dB applied to all UEs

	Channel model for SNR thresholds
	TU 1Hz

	Margin for modulation selection 
	6 dB relative to 10% BLER SNR threshold

	Minimum uplink PHY data rate
	208 bps after accounting for PHY overheads

	UE distribution in cell
	Uniform density

	Total system bandwidth
	200 kHz, including frequency re-use

	Uplink channels per base station sector
	12 (so 1/3 frequency re-use)

	Uplink packet length
	100 bytes (not including overheads)

	Uplink overheads
	30%

	Uplink antenna configuration
	1T2R

	UE Tx power
	23 dBm

	UE antenna gain 
	-4 dB

	Base station Rx noise figure
	5 dB

	Base station antenna gain
	+14 dB


[bookmark: _Ref392775817]Table 1: Modelling assumptions for capacity analysis
For this capacity analysis, a “served user” is defined as the delivery of a 100 byte uplink packet. The results of a Monte-Carlo simulation are shown in Figure 1. This plots the number of served users per hour (in units of thousands of users) for a single base station sector against “cell radius”, where cell radius is defined here as the maximum distance from a UE to the nearest base station. Three curves are plotted corresponding to penetration losses of 20, 30 and 40 dB applied to all UEs in the cell. An additional curve is plotted that corresponds to a uniform distribution of UEs across the three penetration losses. 
[bookmark: _GoBack]This analysis is based on a deployment using a single GSM carrier. Ideal MAC scheduling efficiency is assumed for this initial study. Inter-cell interference is not included in this model, and is a subject for future study, but the model does assume 1/3 frequency re-use.
[image: ]
[bookmark: _Ref392775895]Figure 1: Capacity analysis for macro-cell deployment

Some observations about the simulation results are as follows:
· The results show that substantial uplink capacity is possible with a deployment in a single GSM 200 kHz channel, corresponding to many tens of thousands of 100 byte packets per hour, even for high levels of penetration loss. 
· The asymptotic capacity as the cell radius is reduced corresponds to all UEs in the cell operating at the maximum supported data rate.
· As the cell radius increases, the capacity reduces because an increasing proportion of UEs drop their data rate in order to maintain adequate link budget. This effect is more pronounced at lower cell radii for the higher penetration loss curves, as expected. 
· The asymptotic capacity as the cell radius is increased corresponds to all UEs in the cell operating at the minimum supported data rate, given that the simulation eliminates UEs that have insufficient link budget to achieve this minimum data rate (see the Cell coverage section).
Cell coverage analysis
This section considers the cell coverage that can be achieved, based on Monte-Carlo simulations. The modelling assumptions are identical to those used for the cell capacity analysis, as shown in Table 1. 
Figure 2 shows the cell coverage in terms of percentage of UEs that can achieve the minimum uplink data rate as a function of cell radius and penetration loss. [image: ]
[bookmark: _Ref392778109]Figure 2: Coverage modelling for macro-cell deployment
Three curves are plotted corresponding to penetration losses of 20, 30 and 40 dB applied to all UEs in the cell. An additional curve is plotted that corresponds to a uniform distribution of UEs across the three penetration losses.
The results indicate that the coverage enhancement techniques allow very high percentage coverage to be achieved, based on the stated propagation model, even with very high penetration loss. Note that inter-cell interference is not included in this model, and is a subject for future study.
Summary
This paper analyzes the capacity and coverage achieved using the Cellular IoT physical layer defined in [2]. It is shown that many tens of thousands of users can be supported in a macro-cell even for a resource allocation of only 200 kHz in the uplink and downlink, shared between neighboring base stations. This is based on a simple traffic model of one 100 byte uplink packet per hour for a “served” user. The analysis attempts to make realistic assumptions for the selection of the optimum modulation mode for each UE by allowing a 6 dB margin relative to the ideal SNR thresholds. 
The analysis makes simplifying assumptions for the impact of the MAC layer and higher layers, and clearly if these layers impose large overheads then the capacity will be reduced. Therefore, in future work, the analysis will be refined to model these effects more accurately, including for the downlink. In addition, the impact of inter-cell interference is a subject for future study, though the existing analysis does allow for 1/3 frequency re-use.
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