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Introduction

This document summarises the results of coverage simulations carried out for the Study Item on LTE-Based 5G Terrestrial Broadcast [1] and proposes recommendations to be included for TR36.776. The sub-set of scenarios that appear in this document includes the most relevant scenarios for EBU members.
2
Fixed Rooftop Reception 
This section presents the results for the fixed rooftop receiving environment with a directional receiving antenna. 
In all cases in this section the receiving antenna has been aligned to the closest transmitter (i.e. the transmitter providing the strongest signal before shadow fading – both fast and slow – has been taken into account). This method has been chosen in recognition that, at each household, it is usually only practical to install antennas in one or two limited locations (see Annex 1 for further background information). Permitting the receiving antenna to be positioned at any location, and while aligning it to the strongest signal, post shadow fading, may therefore be too optimistic.
Furthermore, all simulations in this section have been done at the location providing the minimum capacity within the network (i.e. the corner of the central hexagon in the network as described in section 5 of [2]). A Monte-Carlo simulation, taking into account the antenna alignment above, and shadow fading, has been conducted at this location. Performing the calculations at this location ensures that at least the minimum capacity is available throughout the coverage area while accounting for the natural variability of the field strength due to shadow fading.  The calculations have been carried out according to the algorithm described in section 6 of [2].
Note that in all cases omni-directional horizontal and vertical antenna patterns have been used, with one sector per site. Only one antenna has been used at the BS and UE. Fast-fading and UE speed has not been considered – their effects should be taken into account as a result of link-level simulations.

All other parameters are aligned with [3] and any subsequent agreements. 
The simulation results appear in the plots below where each curve represents a specific numerology with the CP/Tu fraction shown. Only the 200/800 (ie 800µs Tu, 200 µs CP) numerology has been standardised – the other numerologies have been hypothesised in order to show the benefit of increasing the CP and/or Tu. In all cases the reference signal pattern of the existing 200 µs CP numerology has been assumed. Under this assumption, increasing Tu similarly increases the equalisation interval (EI) - the interval over which echoes with long delays may be correctly equalised. As the results show, increasing Tu may significantly increase a network’s capacity. 
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d) LPLT

Figure 1: SINR vs Coverage Probability at the location of minimum capacity for the network configurations shown. Fixed rooftop reception.
The SINR achieved for 95% locations is summarised in the Table 1.

	CP/
Tu (µs)
	200/
800
	200/
1800
	200/
2800
	200/
3800
	200/
4800
	400/
1600
	400/
2600
	400/
3600
	400/
4600

	HPHT1
	0.35
	6.55
	8.86
	10.06
	10.99
	11.52
	13.76
	16.42
	17.6

	HPHT2
	-2.19
	-1.71
	3.42
	4.57
	5.32
	-1.53
	5.35
	6.5
	7.28

	MPMT
	8.29
	14.98
	17.44
	18.35
	19.12
	16.6
	22.05
	22.5
	22.85

	LPLT
	30.15
	30.15
	30.15
	30.15
	30.15
	30.15
	30.15
	30.15
	30.15


Table 1: Achievable SINR (dB) at 95% locations. Fixed rooftop reception.

Table 1 shows that, for HPHT1 and HPT2, increasing the CP to 400 µs would significantly increase the achievable SINR compared with the existing 200 µs CP. It can also be seen that simultaneously increasing the useful symbol duration (Tu) up to 4,600 µs would be similarly beneficial. The same trend is evident for MPMT, although the benefit of increasing Tu beyond 2,600 µs is less pronounced. For LPLT there is no benefit in increasing the CP or Tu beyond 200 µs and 800 µs respectively.
Increasing Tu and/or the CP in the manner set out above would involve narrower carrier spacings (as shown in table 2). Inevitably this would have implications for the system’s Doppler performance. Evidence suggests, however, that narrower eMBMS carrier spacings may be possible. In the case of fixed rooftop reception, carrier spacings of 280 Hz have been shown to perform adequately well in the field – Digital TV services have now been successfully delivered with this carrier spacing for a number of years [4]. Considering carrier spacings in this order for eMBMS may therefore be worthwhile.

Furthermore, increasing Tu in order to reduce LTE’s conventional Cp/(Tu + CP) ratio of 20% would also reduce the overhead given over to the CP, as Table 2 shows. For fixed rooftop reception, numerologies with a carrier spacing in the order of 280 Hz may be of particular interest.
	CP/
Tu (µs)
	200/
800
	200/
1800
	200/
2800
	200/
3800
	200/
4800
	400/
1600
	400/
2600
	400/
3600
	400/
4600

	Carrier Spacing (Hz)
	1250
	556
	357
	263
	208
	625
	385
	278
	217

	CP/(Tu + CP) Overhead
	20%
	10%
	6.7%
	5%
	4%
	20%
	13.3%
	10%
	8%


Table 2: Carrier spacings and CP overhead for numerologies used in simulations
Table 2 shows the carrier spacings for the enumerations in table 1. The carrier spacing of the 400/3600 µs CP/ Tu option would be closely aligned with 280 Hz and would be a good option to consider.

Observation 1: For fixed rooftop reception from networks with large ISDs, increasing the CP duration to 400 µs would significantly increase the achievable SINR, and therefore the capacity, of such networks relative to the current maximum CP of 200 µs.

Observation 2: Real world deployments have established that carrier spacings of around 280 Hz provide adequate Doppler performance for fixed rooftop reception (in the UHF band).

Observation 3: Increasing the duration of Tu for a given CP (i.e. reducing the CP/Tu fraction), would further improve the achievable SINR in HPHT and MPMT networks, and therefore capacity, through a longer equalisation interval.

Recommendation 1: A longer CP of 400µs should be standardised to cover large geographical areas from real-world networks with large ISDs

Recommendation 2: Consideration should also be given to reducing the CP/Tu fraction as this would increase the achievable SINR while further reducing overheads. Numerologies with carrier spacings in the order of 280 Hz may be most appropriate due to Doppler performance.
3
Mobile Reception – Car Mounted
This section presents the results for the mobile reception environment with an omni-directional receiving antenna. The methodology used in section 2 has also been applied here, with the exception that due to the receiving antenna being omni-directional there is no need to align the receiving antenna to any particular site. The results are shown for the car mounted reception scenario within a rural environment.
Note that in all cases omni-directional horizontal and vertical antenna patterns have been used, with one sector per site. Only one antenna has been used at the BS and UE. Fast-fading and UE speed has not been considered – their effects should be taken into account as a result of link-level simulations.

All other parameters are aligned with [3] and any subsequent agreements. 
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Figure 2: SINR vs Coverage Probability at the Location of Minimum Capacity for car mounted reception. MPMT (left), LPLT (right).
The SINR achieved for 95% locations is summarised in the Table 2.

	CP/
Tu (µs)
	100/
400
	200/
800
	200/
1800
	200/
2800
	200/
3800
	200/
4800
	400/
1600
	400/
2600
	400/
3600
	400/
4600

	MPMT
	2.1
	6.0
	8.8
	9.2
	9.2
	9.3
	9.2
	9.5
	9.5
	9.5

	LPLT
	11.6
	15.6
	15.6
	15.6
	15.6
	15.6
	15.6
	15.6
	15.6
	15.6


Table 3: Achievable SINR (dB) at 95% locations. Car mounted reception.

Table 3 shows that there may be some merit in introducing an additional numerology for the 200 µs CP with a longer Tu (e.g. 1800 or 2800 µs) in order to improve the capacity in this reception mode for MPMT networks. However, the Doppler performance of such a numerology would have to be carefully considered. 
The table also shows that there would be no benefit in increasing the CP or the Tu for this reception mode from LPLT networks. Furthermore, shortening the CP would reduce the achievable SINR – it would degrade from 15.6 dB to 11.6 dB.

However, the degradation is tolerable as a usefully high SINR would still be achievable. Most importantly, the 100µs would improve the Doppler performance of the system by approximately a factor of two relative to the existing 200µs numerology. Thus the shorter, 100µs CP would be a good compromise between Doppler performance and coverage for LPLT networks.
Observation 4: LPLT networks appear to be best suited for delivering services to car mounted reception.
Observation 5: A CP of 100 µs would be a good compromise between Doppler performance and coverage for the LPLT car mounted reception use case.
Recommendation 3: A CP of 100 µs should be standardised in order to improve mobility in LPLT networks.
4. CAS
In order to correctly receive the PMCH it is first necessary to decode the cell acquisition subframe (CAS). The CP of the CAS is limited to the extended unicast numerology (16.67 µs) while the CP of the PMCH may be considerably longer. Due to this disparity, at some locations within an MBSFN area it may not be possible to receive the CAS while it would otherwise be possible to receive the PMCH. The long CP of the PMCH may adequately protect the PMCH signal from long delayed echoes while the CAS may suffer SFN self-interference, rendering it unreceivable. Both signals must be decodable at each location to ensure proper reception. 

The different numerologies used by the PMCH and the CAS may cause the minimum achievable SINR locations for each signal to occur in different places. However, due to the symmetry of the network under consideration the minimum SINR locations for both signals may be found on a line drawn between the central transmitter and any one of the six corners of the central hexagon (i.e. the minimum capacity line), as described in section 5 of [2].
In this section we plot the SINR for the CAS and the PMCH on the minimum capacity line re-using the methodology described in sections 2 and 3 as appropriate.
Note that in all cases omni-directional horizontal and vertical antenna patterns have been used, with one sector per site. Only one antenna has been used at the BS and UE. Fast-fading and UE speed has not been considered – their effects should be taken into account as a result of link-level simulations.

All other parameters are aligned with [3] and any subsequent agreements. 

We assume the CAS would be synchronised at every site and carrying the same content so that it too could form a synchronised SFN with the 16.67µs CP.

The results show that in all cases the CAS is the limiting factor for correct reception – the achievable SINR for the CAS falls below that of the PMCH in the graphs below. The step changes in the CAS (and other) curves appears as the reception location moves into or out of the region protected from MBSFN self-interference by the equalisation interval and/or CP i.e. the SFN weighting curve described in [5].
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a) HPHT1












b) HPHT2    
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d) LPLT

Figure 3: Achievable SINR for the CAS and the PMCH along the line of minimum capacity for the network configurations shown. Fixed rooftop reception.
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Figure 4: Achievable SINR for the CAS and the PMCH along the line of minimum capacity for the network configurations shown. Car mounted reception.

The minimum SINR achieved by the CAS for the network topologies above is summarised in Table 4. The two most onerous cases are HPHT1 and HPT2 where the CAS would need to be receivable with an SINR of circa -6.9 to -10.4 dB respectively. The MPMT network would, for car mounted reception, would require an SINR of circa -6.1dB.
	
	Limiting SINR of the CAS 16.67 µs CP

Fixed Rooftop
	Limiting SINR of the CAS 16.67 µs CP

Car Mounted

	HPHT1
	-6.9 dB
	-

	HPHT2
	-10.4 dB
	-

	MPMT
	-1.8 dB
	-6.1 dB

	LPLT
	-0.4 dB
	-3.6 dB


Table 4: Achievable SINR at 95% locations for the CAS.
Observation 6: In order to ensure adequate reception of the PMCH, the CAS should be decodable in both fixed rooftop and mobile environments at SINR levels in the order of -10 to -7dB in the appropriate channels. 
Recommendation 4: Link level simulations are required in order to confirm that the CAS would reliably operate in the region of -10 dB to -7 dB SINR in transmission channels appropriate for fixed rooftop reception (i.e. SISO Ricean channels).
Recommendation 5: Link level simulations are required in order to confirm that the CAS would reliably operate in the region of -6 dB to -4 dB SINR in transmission channels appropriate for car mounted channels (i.e. SIMO and MIMO, mobile channels).

6. Summary

Based on the simulations in this document the following observations have been made:

Observation 1: For fixed rooftop reception from networks with large ISDs, increasing the CP duration to 400 µs would significantly increase the achievable SINR, and therefore the capacity, of such networks relative to the current maximum CP of 200 µs.

Observation 2: Real world deployments have established that carrier spacings of around 280 Hz provide adequate Doppler performance for fixed rooftop reception (in the UHF band).

Observation 3: Increasing the duration of Tu for a given CP (i.e. reducing the CP/Tu fraction), would further improve the achievable SINR in HPHT and MPMT networks, and therefore capacity, through a longer equalisation interval.

Observation 4: LPLT networks appear to be best suited for delivering services to car mounted reception.

Observation 5: A CP of 100 µs would be a good compromise between Doppler performance and coverage for the LPLT car mounted reception use case.
Observation 6: In order to ensure adequate reception of the PMCH, the CAS should be decodable in both fixed rooftop and mobile environments at SINR levels in the order of -10 to -7dB in the appropriate channels. 

The observations above lead to the following recommendations:
Recommendation 1: A longer CP of 400µs should be standardised to cover large geographical areas from real-world networks with large ISDs

Recommendation 2: Consideration should also be given to reducing the CP/Tu fraction as this would increase the achievable SINR while further reducing overheads. Numerologies with carrier spacings in the order of 280 Hz may be most appropriate due to Doppler performance.

Recommendation 3: A CP of 100 µs should be standardised in order to improve mobility in LPLT networks.

Recommendation 4: Link level simulations are required in order to confirm that the CAS would reliably operate in the region of -10 dB to -7 dB SINR in transmission channels appropriate for fixed rooftop reception (i.e. SISO Ricean channels).

Recommendation 5: Link level simulations are required in order to confirm that the CAS would reliably operate in the region of -6 dB to -4 dB SINR in transmission channels appropriate for car mounted channels (i.e. SIMO and MIMO, mobile channels).
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Annex 1

Due to entirely practical reasons there are commonly severe restrictions on where receiving antennas, mounted at rooftop level, may be located. As the photos below of UK antenna installations show, often the only practical mounting point is the chimney stack. Simple mounting brackets allow receiving antennas to be positioned above the apex of a roof in order to receive a suitably strong signal, clear of local obstructions. In some instances, multiple antennas from different dwellings have to be mounted on the same chimney (figures 1b and 2b). It is far less practical, particularly in terraced housing, to mount the antennas elsewhere (figures 2a and 2b).

Given practical restrictions such as these it may be too optimistic to assume that it is possible, at each location, to align the receiving antenna with the strongest possible signal (e.g. after path loss and location shadowing has been taken into account). The receiving antenna is therefore assumed to be aligned to the closest transmitter, i.e. the transmitter providing the highest signal level before shadow fading has been taken into account.   
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Figure 1b
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Figure 2a

[image: image16.png]



Figure 2b
