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1.
Introduction

This document provides additional background information for the Study Item on LTE-Based 5G Terrestrial Broadcast [1]. It summarises the results of network and link level simulations carried out for a number of hypothetical numerologies covering a range of CPs and symbol periods. The results may be used to inform the design of potential new numerologies that would better support the use cases set out in [2]. The sub-set of scenarios that appear in this document includes the most relevant use cases for EBU members. 
2.
Background
2.1 Naming Convention

The naming convention of CP/Tu[/EI] has been used throughout this document to denote the durations of the cyclic prefix, useful symbol period and equalisation interval of the numerologies investigated below. Df has also been used to represent the reference symbol (RS) tone separation in the frequency direction and Dt to represent RS separation in the time direction. 200/800 with Df = 3 and Dt = 2 therefore describes the 200us CP variant of Rel-14. This mode, like all others in this document is assumed to have an EI of Tu/Df = 800/3 = 267 µs i.e. time then frequency interpolation of the RS is assumed. Df and Dt have been defined according to the conventions in [3]
2.2 Simulation Parameters

The simulations have been carried out in a small area at the apex of the central hexagon, as described in section 5 of [4]. The 50/1 (wanted/interferer) time model has been used. Perfect EVM has also been assumed as it may be considered to be a matter of implementation, particularly in the case of HPHT transmitters. The receiving antenna, for fixed rooftop reception, has been aligned to the strongest transmitter before location variation has been applied (also equivalent to the closest transmitter). All other parameters are aligned with [2]. 
3.
Fixed Rooftop Reception 
3.1 Numerologies
Network simulations have been carried out for various hypothetical combinations of cyclic prefix (CP), useful symbol period (Tu) and equalisation interval (EI) in order to better understand whether it would be worthwhile defining new eMBMS numerologies for the networks and receiving environments set out in [2]. Table 1 sets out the numerologies used in the network simulations in this section, their inter-carrier spacings (ICS) and their CP overheads.
	Numerology Designator
	200/

800
	200/

1800
	200/

2800
	200/

3800
	200/

4800
	300/

1700
	300/

2700
	300/

3700
	300/
4700
	400/

1600
	400/

2600
	400/

3600
	400/

4600

	ICS (Hz)
	1250
	556
	357
	263
	208
	588
	370
	270
	213
	625
	385
	278
	217

	CP/(Tu+CP)
	20%
	10%
	6.7%
	5%
	4%
	15%
	10%
	7.5%
	8.1%
	20%
	13.3%
	10%
	8%


Table 1: Numerologies investigated
For each of the numerologies above, a number of different pilot patterns have been investigated with Df ϵ (2, 3, 4, 6, 8) and Dt ϵ (14, 7, 4, 3, 2).
All of the hypothetical numerologies above have narrower ICS than the 1.25 kHz ICS of the release 14 variant. Section 5 indicates that, based on long standing deployments of other OFDM broadcasting technologies, all of the ICS in table 1 are likely to be adequately wide for fixed rooftop reception. 
3.2 LPLT
The absolute SINR achieved for the 95% percentile of locations is summarised in figure 1. It is immediately clear that increasing the CP and/or Tu over Rel-14 would provide no SINR improvement in this network/reception environment combination – the 200µs CP of Rel-14 is already long enough to cover the echo delay profile for the LPLT network. 


[image: image1]
Figure 1: 95th percentile SINR for various numerologies. LPLT fixed rooftop.
Observation 1: Increasing the CP relative to Rel-14 would not improve the achievable SINR in the LPLT network.

Ideally, new numerologies should, however, be designed in order to maximise the spectral efficiency (SE) of a network, rather than the SINR in isolation. Below we attempt to show why this may be the case. In the absence of detailed link level simulations, we have used the unconstrained Shannon capacity (based on the achievable SINR from the simulations) in conjunction with the RS and CP overheads in order to represent the SE of each of the numerologies investigated. i.e.: 
SE = log2(1+SINRlinear) * (1-1/DfDt) * (1-CPoverhead)

Figure 2 shows the SE relative to the 200us CP numerology of Rel-14. Even though the SINR is constant across all the numerologies, the SE, after incorporating the CP and RS overheads, varies. This is simply because the CP and RS overheads are different from one numerology to another. They should therefore be taken into account. We can see from figure 2 that there would be a number of ways to increase the capacity over Rel-14, the optimal of which would appear to be to increase Tu, This would reduce the CP overhead. Consideration of the RS pattern may also be worthwhile.

[image: image2]
Figure 2: Spectral efficiency of various numerologies. LPLT fixed rooftop.
Observation 2: Decreasing the CP overhead relative to Rel-14 (by increasing Tu) would improve the SE in the LPLT network. 

Observation 3: Increasing the CP and Tu to 400µs and 4600µs respectively would, although not maximal, provide a significant SE boost in the LPLT network.

Observation 4: Consideration of the RS pattern would also be worthwhile.
3.3 MPMT

The absolute SINR achieved for the 95% percentile of locations is plotted in figure 3. It shows that increasing the CP and/or Tu over Rel-14 would improve the achievable SINR for the MPMT use case. We can see that the achievable SINR keeps increasing as the Tu and CP are extended, with the longest Tu and CP options providing the highest SINR. 


[image: image3]
Figure 3: 95th percentile SINR for various numerologies. MPMT fixed rooftop.

Observation 5: Increasing the CP to ≥300µs would significantly improve the SINR relative to Rel-14 in the MPMT network.

The unconstrained Shannon spectral efficiencies are shown in figure 4. Numerologies with CPs of at least 300 µs in conjunction with total symbol periods (Tu+CP) of 3 ms or longer would be most beneficial.

[image: image4]
Figure 4: Spectral efficiency of various numerologies. MPMT fixed rooftop.

Observation 6: Increasing the CP to ≥ 300 µs and Tu to ≥ 2600 µs would significantly improve the achievable SINR and SE in the MPMT network relative to Rel-14.

3.4 HPHT1
The absolute SINR achieved for 95% locations in the HPHT network is summarised by figure 5. In this case it can be seen that extending both the CP and Tu would improve the achievable SINR. The longest CP/Tu variants provide the highest SINR e.g. 400 µs CP, 4,600µs Tu. 

[image: image5]
Figure 5: 95th percentile SINR for various numerologies. HPHT1 fixed rooftop.

Observation 7: Increasing the CP to ≥400 µs and Tu to ≥2600 µs would significantly improve the SINR relative to Rel-14 in the MPMT network.

Figure 6 shows the unconstrained Shannon spectral efficiency where it can be seen that a 400 µs CP 4600 µs Tu variant would provide the highest SE.

[image: image6]
Figure 6: Spectral efficiency of various numerologies. HPHT1 fixed rooftop.
Observation 8: Increasing the CP to 400µs and the total symbol period to 4.6 ms or more would provide the greatest spectral efficiency for the HPHT1 network. 

3.5 Summary
For simplicity the observations above have been summarised in table 2. It would appear to be worthwhile investigating longer symbol periods, in the order of 2.6 ms or more, and CPs of 300 µs or more. Careful consideration would need to be given to the design of the RS pattern. Potential new modes should be investigated with respect to SE gains, rather than SINR improvements in the respective networks.
	Network
	CP
	Tu + CP

	LPLT
	200 µs
	≥ 3 ms

	MPMT
	≥ 300 µs
	≥ 2.6 ms

	HPHT1
	≥ 400 µs
	≥ 2.6 ms


Table 2: Guidance for the CP and Tu of new numerologies
4.
Mobile Reception – Car Mounted
This section presents the results for the mobile reception environment with an omni-directional receiving antenna. The methodology of 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 in a rural environment.
4.1 Numerologies

Network simulations have been carried out considering suitable numerologies for high speed scenarios. Therefore, the parameters CP and Tu have been deliberately chosen to provide a good balance between resilience to Doppler spread and coverage in MBSFN. Different values of EI have also been considered as this parameter influences coverage and is dependent on the reference signals, both of which would benefit from careful design. Table 3 sets out the numerologies used in the simulations, their inter-carrier spacings (ICS) and their CP overheads, the latter has been kept to 20% to maximize sub-carrier spacing.

	Numerology Designator
	16.7/

66.7/

59.4
	33.3/

133.3/

59.4
	100/

400/

178
	100/

400/

119
	200/

800/

356
	200/

800/

238

	ICS (kHz)
	15
	7.5
	2.5
	2.5
	1.25
	1.25

	CP/(Tu+CP) 
	20%
	20%
	20%
	20%
	20%
	20%


Table 3: Numerologies investigated

The evaluated numerologies have an ICS between the 1.25 kHz ICS of the release 14 variant and the 15 kHz suitable for a single-cell deployment. The car mounted scenario with LPLT network topology has been used as it is well suited to such modes.
4.2 Network Simulation for LPLT
The complementary CDF of the absolute SINR achieved as a function of location is plotted in figure 7. It shows that a 100 µs CP would provide a worthwhile SINR increase over the existing 16.6 and 33.3 µs numerologies in the LPLT network. Although the 200 µs CP variant of Rel-14 would provide a higher SINR, the ICS may be too narrow for high speed reception. The 100 µs CP would be a good compromise between MBSFN coverage and mobility. We can also see that different EI lengths – a factor set in part by the reference signal patterns – would also have an appreciable effect on the SINR. Careful consideration should therefore be given to the reference signal design for any new numerologies, particularly for the mobile case. 
The SE of these numerologies should be investigated during the ensuing Work Item.
 [image: image7.emf]-10 -5 0 5 10 15 20 25 30 35 40

Available SINR at receiver location (dB)

0

10

20

30

40

50

60

70

80

90

100

C

o

v

e

r

a

g

e

 

P

r

o

b

a

b

i

l

i

t

y

 

(

%

)

16.7 / 66.7 / 66.7

33.3 / 133.3 / 66.7

100 / 400 / 200

100 / 400 / 133.3

200 / 800 / 400

200 / 800 / 266.7


Figure 7: 95th percentile SINR for various numerologies. MPMT car mounted.

	Numerology Designator
	16.67/

66.67/

59.4
	33.33/

133.33/

59.4
	100/

400/

178.1
	100/

400/

118.7
	200/

800/

356.2
	200/

800/

237.5

	SINR (dB)
	2.32
	5.87
	14.27
	11.56
	15.57
	15.52


Table 4: 95th percentile SINR for various numerologies. MPMT car mounted.
Observation 9:  LPLT networks appear to be well suited for delivering services to car mounted reception.

Observation 10: A CP of 100 µs would be a good compromise between Doppler performance and coverage for the LPLT car mounted reception use case.
4.3 Link Level Simulations for LPLT

4.3.1 Simultion Model and Assumptions

The main simulation assumptions for LLS for this Study Item are detailed in TR 36776 v0.0.4. A summary of the most relevant parameters of this contribution are detailed in Table 5.

	Parameter
	Value

	System Bandwidth
	10 MHz

	Carrier Frequency
	700 MHz

	Physical Channel
	PMCH

	Considered Numerologies: CP/subcarrier spacing/FFT size
	33.3μs/7.5kHz/2048,
100μs/2.5kHz/6144, and 200μs/1.25kHz/12288

	Considered Speeds
	60 km/h, 120 km/h and 250 km/h

	Reference Signal Pattern for the considered numerologies
	For the baseline Rel-14 numerologies (i.e. 33.3μs and 200μs) existing RS pattern.

For 100μs CP numerology, staggered RS pattern with one RS every 4 subcarriers and RS every slot (Df = 2, Dt = 2).

	Channel Estimation at Rx
	One-dimensional linear interpolation in time and frequency domains

	Channel Model
	TDL-B with a DS of 20μs and no correlation between receive antennas 

	Number of Tx at Base Station
	1

	Number of Rx antennas at UE
	2

	MCS
	6

	Transport Block Size
	9912 bits

	Demodulation Algorithm
	Maximum likelihood

	Turbo Decoding Algorithm
	Max-Log-MAP with a maximum of 8 iterations

	Number of stored subframes at UE for channel estimation
	1 for 33μs CP, 2 for 100μs CP and 4 for 200μs CP 


Table 5: Simulation parameters and assumptions.
The channel model selected in this contribution is the TDL-B as detailed in TS 38.901 with a Delay Spread (DS) of 20μs which has been obtained according to SLS in [5].

Regarding the real channel estimation type at the receiver, the UE performs independent one-dimensional linear interpolation in time and frequency domains. For the Rel-14 numerology with 7.5 kHz of subcarrier spacing (33.3μs CP) the receiver first performs linear interpolation in frequency domain followed by linear interpolation in time domain. 

For the Rel-14 numerology with 1.25 kHz of subcarrier spacing (200μs CP) and the candidate numerology with 2.5 kHz of subcarrier spacing (100μs CP) the receiver first performs linear interpolation in time domain followed by linear interpolation in frequency domains. For these two numerologies the receiver stores 4 and 2 subframes, respectively, before the channel estimation can be calculated, which increases the memory requirements at the receivers. 

The MCS is selected to provide a spectral efficiency ~1bps/Hz and that operates at SNR values close to the ones calculated in the coverage simulations section.
4.3.2 Simultion Results

Figures 8-10 show the LLS results for the three considered UE speeds of 60km/h, 120km/h and 250km/h, respectively.
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Figure 8: Transport block error rate vs. SNR (dB) for Rel-14 numerologies with subcarrier spacing of 7.5 kHz (33.3μs CP) CP and 1.25 kHz (200μs CP) and a potential enhancement with a subcarrier spacing of 2.5 kHz (100μs CP) in TDL-B channel model with a Delay Spread of 20μs with 60 km/h user speed. The performance of the numerologies with ideal and realistic channel estimation is included.
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Figure 9: Transport block error rate vs. SNR (dB) for Rel- numerologies with subcarrier spacing of 7.5 kHz (33.3μs CP) CP and 1.25 kHz (200μs CP) and a potential enhancement with a subcarrier spacing of 2.5 kHz (100μs CP) in TDL-B channel model with a Delay Spread of 20μs with 120 km/h user speed. The performance of the numerologies with ideal and realistic channel estimation is included.
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Figure 10: Transport block error rate vs. SNR (dB) for Rel-14 numerologies with subcarrier spacing of 7.5 kHz (33.3μs CP) CP and 1.25 kHz (200μs CP) and a potential enhancement with a subcarrier spacing of 2.5 kHz (100μs CP) in TDL-B channel model with a Delay Spread of 20μs with 250 km/h user speed. The performance of the numerologies with ideal and realistic channel estimation is included.

From the results, it can be seen that there is a significant gap between the performance with ideal and realistic channel estimation. It is important to note that while the assumption of ideal channel estimation provides optimistic results, the results with real channel estimation using a very simple linear interpolator in time and frequency domains provide pessimistic results. It is expected that a more sophisticated receiver would provide a performance that would lie between the two types of channel estimation assumptions shown in these results. We also expect that an improvement due to a better channel estimation would improve the performance of all the considered numerologies. Hence, the performance difference between the different numerologies with better channel estimation algorithms would show differences similar to the ones shown in this contribution.

With ideal channel estimation, the numerology with 7.5 kHz subcarrier spacing outperforms the 1.25 kHz numerology due to the lower density of RS for the former (i.e. lower code-rate) with 18 and 24 resource elements with RS per Resource Block, respectively. (At the time of writing this contribution, results with 2.5 kHz subcarrier spacing are not available due to lack of sufficient simulation time.) With the assumed RS density for the candidate 2.5 kHz subcarrier spacing numerology with 36 resource elements with RS per Resource Block, we expect a further performance degradation in comparison with the 1.25 kHz subcarrier numerology. 

With real channel estimation, the results are very different that those with ideal channel estimation. It can be seen that the numerology with 7.5 kHz subcarrier spacing is not able to decode even for 60 km/h. This is due to the very large Delay Spread of the channel of 20μs. In this channel (TDL-B) the last taps are delayed close to 90μs that are far beyond the equalisation interval of this numerology (i.e. 33.3μs). Hence, this numerology, although it could provide very high speeds, is not suitable for the LPLT networks considered with large inter-site distances. 

Observation 11: The Rel-14 numerology with 7.5 kHz subcarrier spacing (33.3 μs CP) is not able to operate in the considered LPLT networks due to the large Delay Spread of the network.

If we compare the performance of baseline Rel-14 numerologies with 1.25 kHz subcarrier spacing (200 μs CP) with the candidate 2.5 kHz subcarrier spacing (100 μs CP), we can observe that for 60 km/h and 120 km/h, the 1.25 kHz subcarrier numerology provides better performance due to larger equalisation interval and more parity bits due to lower RS overhead. It is interesting to note that the difference between the two numerologies reduces for 120 km/h. 

At 250 km/h the Rel-14 baseline numerology with 1.25 kHz subcarrier spacing (200 μs CP) suffers a significant performance degradation due to the narrow subcarrier spacing relative to the Doppler spread relative that makes the transmission mode non-decodable.

Observation 12:  The Rel-14 numerology with 1.25 kHz subcarrier spacing (200 μs CP) is not able to operate in high speed mobility scenarios with 250 km/h in the considered LPLT networks.
On the other hand, the candidate numerology with 2.5 kHz subcarrier spacing (100 μs CP) permits reception at such high speeds.

Observation 13:  A numerology with 2.5 kHz subcarrier spacing (100 μs CP) is able to operate in high speed mobility scenarios with 250 km/h in the considered LPLT networks.
5. Subcarrier Spacing in DTT Broadcasting Standards
For any new numerologies with a longer Tu it is important to consider the minimum ICS that may be used in real environments so as to provide adequate Doppler performance. 

This section provides some background information on the ICS of DVB-T2 and ATSC 3.0, which are similarly based on COFDM. The experience gained from deployments of these systems may help to inform the design of further eMBMS modes targeted at fixed rooftop reception, particularly with respect to the minimum ICS. 
DVB-T2 has ICS of 209 Hz, 244 Hz and 279 Hz for a 32k FFT in 6, 7 and 8 MHz bandwidths respectively.
The 279 Hz variant has now been deployed for a number of years in a number of countries with no known Doppler issues with respect to fixed rooftop reception. The UK is one example [6]. Similarly, the 209 Hz variant has been deployed in Colombia with no known issues. 
ATSC 3.0 has an ICS of 210 Hz for a 32k FFT in a 6 MHz bandwidth, with no known Doppler issues. 

Observation 14: DVB-T2 and ATSC 3.0 have numerologies with ICS of as low as 209 Hz. These numerologies have no known Doppler performance issues for fixed rooftop reception. 
6. Summary

Based on the observations made in this document it would be worthwhile standardising new numerologies in order to better support fixed rooftop reception. Potential new numerologies would have symbol periods of 2.6 ms or more (ideally 4ms or more), and CPs of 300 µs or more, preferably 400 µs or longer. Numerologies such as these would improve the SE for all of the networks investigated: LPLT, MPMT and HPHT1. New numerology design should be based on SE optimisation, taking into account factors such as the RS pattern and CP overheads 

Recommendation 1: At least one new numerology with a longer CP and Tu should be standardised to improve the SE for fixed rooftop reception in the LPLT, MPMT and HPHT1 networks. The CP and Tu should be at least 300 us and 2.6ms respectively. Ideally they would be longer, at around 400 µs and 4ms or more, respectively. 
Link level simulations show that the Rel-14 numerologies would not meet the 250 km/hr mobility target with adequate SINR in the LPLT network relevant to this study item. A 100 µs CP and 400 µs Tu, would, however, meet the 250 km/hr target. An additional numerology with a shorter 100 µs CP and 400 µs Tu should therefore be standardised for this use case. 
Recommendation 2: A new numerology with a shorter, 100µs CP and 400 µs Tu should be standardised in order to provide better mobility in the LPLT network for car mounted reception.
Recommendation 3: New numerology design should, as far as is practicable, be based on SE optimisation, taking into account factors such as the RS pattern and CP overheads
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