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Abstract 
This Interim Report compiles DVB-T2 simulation, laboratory and field trial results that have been produced in ENGINES project.The results are analyzed and compared to provide an exhaustive study of the DVB-T2 system performance. The main study items include DVB-T2 rotated constellation gain, DVB-T2 performance in SFN scenarios, DVB-T2 mobile performance based on field measurements and with a FIR channel model, and performance evaluation of different MISO-SFN network combinations with DVB-T2.
DVB-T2 rotated constellation gain was studied by two independent research groups. The results are correlated, according to both studies the laboratory and field test results show unexpectedly minimal gain compared to the simulations results with certain configuration parameters. The measured gain was from -1 to 2 dB. DVB-T2 performance was studied in various SFN scenarios. According to the study of the required C/N in 0dB echo scenario the difference between the laboratory test results and simulation results is 3dB on average. Second path attenuation was also studied. The results of SFN gain measurements show positive gain for low code rates whereas in other cases the gain is typically negative due to the challenging multipath scenario. An exhaustive study was also done for the impact of the selected pilot pattern on the required C/N in various SFN scenario. Then the results of DVB-T2 mobile simulations and field measurements are presented. The first study contains an analysis of the impact of different time interleaving options on DVB-T2 mobile performance. The second study presents measurement results of six different configuration parameter sets. According to the measurement results the required C/N increases around 6dB if 64QAM is selected instead of 16QAM. The effect of more robust FEC is around 3dB for FEC 2/3 compared to FEC 4/5. The increase in FFT size, from 2k to 8k, results 5dB increase for the required C/N. The third study presents performance evaluation of mobile DVB-T2 using a time-variant FIR filter channel model. The FIR channel model shows worse performance for all simulated DVB-T2 system parameters. The results are not surprising, though. It is very likely that, due to shadowing, the real world performance of a mobile DVB-T2 system is worse than the static channel scenarios described in the standards In the last chapter the impact of MISO scheme is studied. The study presents that gain higher than 2 dB can be achieved by using MISO technique.
DVB-T2 standard provides a large scale of possible parameter sets. This test report provides valuable results that can be used when evaluating possible DVB-T2 configuration parameters. The report can give advice for the planning and help for the selection of appropriate configuration parameters.
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1 Introduction

This is a final deliverable of Task Force 9, Comparative evaluation of T2 and NGH. The target of Task Force 9 is to study DVB-T2 and DVB-NGH performance, network planning and system designing related issues. The main areas for studying are transmission parameters, simulation models and network structures. Within ENGINES project, Task Forces 11 and 12 produce simulations, laboratory and field test results that are analyzed in Task Force 9. The purpose is to deliver studies and analyses that can be utilized by network operators to design an optimum network solution based on their own starting point and system requirements. Task Forces 9, 11 and 12 are part of Work Package 4 Prototyping and Performance evaluation.
Task Force 9 produces three (3) deliverables, 9.1, 9.2 and 9.3. This final Deliverable 9.1, Comparison of simulation, laboratory and field trials has partly been reported earlier in the Technical Report 9.1, Interim Report on Comparison of simulation, laboratory and field trials. Deliverable 9.2, Evaluation on NGH, contains analyses of DVB-NGH simulations, laboratory and field trial results. Deliverable 9.3, Network structure requirements for T2 and NGH, contains network parameters and coverage area planning related studies for different type of DVB-T2 and DVB-NGH networks.
In addition to the introduction chapter this deliverable contains six (6) chapters. Chapter 2 contains an analysis of rotated constellation gain. The analysis is based on the results of the simulations and laboratory and field test measurement campaigns carried out by Turku University of Applied Sciences (TUAS). Chapter 3 contains an analysis of DVB-T2 performance in Single Frequency Network. The contributor of chapter 3 is University of the Basque Country (UPV/EHU). Chapter 4 contains an overview and analysis of DVB-T2 Mobile Performance together with simulation results. The contributor of that chapter is ITEAM/UPVLC. Chapter 5 contains an analysis of DVB-T2 mobile performance based on the field tests carried out by the University of the Basque Country (UPV/EHU). Chapter 6 contains analysis on DVB-T2 performance using an new time variant FIR channel model. This is a joint contribution from Åbo Akademi and Tampere University of Technology. The last chapter contains an analysis of the gain of Multiple Input Single Output (MISO) technique. The contributor of the chapter 7 is TDF.
2 DVB-T2 Rotated Constellation Gain Performance Evaluation (TUAS)

Turku University of Applied Sciences (TUAS), December 2012
2.1 Introduction
In September 2009, the DVB organization finalized its extensive work on the standardization process of the next generation digital television transmission standard, DVB-T2 (EN 302 755). The standard was developed to be more efficient in typical video broadcasting than its predecessor DVB-T. In the new generation, the previous good techniques are kept and improved but, in addition, a great number of new technologies have been introduced. One of the totally new technologies is rotated constellations. In this technique, the constellation is rotated in the “I-Q” plane. [1]

In addition to the standard itself, DVB has published a document called Implementation Guidelines to supplement the standard with guidance for equipment manufacturers and network operators. In the first version (TS 102 831 v1.1.1) of the document, the recommendation was to use the rotated constellations at all times. The technique was announced not to show any known disadvantages, while greatly improving the robustness of the receiver in severe channel conditions. [2]

The radio laboratory of Turku University of Applied Sciences (TUAS) has worked actively for many years with RF level measurements of different DVB standards in the field and in the laboratory. The work has been part of international research projects like Wing TV, B21C (Broadcast for the 21st Century) and ENGINES (Enabling Next GeneratIon NEtworks for broadcast Services).

The measurements described in this report are carried out during the year 2011 within the ENGINES project. This work has been done independently by TUAS in the R&D laboratory and in the Turku Test Network. To get experience about the rotated constellation performance including the implementation, the receivers were decided to be selected from the consumer selection. The utilized receivers are the two first DVB-T2 LCDs, which were available in the Finnish market in October 2010. In addition to the consumer receivers, some pieces of professional RF equipment had to be used in parallel.

This final report introduces the measurement campaign in its entirety but divided in two parts, laboratory and field measurements. In the laboratory, the test signal was generated with a complete test system including a transport stream player and fading simulator. The performance was evaluated on the typical DVB propagation channels and in addition some special tests.

The field measurements are taken in various indoor and outdoor locations in the Turku area. One of Turku Test Network’s transmitters in the city center was used to generate the 1 kW signal. The reception locations were selected to represent rooftop and portable reception scenarios. The measurements turned out to be quite challenging to perform, as the realistic channel conditions were present. This led to very time consuming measurements and thus the number of measurements stayed smaller than was planned.

When assessing the measurements, notable is that the results differ from the expectations. In typical locations, the rotated constellation gain (RCG) remained negligible. Against all expectations, even degradation in performance was repeatedly measured over certain channel situations.

2.2 Laboratory Measurements
The laboratory simulations were performed in the Turku University of Applied Sciences Radio Laboratory. The simulations were performed in parallel with field trials during the year 2011. One purpose for the laboratory simulations was to evaluate the efficiency of constellation rotation in a controlled environment before the field measurements. The laboratory simulations were performed in two parts. In the first part, 5 different radio propagation channel models were used. In the second part, the received DVB-T2 signal was interfered with a DVB-T signal by overlapping it in to the same channel. All the simulations are performed with two different consumer LCD televisions.

2.2.1  Test Equipment

In the test setup, the signal was generated with Rohde & Schwarz DVB test generator. The signal was attenuated and divided into two receivers as it can be seen in the block diagram, Figure 1. In the comparison measurements between the LCD TV’s, results showed that they have equal performance in terms of rotated constellation. Thus in most of the test cases, Rohde & Schwarz ETL TV Analyzer was connected in parallel with LCD TV #1. All the laboratory equipment is listed in table 1. The photos of the test devices are represented in figures 2–5.
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Figure 1. Block diagram of the laboratory test setup.

Table 1. List of laboratory equipment.
	List of Equipment

	DVB-T2 modulator
	R&S SFU Broadcast Test System

	TS player
	SFU’s internal TS player

	TS ASI
	Royal Angel from R&S stream library

	Radio Channel Simulator
	SFU’s internal channel simulator

	
	Elektrobit FE real time radio channel emulator

	Receivers
	Commercial consumer LCDs:

Sony KDL-32EX713

Samsung LE40C65L1KXXU

	
	R&S ETL TV Analyzer

	DVB-T modulator
	Pro Television PT5780

	Attenuators
	Agilent 8494B & 8495B Step Attenuators

	Cabling
	Mini-Circuits CBL-Series

	Power Divider
	JFW, model 75PD-045 (75 ohm)

	Impedance Matching Pad
	Huber-Suhner 50-75 ohm 6001.17.B
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Figures 2–5. Test devices in laboratory environment.

2.2.2 Test Generator
In the laboratory simulations, the Rohde & Schwarz SFU Broadcast Test System was in use. The SFU is commonly well known and respected reference class equipment in R&D laboratories. During the simulations, the SFU was manually controlled. It includes the following options: DVB-T/T2 modulator, internal radio channel simulator, TS player with stream libraries and interference source (AWGN and impulsive).

The transport stream is selected from the SFU’s internal stream library and it’s called the “Royal Angel”. The test TS was chosen due to the fact that the 4.56 Mbit/s data rate would be suitable for all transmission parameter combinations. In addition to the data rate, an important characteristic was the movement in the decoded video. There has to be movement in the entire decoded video area so that the errors could be observed with certainty.

Receivers
In the simulations, one commercial consumer LCD TV was in primary use and the second one was for a reference. These receivers represent the first available DVB-T2 receivers in Finland in the end of 2010. In the performance comparison, the difference between the receivers was negligible which indicates the same DVB-T2 chipset implementation. The comparison between the receivers in the 0 dB echo channel is presented in figure 6.

In addition to LCDs, a Rohde & Schwarz ETL TV Analyzer was used in parallel for daily test setup calibration and monitoring. ETL is spectrum analyzer based professional TV analyzer equipped for example with DVB-T/T2 and logging options. In order to confirm parameters, signal level and channel model changes, it was useful to have ETL in parallel with LCD TV.
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Figure 6. Comparison between two commercial consumer LCD TVs.

Parameters

The DVB-T2 transmission parameters are listed in the following table 2. The parameters were chosen to be similar with commercial DVB-T2 networks in Finland. A more comprehensive list of all the parameters is presented in appendix A.

Table 2. DVB-T2 transmission parameters.

	General Frame Parameters

	Frequency
	610 MHz

	Bandwidth
	 8 MHz

	FFT size 
	32K

	Extended bandwidth
	Yes

	Guard interval
	1/32

	Pilot pattern
	PP4

	PAPR 
	TR

	L1 constellation
	QPSK

	PLP parameters

	PLP type
	Type 1

	LDPC
	64K

	Code rate
	1/2, 3/5, 2/3, 3/4, 4/5, 5/6 

	Constellation
	QPSK, 16QAM, 64QAM, 256QAM

	Rotated constellation
	ON/OFF

	High efficiency mode
	Yes


2.2.3 Test Procedure

All the laboratory simulations were performed at the RF level. The signal was generated with Rohde & Schwarz SFU Broadcast Test System. The subjective 30 second error free decoded video was in use as an error criterion. The repeatability and accuracy of the laboratory measurements is estimated to be approximately 0.2 dB.

The test methods and procedures were similar in the laboratory and in the field. The error free video limit was reached with different transmission parameters. The transmitted DVB-T2 signal was adjusted from R&S SFU. The signal was adjusted from low to high level until the 30 seconds error free video was reached. To prevent the effect of SFU’s internal noise floor, the relatively high signal level and 30 dB fixed attenuation after the generator was in use. When the error criterion was reached, the signal level was read from SFU and the fixed attenuation value was compensated. In order to calculate the Rotated Constellation Gain (RCG), the same procedure has to be performed with both constellation states, rotation ON and rotation OFF.

The test signal was adjusted by 0.1 dB steps, especially when approaching the sensitivity level limit. All measurements were performed fully manually and none of the automation was used in the laboratory simulations. Because of the error criterion and the signal level step sizes, the measurement procedure was time-consuming. The detailed measurement procedure is described below.

The measurement and the calculation example:

Insertion loss measurement

1) SFU output power level was set to -10 dBm.

2) The calibrated step attenuator was set to 30 dB.

3) The received signal level was measured with the 75 ohm IEC connector with ETL’s 75 ohm input port.

4) The measured power level was -52.5 dBm which resulted that the insertion loss was 42.5 dB.
This measurement includes all cables, attenuators, impedance matching pads, power dividers and connectors.
The Rotated Constellation Gain measurement

1) The SFU’s RF output was set to OFF-state every time before the parameter changes.

2) From the SFU, the transmission parameter combination was set to :

· Output level  = -80 dBm

· Constellation = QPSK

· Code Rate = ½

· Rotation = ON

3) The SFU’s RF output was set to ON and 30 second error free video limit was found by adjusting the signal level from low to high.

4) When the error criterion was fulfilled, the insertion loss was subtracted from the SFU’s output level. For example: [image: image8.png]—54.6 dBm— 42.5dB = —97.1dBm




5) The constellation rotation was set to OFF and the 30 second error free video limit was found with the same measurement procedure.

6) With the rotation OFF, the limit was -97.4 dBm.

7) The Rotated Constellation Gain was calculated as follows: [image: image10.png]—97.4 dBm— (—97.1dBm) = —0.3 dB




 (Note, negative gain!)

In some test cases which were chosen randomly, the Elektrobit FE real-time radio channel emulator was in use. The purpose was to check the performance and reliability of the simulations and channel models. The comparison results between the radio channel simulators were identical.

Channel Models

The laboratory simulations were performed using 5 different channel models. The channel models were generated with SFU’s internal radio channel simulator and the models are represented in table 3. The Ricean and Rayleigh channel models are defined in the DVB-T standard EN 300 744 [3]. The 0 dB echo channel profile is defined in the NorDig-Unified Test Specification [4]. In the 0 dB echo channel, the fading profile is constant and the phase difference between two paths is 0°. Direct and echo signals are cumulative.

Table 3. Channel models.
	Channel Model
	Description

	Gaussian
	Gaussian noise channel

	Ricean
	Traditional rooftop reception

	Rayleigh
	Indoor antenna/portable reception

	0 dB echo with 1.95 µs delay
	SFN reception

	0 dB echo with 106.4 µs delay (90% of GI)
	SFN reception


The Gaussian channel is a channel model without any echoes. The only affecting noise is thermal or additive. The Ricean channel has a strong path which represents a line of sight component. In addition there are 20 attenuated paths. The Ricean channel models traditional rooftop reception conditions. The Rayleigh channel model is like the Ricean one, but without the line of sight component. The Rayleigh channel model represents a multipath indoor or portable reception. The 0 dB echo channel represents the reception conditions in a single frequency network with two transmitters in equal power levels.

Laboratory Measurement Results

Rotated Constellation Gain in the Different Channel Models

The channel model comparison is performed in five different channel models. As can be seen in Figure 7, the RCG varies depended on the channel model and the transmission parameter combination. The majority of the performance improvements were measured with higher code rates and especially with the 0 dB echo channel. A notable detail in Figure 7 is the behavior of the gain curve in 64QAM with the 0 dB echo channel; the unexpected performance degradation was measured. The tendencies of the curves are similar over the different parameters.

The maximum achieved gain was 2.5 dB with a QPSK code rate 5/6 in the 0 dB echo channel and the minimum achieved gain was -1.4 dB with a 64QAM code rate 5/6 in the 0 dB echo channel. Overall, the rotated constellation gain is negligible if the results of the 0 dB echo channel were ignored. The channel model comparison results show also that the performance is equal in the 0 dB echo channel regardless of the delay. 

[image: image114.png]Figure 7. Rotated constellation gain in the different channel models.

Rotated Constellation Gain in Case of Co-Channel Interference
According to the DVB-T2 Implementation Guidelines (BlueBook A133, June 2010) [2]: “Rotated constellations gives no loss in performance in Gaussian channels, and a gain of 0.7 dB in typical fading channels and even greater in 0 dB echo and erasure channels.”

The objective of this test case was to produce a representative erasure channel at the RF level. One method to create a highly erasure channel is to generate co-channel interference, see Figure 8. The block diagram of the test setup is described in Figure 9 and the parameters of the interfering DVB-T signal are listed in Table 4.
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Figure 8. A representative example of test case execution.
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Figure 9. Block diagram of the test setup.

Table 4. The interfering DVB-T signal parameters.

	DVB-T/H Modulator
	Pro Television PT5780

	Power level
	-50 dBm

	Frequency
	Variable by 50 kHz steps

	Bandwidth
	8 MHz

	Constellation
	64 QAM

	FFT
	8K

	Code Rate
	2/3

	Guard Interval
	1/8


The test case was performed by overlapping the interfering DVB-T (8K) signal in to the received DVB-T2 (32K ext) channel. Both signals had 8 MHz bandwidth and the signals were generated with equal -50 dBm power level. In Figures 8 and 10, the interfering bandwidth is the part of the DVB-T signal, which overlaps the DVB-T2 channel. The interfering DVB-T signal was adjusted by 50 kHz steps. The effective bandwidth was taken into account: DVB-T=7.61 MHz and DVB-T2=7.77 MHz. The gain [kHz] is the difference of maximum allowed interfering bandwidths when the rotation is ON and OFF.
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Figure 10. The maximum allowed interfering bandwidth with rotations ON and OFF in Y1 axis. The difference between rotations ON and OFF is calculated in Y2 axis.

In all parameter combinations, when gain [kHz] is greater than zero, the constellation rotation enables the error free reception while unrotated constellation fails. This argument is valid when the interference bandwidth value is between the blue and red curve in the figure 10.

Calculation example in 16 QAM code rate 5/6:

· Interference bandwidth with constellation rotation ON = 3250 kHz = 3.25 MHz

· Interference bandwidth with constellation rotation OFF = 1650 kHz = 1.65 MHz

· Gain ( 3250-1650 = 1600 kHz = 1.6 MHz

· During the whole 1.6 MHz range, the rotation ON enables the error free video reception while rotation OFF fails.

Especially with QPSK and 16 QAM with higher code rates, the constellation rotation gives a significant improvement in the performance. The maximum gain 1750 kHz was achieved with 16 QAM Code Rate 4/5 and the minimum gain 0 kHz was achieved with 256 QAM Code Rates ½ and 2/3.

It is notable to perceive the robustness of DVB-T2 against the co-channel interference, especially with QPSK and 16QAM.

The second part of co-channel interference case was carried out differently. In this case, the interfering DVB-T signal was kept fixed in certain frequency offset value and the minimum required C/N value was measured. The co-channel interference bandwidth values were 1.4 MHz and 2 MHz. In other words, the interfering DVB-T signal center frequency was moved 1.4 MHz and 2 MHz towards to the wanted DVB-T2 signal center frequency. DVB-T2 was in channel 38 (610 MHz) and the interfering signal center frequency was in 603.4 MHz and 604 MHz.

Table 5. The minimum required C/N values in 1.4 MHz and 2 MHz interfering bandwidths.

	
	
	1.4 MHz overlapping
	2 MHz overlapping

	
	
	C/N [dB]
	GAIN [dB]
	C/N [dB]
	GAIN [dB]

	
	
	Rotation ON
	Rotation OFF
	
	Rotation ON
	Rotation OFF
	

	QPSK
	1/2
	2.0
	1.9
	-0.1
	2.3
	2.3
	0.0

	
	3/5
	3.4
	3.3
	-0.1
	3.8
	3.8
	0.0

	
	2/3
	4.4
	4.4
	0.0
	5.0
	5.0
	0.0

	
	3/4
	5.6
	5.6
	0.0
	6.4
	6.4
	0.0

	
	4/5
	6.4
	6.4
	0.0
	7.3
	7.7
	0.4

	
	5/6
	7.1
	7.3
	0.2
	8.3
	9.5
	1.2

	

	16 QAM
	1/2
	7.7
	7.6
	-0.1
	8.6
	8.4
	-0.2

	
	3/5
	9.4
	9.3
	-0.1
	10.6
	10.2
	-0.4

	
	2/3
	10.9
	10.7
	-0.2
	12.2
	11.9
	-0.3

	
	3/4
	12.5
	12.2
	-0.3
	14.3
	14.1
	-0.2

	
	4/5
	13.8
	13.6
	-0.2
	16.5
	
	

	
	5/6
	14.9
	14.9
	0.0
	18.5
	
	

	

	64 QAM
	1/2
	12.6
	12.6
	0.0
	13.9
	13.6
	-0.3

	
	3/5
	14.7
	14.6
	-0.1
	16.4
	16.1
	-0.3

	
	2/3
	16.5
	16.2
	-0.3
	18.5
	18.0
	-0.5

	
	3/4
	18.8
	18.4
	-0.4
	22.3
	21.5
	-0.8

	
	4/5
	20.8
	20.2
	-0.6
	28.0
	
	

	
	5/6
	22.7
	21.9
	-0.8
	
	
	

	

	256 QAM
	1/2
	17.2
	17.0
	-0.2
	18.8
	18.6
	-0.2

	
	3/5
	19.8
	19.8
	0.0
	22.3
	22.0
	-0.3

	
	2/3
	22.1
	21.9
	-0.2
	25.2
	24.7
	-0.5

	
	3/4
	25.2
	24.8
	-0.4
	32.8
	32.5
	-0.3

	
	4/5
	27.9
	27.0
	-0.9
	
	
	

	
	5/6
	31.9
	31.4
	-0.5
	
	
	


The red cells in table 5 represent the situation where the error free video reception was not possible. The receiver could not decode the video properly even without the additive noise. In table 5, there are also three parameter combinations where the efficiency of constellation rotation is infinite. All these combinations occur with the 2 MHz overlapping bandwidth. The parameter combinations are 16 QAM CR 4/5, 5/6 and 64 QAM CR 4/5. The results of the test case are shown in figures 11–14.

	[image: image14.emf]0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

C/N [dB]

Co-Channel Interference

1.4 MHz overlapped

Rotation ON

Rotation OFF

QPSK 16QAM 64QAM 256QAM


	[image: image15.emf]-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

Gain [dB]

Co-Channel Interference

1.4 MHz overlapped

QPSK 16QAM 64QAM 256QAM



	[image: image16.emf]0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

C/N [dB]

Co-Channel Interference

2 MHz overlapped

Rotation ON

Rotation OFF

QPSK 16QAM 64QAM 256QAM


	[image: image17.emf]-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

Gain [dB]

Co-Channel Interference

2 MHz overlapped

QPSK 16QAM 64QAM 256QAM




Figures 11–14. The results of the co-channel interference measurements with fixed overlapping bandwidth. 

2.3 Field Measurements
2.3.1 Transmitter

Turku Test Network consists of three transmission sites. Two of the transmitters have a Single Frequency Network (SFN) license on 610 MHz and third has a license on 690 MHz. One site of the network was used as a transmission site in the field trials. The transmitter is located in Turku city center on a rooftop of a typical 9- floor apartment building. The transmitter is based on a Rohde & Schwarz rack, equipped with a preamplifier and a power amplifier, see Figures 15–16. A NEC DVB-T/H modulator is used as the exciter in normal test network use, but it was replaced by Rohde & Schwarz SFU in these measurements. In addition to the RF signal generation, the SFU was also used as a TS player. The test material used was one of R&S standard definition MPEG-2 streams with a bit rate of 4.56 Mbit/s. The SFU was controlled with a built-in Windows remote desktop application. Thus it was easy to change the parameters on demand from the field. The modulator and TS were the same as in laboratory measurements.
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Figures 15–16. Rohde & Schwarz power amplifier and SFU at the transmitter site.

The antenna construction can be seen in figures 17–18. The three-panel antenna array is installed on a mast on the rooftop. The horizontal pattern is almost omnidirectional with the exception of the 10 dB attenuation to the west. All the main details of the transmitter are listed in table 6.
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Figures 17–18. The transmitter antenna array located on an apartment rooftop in Turku city center.
Table 6. The transmitter details.

	Transmitter details

	Frequency
	610 MHz

	Polarization
	Horizontal

	Antenna
	3 panel array

	Gain
	6 dB

	Tx power
	about 1 kW ERP

	Power amplifier
	Rohde & Schwarz

	Modulator and
TS Player
	Rohde & Schwarz SFU

	Antenna height
	40 meters (AGL)
54 meters (ASL)


Rx Setup

The reception setup was designed to be as compact as possible. It was essential to disassemble and assemble the setup easily for transportation between the locations and the laboratory. The reception locations were different, indoor and outdoor, with mains power or without and so on. The main components are the antenna, splitter, step attenuator, test receiver and the LCD TV, see figure 19. The 230 VAC electric mains was utilized if available, otherwise a 12 V battery with an inverter was used.
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Figure 19. Block diagram of the reception setup.

Antennas

Two different types of reception antennas were used in the field measurements, a directional antenna and an omnidirectional antenna. They are both manufactured by Finnish professional antenna company Completech. The passive antennas are horizontal polarized. The antennas are shown in figures 20–21. The CA610T is a special cross-dipole antenna and the CA610Y++++ is a 10-element Yagi-Uda antenna. The omnidirectional antenna was used in strong enough field strengths to get many echoes and thus a challenging reception radio channel. The directional yagi antenna was used to get more signal power and to get a typical rooftop reception channel. In addition to the typical reception channels, the antennas were pointed and located to different directions and places to get various reception channels.
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Figures 20–21. CA610T omnidirectional and CA610Y++++ yagi antennas during a measurement at the height of 1.5…2.0 meters.

Table 7. Rx antenna specifications.

	Antenna Specifications

	
	CA610T-N
	CA610Y++++-N

	Type
	Passive Omnidirectional cross-dipole
	Passive Yagi-Uda

	Polarization
	Horizontal
	Horizontal

	Center Frequency
	610 MHz
	610 MHz

	Bandwidth
	585 … 635 MHz
	585 … 635 MHz

	Gain
	0 dBd
	12 dBi

	Impedance
	50 ohm
	50 ohm


Receiver

To evaluate the actual advantage of the constellation rotation technique, a fully commercial consumer level LCD TV was used in the field measurements. The receiver is the same, which was used in the laboratory measurements. In the field measurements, a 12V battery and an inverter was used to supply the LCD.

Professional Test Receiver

A professional TV test receiver R&S ETL was used during the field trials. In the beginning of every measurement day at a certain location, the test receiver was used to enable finding an interesting reception channel to test. To decide an appropriate place, different antenna positions and directions were searched while monitoring the changes in the spectrum and impulse response screens. During the actual RCG measurement procedure the signal power strength was monitored and logged as well. In addition, the snapshots of spectrum and impulse response were also saved.

2.3.1.1 Impulse Responses

The test receiver is capable to measure the echo pattern of the received DVB signal. In addition to the pointing of the antenna, the echo pattern feature was used during the day to monitor that the impulse response does not change during the measurement day. Minor activity of the echoes has to be accepted, it is absent all the time in the field. In most cases the individual echoes were fairly static and thus taking the measurements was relatively easy and reliable. Occasionally, some factors caused visible changes in the impulse response. This could be caused by for example a rotating crane, quivering electrical wires or other movement in the signal propagation path. The impulse response snapshots were captured in every measurement location. Figures 22–23 illustrate the situation in two totally different locations.
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Figures 22–23. Two snapshots of totally different impulse responses from two different measurement locations.

2.3.1.2 Spectrums

In addition to the impulse responses, the spectrum was captured also in every measurement location. The locations represent an extensive selection of different types of spectrums. Besides the beautiful line of sight spectrums the receiver had to tolerate tilted, rippling and deeply selective fading spectrums. Figures 24–25 illustrate examples of two opposite situations.
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Figures 24–25. Two totally different spectrums which were captured in different measurement locations.

2.3.1.3 Power Level Logging

The reception power level was logged constantly during the measurement day with the TV analyzer. This was done to be able to compensate the power level variation between the observation periods for rotations ON and OFF. Figure 26 illustrates the power level variation during a measurement of a parameter combination. During the parameter changes, the transmission goes down for a short period. The time difference between the 30 seconds observation period for rotation ON and OFF cases is approximately from two to five minutes, depending on the time needed to find the maximum allowed attenuation with the step attenuator. With the challenging reception channels, it usually takes longer to find the attenuation margin. The utilization of this data is explained in more detail in the analysis chapter.

[image: image27.emf]-55.0

-54.5

-54.0

-53.5

-53.0

-52.5

-52.0

-51.5

-51.0

-50.5

-50.0

11:00:00 11:01:30 11:03:00 11:04:30 11:06:00 11:07:30 11:09:00 11:10:30 11:12:00 11:13:30 11:15:00

Power [dBm]

Time [hh:mm:ss]

Power Level Logging


Figure 26. Example of the power level logging during the measurement of the rotation ON and OFF cases for a single parameter combination. 

Locations

The field measurements are taken in six different indoor and outdoor locations around the Turku area. Distances between the transmitter and measurement locations vary between 1…4 kilometers. The different locations are selected to represent various typical and realistic reception scenarios. All the measurement locations are marked in figure 27 and details are given in table 8.
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Figure 27. Map of the Turku area. The 6 measurement locations are marked with the blue circles.
Table 8. Test location descriptions.

	Location Name
	Measurements
	Distance to transmitter

	Saippuacenter Gym
	Test setup validations

Measurement procedure studies

Indoor and outdoor
	1.1 km

	Sepänkatu School
	Measurement procedure studies

Outdoor/rooftop measurements

Indoor measurements
	1.0 km

	ICT Building
	Outdoor/rooftop measurements

RCG variation experiment
	2.2 km

	Lauttaranta Harbor
	Outdoor portable antenna measurements
	2.8 km

	Hirvensalo Slalom Hill
	Outdoor portable antenna measurements
	4.0 km

	Tonttumäki Hill
	Outdoor portable antenna measurements
	1.7 km


In some of the measurement locations, a few different antenna positions were tested, for example indoor and outdoor. The measurement location districts vary a lot. Some places are on the rooftop of urban buildings, some places indoors in different floors and some places on very rural outdoor sites near the sea for example. This resulted in many different kinds of reception channels. Figures 28–31 illustrate the views on different locations. 
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Figures 28–31. Different views from different measurement locations.

Test Procedure

A special test procedure was developed and maintained in every test location. Before the actual field measurements the procedure was evaluated and fine-tuned several times.

Antenna Position

The antenna was positioned in a place, which was far away from the surrounding influencing matters. For example places with pedestrians or vehicles nearby were avoided. The antenna was pointed to a direction, which gave a representative impulse response.

Interferences

The possible interfering factors were observed all the time. For example, the possible interference of operating elevators was monitored as well as that of rotating cranes and similar things. To ensure that the channel is clear of man-made noise and other signals, the transmission was turned OFF remotely and the spectrum was checked.

Rx Setup Positioning

The Rx setup and operators were located to 20 meters away from the antenna, which was found out to be far enough not generating errors to the reception.

Saving the Spectrum and Impulse Response

The spectrum and impulse responses were saved in every measurement location. This was done to be able to analyze the possible factors contributing to the rotated constellation gain between different locations.
Power Level Logging

The professional test receiver was used to log the power level during the complete measurement day.

Taking the Attenuation Margins

1) Put attenuators to maximum value

2) Remotely change modulator parameters to the first mode and rotation ON

3) Decrease the attenuation and find the maximum allowed attenuation by 0.2 dB steps, still to get error free video for 30 seconds

4) Log the maximum allowed attenuation and the time of the observation period to the measurement record

5) Put attenuators to the maximum value

6) Remotely change rotation OFF

7) Decrease the attenuation and find the maximum allowed attenuation by 0.2 dB steps, still to get error free video for 30 seconds

8) Log the maximum allowed attenuation and the time of the observation period to the measurement record

9) Put attenuators to the maximum value

10) Remotely change rotation ON and select next parameter combination

11) Continue from point 3 and repeat with the rest of the parameters.

Check the Spectrum and Impulse Response

At the end of every measurement day, the spectrum and impulse response were checked and the similarity to the ones taken in the morning was verified.

Analysis

Measurement Record

The analyses are performed for every measurement day after the measurement. The generated files are stored in a precise order in the network hard drive, in the folders named by the measurement day and location. The folders include subfolders for impulse responses, power level logs and spectrum snap shots. In addition, there is a measurement record, which is filled out during the measurement, see table 9. The record includes the attenuation values and observation times for every parameter.

Table 9. Measurement record example.

	Parameters
	Att [dB]
	GAIN [dB]
	Time

	
	ON
	OFF
	
	ON
	OFF

	QPSK
	CR 1/2
	35.2
	35.0
	0.2
	9:25:30
	9:30:40

	
	CR 3/5
	33.8
	33.8
	0.0
	9:40:40
	9:45:40

	
	CR 2/3
	33.0
	32.6
	0.4
	9:51:30
	9:55:20

	
	CR 3/4
	31.0
	30.8
	0.2
	10:01:40
	10:06:10

	
	CR 4/5
	29.4
	28.6
	0.8
	10:16:05
	10:20:10

	
	CR 5/6
	28.8
	29.0
	-0.2
	10:23:40
	10:25:30

	

	16QAM
	CR 1/2
	29.6
	30.0
	-0.4
	10:44:45
	10:46:55

	
	CR 3/5
	28.0
	28.6
	-0.6
	10:53:15
	10:57:50

	
	CR 2/3
	26.0
	26.2
	-0.2
	11:06:40
	11:10:50

	
	CR 3/4
	24.6
	24.4
	0.2
	11:14:40
	11:17:35

	
	CR 4/5
	23.2
	22.6
	0.6
	11:33:00
	11:36:40

	
	CR 5/6
	22.6
	22.2
	0.4
	11:41:15
	11:46:00

	

	64QAM
	CR 1/2
	25.4
	25.8
	-0.4
	13:16:00
	13:21:00

	
	CR 3/5
	23.8
	23.8
	0.0
	13:27:30
	13:39:15

	
	CR 2/3
	22.4
	22.0
	0.4
	13:45:20
	14:02:10

	
	CR 3/4
	19.4
	19.6
	-0.2
	14:14:50
	14:19:15

	
	CR 4/5
	18.8
	19.8
	-1.0
	14:45:45
	15:01:20

	
	CR 5/6
	16.8
	18.0
	-1.2
	15:19:50
	15:26:00


Calculation of the Gain

The gain values, which are calculated in the measurement record above, are calculated directly from the difference between the attenuation values in rotation cases ON and OFF. This was done just for monitoring purposes in the field; this is not the final gain value. This method does not take into account the effect of channel Rx power variation between the observation periods of rotation cases ON and OFF. Below is an example of the calculation of the corrected gain value.

The test receiver logs the channel power during the measurement day with one second intervals. Figure 32 illustrates the power level variation during the measurements of QPSK 4/5, rotations ON and OFF.
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Figure 32. The power level variation during the observation periods for rotation ON and OFF cases.

According to the graph, the minimum channel power during the rotation ON observation period was -54.8 dBm whereas during the OFF observation period it was -54.6 dBm. The effective gain in this measurement location on this day with these parameters is calculated as follows:
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Thus, the corrected rotated constellation gain (RCG) value for this certain parameter in this location was 1.0 dB. All the other parameters were calculated this way.

Field Measurement Results
The field measurements are taken indoors and outdoors in the six locations, which were presented in locations chapter. The measurements are taken occasionally in parallel with the laboratory measurements during the year 2011. As the measurements turned out to be quite challenging to perform, the total number of accepted measurement days remained in twenty. The aim was to collect the allowed attenuation margins for rotation ON and OFF cases with all the constellations and code rates, i. e. 48 values per measurement location.

In this chapter, the five most representative measurement days are analyzed. The measurements are taken at ICT Building, Tontunmäki Hill and Sepänkatu. In all these places, it was possible to carry out the measurements with QPSK, 16QAM and 64QAM. The 256QAM turned out to be very challenging to measure. The purpose was to find a measurement place without a direct path to the transmitter, which leads to multipath reception scenarios. In these places the signal strengths were usually so low, that the 256QAM could not be measured with all the code rates. Thus the 256QAM is left out in the field measurement results, but regardless the 256QAM results are presented in the laboratory section.

Figures 33 – 37 illustrate the results of the five typical measurement days. The y axis represents the rotated constellation gain in dB, which is calculated as described in analysis chapter. On the x axis, there are all the code rates with QPSK, 16QAM and 64QAM constellations. The graphs are based on in total of 180 individual measurement values. 
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Figures 33–37. The results of five most representative filed measurements.

The results of five typical field measurements and the average of them are presented in Figure 38. The trend can be clearly seen in the graphs. In theory the gain should be higher with the lower constellations and these measurement results can confirm this. With 64QAM the gain equals more or less to zero and even the negative results are common. The overall gain should be much higher with regard to theory.
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Figure 38. The five typical field measurement results and the average of them.

When assessing the results, some reasons and explanations about the result variations should be taken into account. The results are taken in a few different locations indoors and outdoors. This led to totally different reception channels in every measurement. Regardless of the systematic operating procedures the real field test environments are always more challenging and variable than the controlled laboratory facilities. Every now and then some unpredictable thing occurred – for example the wind changed, it started to rain, a strong echo vanished from the reception channel and so on. Eventually, the variations are actually quite minor. The trend is clear and the individual measurements follow this. However, in some cases there are some unexplained lows or highs in the graphs, which refer to the inaccuracy of the measurements.
Gain Variation Measurement in One Location
In the normal RCG measurements the antenna was set up to a fixed location and kept in place during the day. The reception channel was unchangeable during the measurement of all the parameters. Thus we got a reliable value for RCG for each parameter per one specific geographical location around the transmitter. Gradually we got interested in how much variation there is in the RCG between a few square meters in one geographical location.

The gain variation test case was decided to be performed at the ICT Building on a balcony. The 60m2 balcony is located in the highest 6th floor. The balcony is surrounded by a glass wall only. To simplify and speed up the measurement, only one parameter combination was used, see table 10. The omnidirectional antenna was positioned in total of 14 different truly random selected reception positions and the difference between minimum required signal levels for rotation cases ON and OFF was measured. To eliminate the effect of the noise and reflections caused by the measurement setup and operators, the Rx setup was mounted on a corridor next to the balcony, see figures 39–40.

Table 10. The main parameters of the rotated constellation gain variation measurement.

	Parameters

	Frequency
	610 MHz

	Bandwidth
	8 MHz

	PAPR
	Tone Reservation

	Pilot Pattern
	PP4

	FFT Size
	32k EXT

	Guard Interval
	1/32

	PLP Constellation
	QPSK

	PLP Code Rate
	3/4
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Figures 39–40. Gain variation measurement location positions (red circles) shown on the floor plan of the balcony and measurement setup (blue blocks) in the corridor.

The results are presented in figure 41. The y axis represents the rotated constellation gain and the x axis corresponds to the measurement points. Knowing the fact that the signal levels may vary several dBs in multipath reception channels between the measurement points, it was assumed that there could be some change in the RCG too. When interpreting the chart it can be seen that the variation between the minimum and maximum gains is 1.4 dB. Average gain 0.7 dB and standard deviation 0.4 dB were calculated from the results. The value for the gain is a very typical result in normal RCG measurements with these parameters.
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Figure 41. A graph of the rotated constellation gain variation between different antenna positions in one measurement location.
2.4 Conclusions

The measurement campaign extended considerably in time. Finding appropriate places and taking the measurements in the field in various outdoor locations was more challenging and time consuming than was expected. Thus the number of single measurements remained lower than we would have wanted.

The results of the laboratory and field measurements are in line. The performance has similar variations in realistic radio propagation channels in the field as in the simulated typical radio channel models. As in theory, the main performance increase was achieved with the smallest constellations, i.e. QPSK and 16QAM. In addition it can be confirmed that the gain clearly depends on the propagation channel, e.g. Gaussian vs. 0 dB echo.

Regardless, the laboratory and field measurements also differ a lot from the expectations. Performance degradation was never expected to exist. However it was repeatedly measured over certain channel situations in the field and in the laboratory. In addition, the achieved gains remained very minimal. In most of the cases, the gain equals more or less to zero.

The decision to use or not to use rotated constellations may be difficult for network operators. These measurements are taken using only the first chipset implementation available, but this chipset is probably widely in use. With QPSK, it is quite clear that the performance is slightly better when the rotation is ON. The 64QAM is disappointing; the performance may decrease notably if the rotation is ON. Probably the most operated mode 256QAM gives neither no significant gain, nor significant degradation in typical channels.

When summarizing the results of this campaign, the main thought is that the performance improvement of the rotated constellation technique seems to be much smaller than it was expected in theory. This finding is now also registered in the DVB organization. In the latest version (V.1.2.1, 2012-08) of DVB-T2 implementation guidelines there is a reference regarding to these measurements. There is a mention that it is not clear that the utilization of the technique is always beneficial. However, it has to be taken into account that these measurements are based only on the first implementation of DVB-T2 chipset. The subsequent implementations may be different. Due to the very late publishing of the next implementations, the measurement results cannot be provided in this report. In any case the plan is to continue the evaluation of the technique with newer available implementations.
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Appendix A – Complete list of test parameters

	General parameters

	Frequency
	610.000 000 MHz

	Standard
	DVB-T2


	Transport Stream

	T2-MI Interface
	OFF

	Number of PLPs
	1

	Format
	TS, video + audio

	Stuffing
	ON

	TS name
	Royal Angel (R&S)

	TS data rate
	5.639 484 Mbit/s

	useful data rate
	4.56 Mbit /s

	TS length (loop duration)
	23.040 s


	Mode + Stream Adaption

	PLP type
	Data type 1

	BB mode
	HEM

	ISSY
	OFF

	Null packet deletion
	OFF

	In-band signaling
	OFF

	CM type
	CCM (Constant)


	BICM

	FEC frame length
	Normal (64 800)

	Code rate
	1/2, 3/5, 2/3, 3/4, 4/5, 5/6

	Constellation
	QPSK, 16QAM, 64QAM, 256QAM

	Constellation rotation
	ON, OFF

	Time interleaving type
	0

	Frame interleaving (I jump)
	1

	Time interleaving length
	3

	FEC blocks per IF
	48, 96, 145, 193


	
Framing + OFDM

	Channel bandwidth
	8 MHz

	used bandwidth
	7.767 857 MHz

	FFT size
	32k ext

	Guard interval
	1/32

	Pilot pattern
	PP4

	T2 frames per super frame (N_T2)
	2

	OFDM symbols per T2 frame (L_F)
	60

	Data symbols per T2 frame (L_Data)
	59

	Subslices per T2 frame (N_Sub)
	1


	T2 System

	Network mode
	MFN

	Transmission system
	SISO

	Peak to Average Power Ratio (PAPR)
	TR (Tone reservation)

	Future Extension Frames (FEF)
	OFF

	Time Frequency Slicing (TFS)
	OFF

	L1 T2 version
	1.1.1

	L1 post modulation
	QPSK

	L1 repetition
	OFF

	L1 post extension
	OFF

	L1 post scrambled
	OFF

	T2 base lite
	OFF

	Number of AUX streams
	0

	Cell ID (hex)
	0000

	Network ID (hex)
	0000

	T2 system ID (hex)
	0000

	TX ID availability (hex)
	00
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Abstract 

This document presents the results of the laboratory tests carried out to study the performance of DVB-T2 in presence of multipath in fixed reception with rooftop antenna. The typical multipath cause in this scenario is a Single Frequency Network (SFN) reception.

A range of relative levels and delays between the main path and one echo are tested to obtain the C/N requirements for each case. DVB-T2 supports a large number of options that can be chosen to optimize the system. Some of those options (Pilot Patterns, Guard Interval Fraction, Rotated Constellations, FFT sizes) are tested to evaluate their performance. The results are compared with the simulation results available in the implementation guidelines for the extreme cases of Gaussian channel (no echo) and 0 dB echo channel (main path and echo at same level). 

3.1 Introduction

One of the proposed scenarios for the use of DVB-T2 is fixed rooftop antenna reception [1]. The system can provide high data rates at those conditions which allows, for example the broadcasting of several HDTV programs.

In general the use of rooftop receiving antenna leads to a propagation channel that is classified as Gaussian or Ricean with low ripple. When Single Frequency Networks (SFN) are used this is not true any more and a propagation channel with large multipath level could be present. 

Depending on a variety of factors, like distance between the transmission centers used for the SFN and the receiver, radiated power, directivity of the antennas, angle of reception of different signals and so on, the delay between paths and their relative level can take different values. In real situations the directivity of the receiving antenna enforces the main path and it is not usual the presence of other paths of similar amplitude. Only when all the transmitters are in the same orientation severe multipath will be produced. In this study the simplest case with only two paths is considered.

The aim of this work is to test the performance of DVB-T2 receivers when such multipath is present. To do this, the C/N retirements for error free image reception are obtained for different delays and echo levels, from Gaussian channel to 0 dB echo. Similar studies have been published for DVB-T like in [2]. The DVB-T2 signal configuration options that can have some influence in the receiver performance when multipath is present are tested.
3.2 Configuration Options

The DVB-T2 standard [3] defines a number of configuration options that make the system suitable for different uses, from low data rate mobile services, to HDTV program broadcasting in fixed reception. This second scenario is the case tested in this study. The set of parameters to be tested is narrowed when selecting this kind of reception, for example mainly the higher constellation orders (64 and 256 QAM) are tested. The same happens with the FFT sizes, in this case 8K, 16K and 32K are tested with special emphasis in 32K. Although this way the number of possible combinations is reduced, it is still too large to test all of them, so the influence of one configuration parameter is tested while keeping the same value for some other parameters.

In order to specify the main configuration parameters used for each test a default configuration is defined with the parameters of Table 1, and only the changes are specified in each test.
Table 1: Default DVB-T2 configuration.

	FFT Size
	GIF
	BW
	Pilot Pattern
	Ext. Mode
	QAM
	Rotated Const.

	32K
	1/128
	8 MHz
	PP7
	Yes
	256
	Yes

	Code Rate
	PAPR Reduct.
	LDPC Size
	Number of PLPs
	TI Length
	TI Type
	Input Format

	3/5
	No
	64800
	1
	3
	1 T2 Frame
	TS HEM


3.3 Tested Channels
The tested channel is formed by two static paths, the relative amplitude and delay are changed to have an echo at fixed delay, like in a SFN configuration. The maximum tested delay depends on the Guard Interval (GI) duration. The delay is varied from 0.1 up to 1.1 times the GI duration. The relative amplitude of the second path is adjusted form 15 dB to 0 dB. The 0 dB echo channel, as defined in [1] is tested too. This includes a frequency shift of 1 Hz. Gaussian channel is also measured as reference.

3.4 Test Sep-Up
A PC card DVB-T2 modulator is used as signal source. This card also implements a channel simulator and an AWGN generator. The delay and amplitude of the paths and the noise level can be adjusted to simulate the different defined profiles and to obtain the minimum C/N level at which the signal is error free demodulated for 30 seconds (C/Nmin) by a commercial Set Top Box (STB). The C/N value is adjusted in 0.1 dB steps, so this is the resolution in all the measurements.

In same cases the STBs decode the signal after a long synchronization time, if this time is longer than 10 seconds the measurement is not considered as error free reception.

Some tests have been done using four different brand commercial DVB-T2 receivers, all of them STBs. As the results of these tests show the same performance of the receivers, the majority of the tests have been done using only one STB. 
3.5 Results

In this section the results of the measurements are presented organized in several subsections. In the first and second subsections the results for a Gaussian channel and 0 dB echo channel as defined in [1] are presented and compared with the simulated values also provided in the same document and the requirements for receivers according to NorDig [4]. In the other subsections the influence of a particular configuration option or a channel parameter is tested.
3.6 Gaussian Channel
These measurements are performed without channel simulation, only AWGN is added. The DVB-T2 configuration is the default one (Table 1) with the following changes: 

· Constellations: 64 and 256 QAM 

· Rotated Constellations: Used and not used. 

· Code rates: All code rates from 1/2 to 5/6. 

· GIF and pilots patterns: 1/128, PP7 and 1/16, PP4. 

The results of the measurements, the simulated values according to [1], and the NorDig requirements are summarized in Table 2.
Table 2: Simulated and Measured  EQ C/N\s\do5(min) for Gaussian Channel

	
	
	Impl.
	
	1/128 GIF, PP7
	1/16 GIF, PP4

	 QAM
	CR
	Guid.
	NorDig
	N.R
	R
	N.R
	R

	64
	1/2
	9.9
	13.0
	11.8
	11.9
	11.8
	11.8

	64
	3/5
	12.0
	14.8
	13.5
	13.4
	13.5
	13.5

	64
	2/3
	13.5
	16.2
	14.8
	14.8
	14.8
	14.8

	64
	3/4
	15.1
	17.7
	16.4
	16.4
	16.4
	16.4

	64
	4/5
	16.1
	18.7
	17.5
	17.4
	17.5
	17.5

	64
	5/6
	16.8
	19.4
	18.2
	18.1
	18.1
	18.1

	256
	1/2
	13.2
	17.0
	16.0
	15.9
	16.0
	15.9

	256
	3/5
	16.1
	19.4
	18.1
	18.2
	18.1
	18.1

	256
	2/3
	17.8
	20.8
	19.7
	19.7
	19.8
	19.8

	256
	3/4
	20.0
	22.9
	21.7
	21.8
	21.7
	21.8

	256
	4/5
	21.3
	24.3
	23.1
	23.2
	23.3
	23.2

	256
	5/6
	22.0
	25.1
	24.0
	23.9
	24.0
	24.1


The difference between simulations, corrected for pilot boosting [1] and measurements ranges from 0.8 to 2.2 dB (1.3 dB mean value). The rotation of the constellation, the GI duration and the pilot pattern have no significant influence in the results, as expected. These measurements can be used as a reference to evaluate the increase of the C/Nmin due to multipath.

3.7 0 dB Echo Channel

The DVB-T2 Implementation Guidelines [1] provide several channel models to be used as reference channels for different reception scenarios. One of those models, named “Simple two path profile, 0 dB Echo”, is formed by two paths of equal amplitude, separated a time equivalent to 90% of the GI duration, with a frequency shift of 1 Hz for the second path. This model has been used in many of the measurements in this work. In Table 3 the measured C/Nmin for this channel are presented together with the results from the simulated values provided by the Implementation Guidelines and the NorDig requirements for receivers. For this table and for the other tables in this document, a line means that the value is missing, because is not provided by the corresponding source or when it is the result of a measurement, because the receiver does not reach the error free condition for C/N lower than 35 dB.

The DVB-T2 configuration is the default one (Table 1) with the following changes: 

•
Constellations: 16, 64 and 256 QAM 

•
Rotated Constellations: Used and not used. 

•
Code rates: All code rates from 1/2 to 5/6 for 64 and 256 QAM. In the case of 16 QAM only the code rates that provide higher data rates (4/5 and 5/6) are tested. 

•
GIF and pilots patterns: 1/128, PP7 and 1/16, PP4. 

Table 3: Simulated and Measured C/Nmin for 0 dB echo channel

	
	
	Impl.
	
	1/128 GIF, PP7
	1/16 GIF, PP4

	QAM
	CR
	Guid.
	NorDig
	N.R
	R
	N.R
	R

	16
	4/5
	13.4
	–
	17.6
	16.9
	16.8
	16.2

	16
	5/6
	14.4
	–
	19.1
	18.0
	18.7
	17.3

	64
	1/2
	11.8
	16.0
	14.6
	14.9
	14.0
	14.4

	64
	3/5
	13.9
	18.0
	16.9
	17.2
	16.2
	16.6

	64
	2/3
	15.5
	19.7
	18.4
	18.9
	17.8
	18.5

	64
	3/4
	17.6
	22.0
	21.3
	21.4
	20.4
	21.0

	64
	4/5
	19.2
	–
	23.3
	23.7
	22.6
	22.9

	64
	5/6
	20.4
	–
	25.2
	25.2
	24.3
	24.7

	256
	1/2
	15.7
	20.6
	19.6
	19.5
	18.6
	18.7

	256
	3/5
	18.4
	23.1
	22.4
	22.5
	21.4
	21.5

	256
	2/3
	20.3
	25.1
	24.2
	23.9
	23.1
	23.3

	256
	3/4
	22.7
	28.0
	27.0
	27.6
	26.5
	26.6

	256
	4/5
	24.5
	–
	31.3
	31.8
	30.7
	30.1

	256
	5/6
	25.8
	–
	–
	35.0
	–
	34.8


Taken into account the correction factors for pilot boosting, Table 3 shows a difference between simulations and measurements of 2.1-8.5 dB with an average value of 3.3 dB.

3.8 Rotated Constellations

The use of rotated constellations is one of the new features of DVB-T2 [5]. This frequency diversity technique is intended to improve the reception when severe multipath is present, as in the case of 0 dB echo SFN. The use of rotated constellations is supposed to improve the performance of the system in different levels depending on the channel, from almost no gain for some channels, as Gaussian channel, to some dBs for severe multipath channels. A worse performance is not expected when using rotated constellations. The gain obtained by using rotated constellations depends also in the receiver implementation, but again the worst case for the simplest implementation is supposed to obtain the same performance whether the rotated constellations are used or not.

To test the influence of the rotated constellations the same DVB-T2 configurations as in previous section are used:

The parameters of the simulated channels are: 

•
Second path frequency shift: 0 and 1Hz 

•
Second path attenuation: 0 dB. 

•
Delay: 10%, 50% and 90% of the GI. 

In total 6 channels have been tested.

The results are shown in Fig. 1 where the gain of the rotated constellations (difference between the C/Nmin for rotated and no rotated constellations) is plotted for each constellation and code rate. The mean values of the measurements for the six channel models have been used to draw the lines.

The results are as expected for 16 QAM, where an important gain is obtained by using rotated constellations. The performance for 256 QAM, and especially for 64 QAM is not as predicted by the theoretic studies and simulations, because the gain of rotated constellations is negative, i.e. the C/Nmin is increased when using this feature. The same performance is shown in all tested STB.

Gain for 256 QAM 5/6 is not plotted because when rotated constellations is not used the receivers never achieve the error free condition. When using rotated constellations the performance improves noticeably with C/Nmin values in the range of 32 to 35 dB, so some gain is achieved in all the tested channels but can not be measured.

Because of this unexpected performance of the rotated constellations, in all the tested DVB-T2 configurations both options (rotated and not rotated constellations) will be used.
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Fig. 1: C/Nmin gain using rotated constellations

3.9 Second Path Delay
The objective of these measurements is to test the influence of the delay between first and second paths in a 0 dB echo SFN. 

The default configuration parameters (Table 1) have been used with the following changes: 

•
Constellations: 64 and 256 QAM 

•
Rotated Constellation: Used and Not Used. 

•
GIF and pilots patterns: 1/128, PP7 and 1/16, PP4. 

The parameters of the simulated channels are:

•
No frequency shift. 

•
Second path attenuation: 0 dB. 

•
Delay: From 1% IG to 110% IG. 

The results are presented in Fig. 2 and Fig. 3 for GIF 1/128 and 1/16. It must be considered that horizontal scales are the same for the fraction of the GI, but as the GI values are very different (28 and 224 s), the times are also very different. A vertical dotted line has been used to mark the GI duration.

In Fig. 2 the first measurement corresponds to only 0.28 s. This short delay produces almost flat fading, and as the C/N value is adjusted to the actual generated power, the channel in this case is similar to Gaussian channel, that is why the C/Nmin values are much lower.

When the delay spread increases the channel estimation and equalization becomes more and more difficult for the receiver. A denser pilot pattern used when large delays are expected (PP4) helps the receiver, so the performance is good for both configurations until the delay equals the GI. When the delay is longer than GI duration two effects are mixed. The error in the channel estimation is increased, and the second signal produces Inter Symbol Interference (ISI). The first effect depends on the ratio of the GI duration and the delay, whilst the second depends on the absolute value of the delay. In Fig. 3 the last measurements corresponds to large delay spreads over the GI duration, in these cases a significant part of the OFDM symbol (0.6%) is interfered by the second signal, that is why the reception is severely impaired, although the error of the channel estimation could still be low.

The missing points in the right part of the plots correspond to measurements where the error free condition is not reached.
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Fig. 2: C/Nmin vs second path delay, GIF=1/128, PP7
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Fig. 3: C/Nmin vs second path delay, GIF=1/16, PP4

3.10  Frequency Shift
This section studies the influence of a frequency shift in the second path. In a real SFN situation is not possible to have identical channel frequency in the transmitters of the network, so a frequency shift is present between the signals coming from different transmitters. In [1] 0 dB echo channel is defined with a frequency offset of 1 Hz. In many test performed for this work this value have been also used. To test the influence of the frequency shift, measurements have been taken from 0.1 Hz to 2.9 Hz in 0.2 Hz step. Measures for 0 Hz have also been included.

The DVB-T2 configurations are the same than in previous sections. The parameters of the simulated channel are: 

•
Second path delay: 50% GI. 

•
Second path attenuation: 0 dB and 3 dB. 

•
Frequency shift: From 0 to 2.9 Hz. 

Results are displayed in Fig. 4 and Fig. 5. As expected, the frequency shift increases the C/Nmin. In the configuration with shorter GI (1/128) and 256 QAM the increase in the frequency shift affects more rapidly to the C/Nmin. For 0 dB echo, with only 1 Hz the C/Nmin increases about 1.5 dB and for 3 dB echo at 1 Hz the measured C/Nmin is similar to 0 dB echo with no frequency shift. 
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Fig. 4: C/Nmin vs frequency shift GIF=1/128, PP7
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Fig. 5: C/Nmin vs frequency shift GIF=1/16, PP4
3.11 Second Path Attenuation

The influence of the SFN in the reception quality is mainly affected by the relative attenuation between the main and the second path. In this section the influence of this parameter is tested. The influence of the relative position of the strongest path it is also tested, so pre-echo and post-echo scenarios are simulated.

The default DVB-T2 configuration is used with these modifications: 

•
Constellations: 64 and 256 QAM 

•
Code rates: All code rates from 1/2 to 5/6. 

•
GIF and pilots patterns: 1/128, PP7 and 1/16, PP4. 

•
Rotated constellations: Used and not used. 

The parameters of the simulated channels are: 

•
Second path delay: 50% GI. 

•
Second path attenuation: 0 dB and from -15 dB (pre-echo) to +15 dB (post-echo) in 2 dB step. 

•
Frequency shift: 0 Hz.
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Fig. 6:  C/Nmin vs relative amplitude of the paths. GIF=1/128, PP7
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Fig. 7:  C/Nmin vs relative amplitude of the paths, GIF=1/16, PP4

Fig. 6 and Fig. 7 represent the measured C/Nmin versus the relative amplitude of the paths for all tested configurations. The code rate is placed near the corresponding curve. 

The C/Nmin increases for lower attenuation levels and consequently the 0 dB echo is the worst case. The increment is larger for the configurations with higher code rate like 4/5 and 5/6. Two cases of particular interest are 64 QAM 4/5 compared with 256 QAM 3/5, and 64 QAM 3/4 compared with 256 QAM 1/2. These configurations provide the same bit rate but the C/Nmin is different. For 256 1/2, and 64 3/4, the 64 QAM option is better for any relative attenuation if rotated constellations is not used in 64 QAM. For 256 3/5 and 64 4/5, the 64 QAM option is better for low multipath channels, but the C/Nmin increases faster and at 3 dB echo both options performs equal, and at 0 dB echo 256 QAM is clearly better.

The type of multipath, pre-echo or post-echo, has little influence when short GI is used, but when long GI is used pre-echo multipath impairs more deeply the reception of the signal, specially for 256 QAM 4/5 and 5/6.

These figures are useful to observe the influence of the rotated constellations. In general, only when 0 dB echo is present the positive or negative gain is noticeable. 

3.12 SFN Gain

In many cases it is considered that due to the OFDM modulation used in DTT systems any multipath that arrives within the guard interval is a positive contribution to the signal, i.e. it is assumed that there is always a gain when using SFN due to higher received power. But as has been shown in the section before, the appearance multipath has the effect of impeding the demodulation of the OFDM signal, increasing the C/N needed for a proper reception, as shown in Fig. 6 and Fig. 7. 

In [6] a method of calculating the SFN gain (SFNG) is presented based in the variation of the quality of the signal, measured as MER. This method is intended to be used mainly in field trials. This study defines the SFNG in a much more direct way, as the difference between the increase of power that involves receiving signals from two transmitters and increased C / Nmin due to multipath. 

[image: image59.emf]
For example, in the extreme case of two signals coming from two transmitters that arrive with the same power (At=0dB), the increased level (∆P) is 3 dB, if the increase in C/Nmin compared to the Gaussian case is also 3 dB (approximately the values ​​for 64 2/3 or 256 3/5), the SFNG would be 0 dB. That is, for the receiver there is no difference between having coverage of only one transmitter or two. 

If the increase in C/Nmin is less than 3 dB there would be a positive if gain whilst an increase in the C/Nmin is higher than 3 dB the gain would be negative.

The SFNG have been represented in Figures 8-11, according to the measured values represented in Fig. 6 and Fig. 7. For simplicity only the results for configurations without rotated constellations have presented, as it has been shown that the performance is better in that case. 
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Fig. 8: SFN Gain, 64 QAM, GIF=1/128, PP7
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Fig. 9: SFN Gain, 64 QAM, GIF=1/16, PP4
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Fig. 10: SFN Gain, 256 QAM, GIF=1/128, PP7
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Fig. 11: SFN Gain, 256 QAM, GIF=1/16, PP4

The conclusion of the analysis of the figures is that in most cases the SFNG is negative, i.e. the increase in power does not compensate the greater difficulty in receiving multipath signals. Only for the lowest code rates, 1/2 and 3/5, the gain is slightly positive. We can also observe that for relative levels higher than 9 dB, the gain tends to 0 dB for all the measured configurations.

3.13 Pilot Patterns
Once the GI duration has been chosen according to the maximum delay spread expected, it is necessary to choose the PP from the options allowed. To test this configuration parameter a GIF of 19/256 has been selected because several reasons: 

•
It allows several PP options. 

•
The time-with of the channel is 89% of the Nyquist limit, which is longer than for other GIF options (75%). 

•
For 32K the GI duration is 266 s which is similar to the GI duration corresponding to 1/16 (224 s) used for many measurements of this study. 

The changes in the default configuration are: 

•
GIF: 19/256. 

•
FFT size and PP: 8K (PP4, PP5 and PP8), 16K (PP2, PP4, PP5 and PP8), 32K (PP2, PP4 and PP8). 

•
Rotated constellations: Used and not used. 

The parameters of the simulated channels are: 

•
Second path delay: 50%, 90%, 95%, 100% and 110 % of GI. 

•
Second path attenuation: 0 dB and 3 dB. 

•
Frequency shift: 0 and 1 Hz. 

Table 4, Table 5 and Table 6 show the obtained C/Nmin for 8K, 16K and 32K. 

The simulated channel is static, so the time repetition pattern of the scattered pilots should not have any influence in the results. For example, PP4 and PP5 have the same frequency pattern, but PP4 is two times denser in time and the results are very similar for both. On the other side, PP2 and PP4 have the same time pattern, but PP2 doubles the number of pilots in frequency, that is why PP2 performs better for large delay spread.

PP8 is a special pattern intended to be used with CD3 [1]. It should also work well for static channels, as in this case, but clearly for 32K, when the OFDM symbol is the longest one, the performance according to the results is really poor.

Table 4:  C/N min 8K

	
	Att
	Shift
	Path delay (%GI)

	PP
	dB
	Hz
	50%
	90%
	95%
	100%
	110%

	
	N.R
	R
	N.R
	R
	N.R
	R
	N.R
	R
	N.R
	R

	4
	0
	0
	20.8
	21.0
	21.6
	21.7
	–
	–
	–
	–
	–
	–

	5
	0
	0
	20.9
	21.0
	22.0
	22.0
	–
	–
	–
	–
	–
	–

	8
	0
	0
	21.2
	21.2
	22.4
	22.7
	21.8
	22.3
	21.5
	21.5
	–
	–

	4
	0
	1
	21.2
	21.3
	21.6
	21.8
	–
	–
	–
	–
	–
	–

	5
	0
	1
	21.5
	21.5
	21.8
	21.8
	–
	–
	–
	–
	–
	–

	8
	0
	1
	23.1
	23.0
	23.1
	23.1
	22.9
	23.0
	23.2
	23.2
	–
	–

	4
	3
	0
	19.9
	19.9
	20.4
	20.5
	30.9
	30.6
	–
	–
	–
	–

	5
	3
	0
	20.0
	20.0
	20.6
	20.5
	30.3
	30.0
	–
	–
	–
	–

	8
	3
	0
	20.3
	20.3
	20.2
	20.5
	20.3
	20.3
	20.4
	20.3
	23.2
	23.4

	4
	3
	1
	20.2
	20.3
	20.6
	20.7
	31.1
	30.9
	–
	–
	–
	–

	5
	3
	1
	20.2
	20.2
	20.6
	20.6
	31.3
	31.0
	–
	–
	–
	–

	8
	3
	1
	21.0
	21.0
	21.2
	20.9
	21.1
	20.9
	21.2
	21.0
	24.6
	24.7


Table 5: C/N min 16K

	
	Att
	Shift
	Path delay (%GI)

	PP
	dB
	Hz
	50%
	90%
	95%
	100%
	110%

	
	N.R
	R
	N.R
	R
	N.R
	R
	N.R
	R
	N.R
	R

	2
	0
	0
	20.8
	20.9
	20.8
	20.9
	20.8
	20.9
	20.9
	21.2
	27.6
	28.5

	4
	0
	0
	20.8
	20.9
	21.5
	21.6
	–
	–
	–
	–
	–
	–

	5
	0
	0
	21.0
	21.1
	21.7
	21.7
	–
	–
	–
	–
	–
	–

	8
	0
	0
	21.4
	21.4
	21.8
	21.8
	21.2
	21.2
	21.6
	21.5
	30.7
	30.9

	2
	0
	1
	21.2
	21.3
	21.2
	21.3
	21.2
	21.3
	21.4
	21.5
	29.5
	30.8

	4
	0
	1
	21.0
	21.2
	21.5
	21.6
	–
	–
	–
	–
	–
	–

	5
	0
	1
	21.7
	21.7
	22.0
	22.0
	–
	–
	–
	–
	–
	–

	8
	0
	1
	22.8
	22.9
	22.9
	22.9
	23.0
	22.9
	23.1
	23.0
	–
	–

	2
	3
	0
	19.9
	19.9
	19.9
	20.0
	20.0
	20.0
	20.2
	20.1
	22.6
	22.7

	4
	3
	0
	20.0
	20.0
	20.5
	20.5
	31.1
	31.3
	–
	–
	–
	–

	5
	3
	0
	20.0
	20.0
	20.5
	20.5
	30.3
	30.2
	–
	–
	–
	–

	8
	3
	0
	20.5
	20.6
	20.5
	20.2
	20.4
	20.6
	20.5
	20.4
	23.2
	23.3

	2
	3
	1
	20.3
	20.3
	20.3
	20.3
	20.3
	20.3
	20.4
	20.4
	23.2
	23.1

	4
	3
	1
	20.2
	20.2
	20.6
	20.6
	31.0
	30.8
	–
	–
	–
	–

	5
	3
	1
	20.3
	20.3
	20.8
	20.7
	33.0
	31.9
	–
	–
	–
	–

	8
	3
	1
	22.1
	22.1
	22.3
	22.3
	23.2
	23.1
	22.3
	22.2
	28.0
	27.8


Table 6: C/N min 32 K

	
	Att
	Shift
	Path delay (%GI)

	PP
	dB
	Hz
	50%
	90%
	95%
	100%
	110%

	
	N.R
	R
	N.R
	R
	N.R
	R
	N.R
	R
	N.R
	R

	2
	0
	0
	21.1
	21.1
	25.1
	29.0
	22.9
	–
	–
	21.7
	–
	–

	4
	0
	0
	20.9
	21.0
	21.5
	21.7
	–
	–
	–
	–
	–
	–

	8
	0
	0
	23.8
	22.8
	–
	24.9
	26.2
	–
	–
	–
	–
	–

	2
	0
	1
	21.4
	21.6
	24.3
	21.5
	27.2
	21.9
	23.9
	23.9
	–
	–

	4
	0
	1
	21.5
	21.6
	21.6
	21.7
	–
	–
	–
	–
	–
	–

	8
	0
	1
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–

	2
	3
	0
	20.3
	20.3
	20.2
	20.3
	20.3
	20.2
	20.3
	20.3
	–
	–

	4
	3
	0
	20.2
	20.2
	20.6
	20.7
	–
	–
	–
	–
	–
	–

	8
	3
	0
	22.4
	21.2
	21.6
	21.6
	21.1
	22.2
	24.0
	22.0
	–
	–

	2
	3
	1
	20.5
	20.5
	20.5
	20.5
	20.5
	20.5
	20.5
	20.5
	–
	25.5

	4
	3
	1
	20.3
	20.3
	20.8
	20.9
	–
	–
	–
	–
	–
	–

	8
	3
	1
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–


3.14 Conclusions

The presence of multipath means higher C/N minimum requirements compared with Gaussian channel. The 0 dB echo channel is a big impairment for the reception of the DVB-T2 signal, but fortunately very unusual with rooftop antenna reception. This standard provides some features to improve the reception in such conditions, but the gain obtained with those features is not always as big as expected (some times negative) it and could largely depend on the receiver implementation. For example, more measurements should be performed to analyze the performance of 64 QAM in combination with rotated constellations using other different receivers, as it is very likely that all the tested STBs use the same DVB-T2 decoder chip-set.

The values presented here can be used as a guide to help broadcasters and regulatory bodies to choose the DVB-T2 parameters for several receptions scenarios and to estimate the C/Nmin to be used for network planning.
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4 DVB-T2 Mobile Performance (ITEAM-UPVLC)
While DVB-T2 primarily targets fixed and portable reception, its enhanced robustness and high degree of flexibility is well suited to mobile environments as well. DVB-T2 implements a highly flexible time interleaving that supports sub-slicing, inter-frame interleaving and frame hopping in order to provide different trade-offs between time diversity, latency and power saving [1]. Fixed services in DVB-T2 can sacrifice time diversity in order to reduce the latency whereas mobile services can benefit from increased time diversity or power saving at the expense of additional delay.

Nevertheless, the simultaneous provision of static and mobile DVB-T2 services in the same frequency channel is limited by the fact that the fast Fourier transform (FFT) size and the pilot pattern have to be defined for the entire DVB-T2 transmission. Static services are generally transmitted with large FFTs and sparse pilot patterns in order to achieve a high spectral efficiency in static channels. However, reception

at high velocities requires the utilization of smaller FFTs and more dense pilot patterns to cope with the inter-carrier interference (ICI) that is caused by the Doppler spread. In order to improve the coexistence of static and mobile services in DVB-T2, the DVB is expected to publish a T2-lite specification based on the DVB-T2 standard. The main objective of the new specification is to allow multiple FFT modes and pilot patterns to be employed in the same frequency channel by means of future extension frames (FEF). FEFs

can be multiplexed along with regular T2 frames without impacting the operation of legacy DVB-T2 receivers. This way, T2-lite services can be transmitted in FEFs with small FFTs and dense pilot patterns while traditional static DVB-T2 services can still benefit from large FFTs and sparse pilot patterns. In addition, the new specification also aims at reducing the complexity of T2-lite receivers by decreasing

the size of the time de-interleaving memory (TDI memory), and by limiting the transmission parameters to a subset of the DVB-T2 standard. Lower code rates originated from the DVB-S2 (Satellite 2nd generation) standard are also included in the new specification as a way to extend the coverage of T2-lite services.

Although the physical layer of DVB-T2 can provide interleaving durations up to several seconds, the provision of long time interleaving is limited by the channel change time and the amount of time de-interleaving memory (TDI memory) memory in receivers. The time interleaving included in the physical layer of DVB-T2 does not support fast zapping and hence, the channel change time is proportional to the interleaving duration. Usually, it is considered that channel change times longer than 2 seconds are felt as annoying, whereas less than 500 ms are seen as instantaneous [2]. On the other hand, the amount of TDI memory in DVB-T2 receivers is defined by the standard to approximately 219 cells, which is not sufficient to sustain long interleaving durations (e.g. 10 seconds) for typical mobile TV data rates. This limitation is especially significant in the context of the future T2-lite specification, which is expected to reduce the amount of TDI memory in receivers down to approximately 218 cells.

The work presented in this document describes in detail all the relevant aspects related to the use of time interleaving in DVB-T2. Regarding the simulation results, we have obtained the performance gain achieved by means of time interleaving such as inter-frame interleaving and sub-slicing. In conjunction with these mechanisms, we have also evaluated the impact of reduced TDI memory and Alamouti-based MISO.

4.1 DVB-T2 Overview
4.1.1 Data Path
DVB-T2 incorporates a large number of new features over DVB-T in order to provide better robustness, capacity and flexibility [3] As with its predecessor, DVB-T2 is based on orthogonal frequency-division multiplexing (OFDM). FFT modes with sizes of 1K, 4K, 16K and 32K OFDM sub-carriers have been added to the original 2K and 8K modes in order to provide a wider selection of network configurations. The utilization of larger FFTs increases the capacity of the system for the same absolute value of the guard interval, as a higher proportion of the OFDM symbols can be devoted to the transport of data. On the other hand, increasing the FFT size has a negative impact in the Doppler performance as a result of the shorter separation between sub-carriers. Compared to DVB-T, it is also possible to transmit more bits in each sub-carrier by means of 256QAM, which has been added to QPSK, 16QAM and 64QAM. The overhead due to channel sampling is also reduced in DVB-T2 by means of multiple pilot patterns. While DVB-T employs a single pilot pattern, DVB-T2 defines 8 different patterns depending on the selected FFT mode and guard interval. This allows the provision of sufficient channel estimation according to the reception scenario while minimizing the pilot overhead. The overhead due to pilot sub-carriers has been reduced compared to DVB-T from 10.6% down to 1.35%, 2.35%, 4.35% or 8.35%, depending on the selected pilot pattern. Additional techniques such as extended carrier modes and peak-to-average power ratio (PAPR) reduction techniques can also be used in DVB-T2 to increase the capacity and improve the RF power-amplifier efficiency respectively [4].

DVB-T2 signals are arranged as a sequence of T2 frames, which extend across several OFDM symbols and can be configured with a maximum length of 250 ms. Future extension frames (FEFs) have been also included in the standard in order to allow the introduction of future services in DVB-T2 transmissions (e.g. T2-lite and DVB-NGH (Next Generation Handheld) services). FEFs can be transmitted between T2 frames in a backwards compatible way, i.e. in such a way that the legacy DVB-T2 receivers are not impacted by the introduction of FEFs. Legacy receivers that are not compatible with the service carried within the FEFs can ignore their reception and wait until the arrival of the next compatible T2 frame.

Regarding channel coding, DVB-T2 inherits the FEC coding scheme from DVB-S2 based on the concatenation of LDPC (low density parity check) and BCH (Bose Chaudhuri Hocquenghem) codes. There are six code rates (1/2, 3/5, 2/3, 3/4, 4/5 and 5/6) and two different FEC word lengths (16200 and 64800 bits) supported in DVB-T2 for the data path. The combined use of LDPC and BCH codes improves the robustness of the transmitted signal compared to the convolutional and Reed-Solomon codes used in DVB-T. The increased robustness provided by the new channel coding can be traded for greater capacity by means of higher code rates and/or higher order constellations. A bit interleaving and a bit-to-cell demultiplexer are placed after the FEC coding in order to assigned the bits of the LDPC codewords to the constellation points of 16QAM, 64QAM and 256QAM constellations. DVB-T2 also includes rotated constellations in order to provide additional robustness [5]. After the symbol mapping, cell, time and frequency interleavers are placed in order to ensure an uncorrelated error distribution within the FEC codewords in time and frequency selective channels. DVB-T2 also incorporates a distributed MISO technique that operates across the antennas of different transmitters in order to improve the reception in single frequency networks (SFN). The distributed MISO scheme included in DVB-T2 employs a modified Alamouti code [6] performed in the frequency direction.

While DVB-T was entirely based on the transmission of MPEG-2 transport streams (TS), DVB-T2 also supports generic streams (GS) as input format. The utilization of generic streams provides a more efficient encapsulation of IP packets and results in less overhead due to packet headers. TS or GS packets are encapsulated inside baseband frames (BB frames) before being modulated and transmitted over the air. Each BB frame constitutes a FEC codeword that is independently encoded by the LDPC and BCH codes. The FEC blocks that result from LDPC and BCH encoding have a fixed size of 16200 or 64800 bits depending on the selected LDPC word length.

DVB-T2 introduces the utilization of PLPs in order to achieve per-service specific robustness. In this regard, DVB-T2 defines two different PLP transmission modes. While input mode A only supports the transmission of a single PLP, input mode B allows multiple PLPs to be transmitted in the same frequency channel. In the first case, the different services are multiplexed into one data stream (e.g. TS or GS) and are transmitted in the same PLP over the air. In the second case, each PLP carries one data stream and can be transmitted with a particular set of transmission parameters, including the constellation, the code rate and the time interleaving configuration. Generally, the different PLPs are multiplexed in time slices within the T2 frames.

4.1.2 Signalling Path
Layer 1 (L1) signalling in DVB-T2 is transmitted inside preamble symbols known as P1 and P2 at the beginning of each T2 frame [7]. The P1 symbol is the first OFDM symbol transmitted in the T2 frames, and is intended for fast identification of available T2 signals. At the same time, it also enables the reception of the P2 symbols in a very robust way. P2 symbols are transmitted right after the P1 symbol and carry the L1 signalling. The number of P2 symbols per T2 frame is given by the FFT mode (e.g. 2 P2 symbols are used in the 8K FFT mode).

The L1 signalling transmitted in the P2 symbols can be divided in L1-pre and L1-post signalling. The L1-pre signalling enables the reception of the L1-post signalling and is always transmitted with BPSK (Binary Phase Shift Keying) modulation and code rate 1/5. The L1-post signalling enables the reception of the actual data and is transmitted with modulations BPSK, QPSK, 16QAM or 64QAM and code rate 1/2. L1 signalling is protected by the same BCH and LDPC codes used for the data path. In this case, only the short LDPC code (i.e. 16200 bits) can be selected. Shortening and puncturing is used to adjust the LDPC code to the amount of L1-post information to be transmitted. The codewords containing the L1 signalling information are uniformly distributed over all the P2 symbols of one T2 frame in order to maximize the time diversity. Nevertheless, this accounts for an interleaving duration of just several miliseconds, which may not be sufficient in mobile scenarios.

4.2 Time Interleaving in DVB-T2
4.2.1 Data Path
The time interleaver in DVB-T2 consists on a block interleaver that operates on sets of cells referred to as time interleaving blocks (TI blocks). Each TI block corresponds to a different utilization of the TDI memory and is interleaved as a whole by the block interleaver. Since only one TI block is interleaved at a time by the time interleaver, no time interleaving exists between different TI blocks. As a result, the interleaving duration provided by time interleaving in DVB-T2 is equal to the period of time that passes from the transmission of the first and last OFDM symbol carrying cells from the same TI block. Due to the fact that time interleaving in DVB-T2 is performed on a PLP basis, the maximum interleaving duration is limited by the data rate of the PLP and the amount of TDI memory available in receivers. Since the time interleaver is located after the FEC encoder and operates with cells instead of bits, the interleaving duration also depends on the code rate and the constellation. The maximum interleaving duration in DVB-T2 can be computed as:
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where TDI is the amount of TDI memory, CR is the code rate,  is the number of symbols in the constellation (e.g., 4 for QPSK), and Rb is the PLP data rate (in bps). The available memory in DVB-T2 receivers for time de-interleaving purposes has been set by the standard to approximately 219 cells as a compromise between interleaving capabilities and memory size. In Fig 1 it is shown the maximum PLP data rate that is supported in DVB-T2 for different combinations of constellations and code rates. As can be seen in the figure, long interleaving durations (e.g. 10 seconds) cannot be achieved for typical mobile TV data rates. It should be noted that in the case of T2-lite, the TDI memory is limited to approximately 218 cells and hence, the maximum supported PLP data rate shown in Fig. 1 would be halved for any given interleaving duration.

The PLP data rate is determined in a major way by the PLP input mode. The utilization of input mode B divides the overall data rate among different PLPs. This way, each PLP ends up with a lower individual data rate and can be transmitted with a longer interleaving duration. On the contrary, input mode A collects the entire data rate in a single PLP, which decreases the maximum interleaving duration that can be applied.

interleaving frames have been processed by the time interleaver, they are mapped to T2 frames for transmission. Depending on the PLP data rate, the amount of data in one T2 frame may exceed the available [image: image115.png]


TDI memory. In this case, the interleaving frame cannot be de-interleaved as a whole, and it must be partitioned in multiple TI blocks so that each TI block can be processed separately by the time de-interleaver. This allows the transmission of PLPs with a higher data rate, but decreases the maximum interleaving duration as a result. The partition of the interleaving frames in multiple TI blocks is common in the case of input mode A, due to the transmission of a single higher data rate PLP. The arrangement of FEC blocks for time interleaving is illustrated in Fig. 2. In this case, one interleaving frame is partitioned into three different TI blocks that are interleaved by the time interleaver one after the other.

DVB-T2 allows inter-frame interleaving, frame hopping and sub-slicing when mapping the interleaving frames to the T2 frames. Inter-frame interleaving is achieved when one interleaving frame is transmitted across multiple T2 frames. This is only allowed when the interleaving frame has been interleaved as a single TI block. By means of inter-frame interleaving it is possible to extend the interleaving duration beyond one T2 frame. It must be noted that the maximum interleaving duration is always limited by Eq. (1). An example of inter-frame interleaving is illustrated in Fig. 3 (top), where one interleaving frame is mapped to be transmitted in three T2 frames.

PLPs configured to perform frame hopping are not transmitted in every T2 frame but only in a subset of frames regularly distributed over time. The separation between frames carrying information from one PLP is referred to as the frame interval. A frame interval of two T2 frames is represented in Fig. 3 (centre).

DVB-T2 distinguishes between two different types of PLPs according to the number of time slices per frame. While PLPs type 1 are always carried in a single time slice per frame, the PLPs type 2 can be carried in multiples sub-slices. The latter case is known as sub-slicing. Inside the T2 frames, the PLPs type 1 are transmitted prior to the transmission of the PLPs type 2. Although the number of sub-slices per T2 frame is configurable, it is the same for every PLP type 2 carried in the same set of frames. If the number of sub-slices is high enough, the information from each PLP type 2 is transmitted continuously over time within the frames. Only certain values of sub-slicing and combinations with inter-frame interleaving are allowed in the standard. This is due to signalling issues and undesirable interactions with the frequency interleaver that may result in the loss of frequency diversity. It should be noted that the maximum number of allowed sub-slices decreases with higher values of inter-frame interleaving. The transmission of three sub-slices per T2 frame is illustrated in Fig. 3 (bottom).[image: image116.emf]0 2 4 6 8 10

0

200

400

600

800

1000

1200

1400

1600

1800

Interleaving Duration (s)

Maximum Bitrate (kbps)

 

 

16QAM CR 5/6

16QAM CR 2/3

16QAM CR 1/2

QPSK CR 5/6

QPSK CR 2/3

QPSK CR 1/2


4.2.2 Signalling Path
The L1 signalling transmitted in the P2 symbols does not feature time interleaving, and the interleaving duration is restricted to several miliseconds. DVB-T2 includes two mechanisms for increasing the robustness of the L1 signalling known as L1 repetition and in-band signalling. The former increases the robustness of the L1 signalling by transmitting in each T2 frame the signalling information that corresponds to the current and the next T2 frame. The latter transmits the L1 signalling embedded in the data path so that it possesses the same robustness as the data. In particular, when in-band signalling is used, the first BB frame of each interleaving frame carries the L1 signalling corresponding to the next interleaving frame. This way it is possible to improve the continuous reception of the service without the need of receiving the P2 symbols. Although the utilization of L1 repetition and in-band signalling introduces a delay in transmission of one T2 frame and one interleaving frame respectively, it does not result in an increase of the channel change time.

4.2.3 Time Diversity – Latency Tradeoff
The time interleaver included in DVB-T2 does not support fast zapping, and short channel change times cannot be achieved with long time interleaving. When switching to a new PLP, DVB-T2 receivers have to wait until the complete reception of one entire TI block before they can de-interleave and process the FEC blocks. Consequently, the channel change time is proportional to the interleaving duration. The longer the interleaving duration, the longer the receivers must wait prior to the de-interleaving of the TI blocks. 

In the case of PLPs type 1, all the cells are transmitted contiguously in one single time-slice within the T2 frames. As a result, the intra-frame interleaving duration is limited by the maximum number of cells that fit in the TDI memory. In the case of 219 cells, this corresponds to approximately 100 ms. On the contrary, PLPs type 2 employ sub-slicing to spread the cells across the T2 frame and in this case, the interleaving duration is limited by the T2 frame length (up to 250 ms).
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Inter-frame interleaving can be used with PLPs type 1 and PLPs type 2 to extend the interleaving beyond the duration of one T2 frame. By means of inter-frame interleaving it is possible to achieve interleaving durations up to several seconds at the expense of increased channel change time. 

Frame hopping on the other hand increases the channel change time as it delays the transmission of information between non-consecutive T2 frames. In addition, it may result in an improvement of the intra-frame interleaving. When frame hopping is used, the information from the PLPs must be buffered during one frame interval before it can transmitted over the air. This increases the amount of information to be transmitted in one T2 frame, which results in a higher TDI memory utilization and longer interleaving durations when sub-slicing is not employed. 

Assuming that sub-slicing is used, the average channel change time that a receiver must wait until the complete reception of the first interleaving frame can be computed as:
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where Tint is the interleaving duration and Twait is the average period of time until the arrival of the first T2 frame carrying the beginning of an interleaving frame. The value of Twait is given by:
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where Tframe is the duration of the T2 frame, FI is the frame interval and IF is the inter-frame interleaving. On the other hand, Tint can be computed as:
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In Figures 4 and 5 we represent the average channel change time and the interleaving duration respectively with different combinations of frame hopping and inter-frame interleaving, and for T2 frames of 250 ms and 50 ms. It must be noted that channel change times above 2 seconds are perceived as annoying [2]. As can be seen in the figure, the utilization of inter-frame interleaving and frame hopping increases both the interleaving duration and the channel change time in a significant manner. Although higher values of inter-frame interleaving and frame hopping are required to achieve any given interleaving duration in the case of short T2 frames, the resulting average channel change time is approximately the same as with long frames.[image: image118.wmf]PLP 
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4.2.4 Time Diversity – Power Saving Tradeoff
DVB-T2 receivers can switch-off their RF components during the periods of time between time slices of the same PLP in order to reduce the power consumption. From a power saving point of view, each PLP should be transmitted in one single time slice of information inside the T2 frames. The main reason for this is that due to synchronization issues, receivers need to wake up a certain period of time prior to the actual reception of each time slice. On the other hand, the transmission of multiple sub-slices per T2 frame results in a more even distribution of information and achieves a higher time diversity. In fact, the maximum time diversity is achieved when the services are transmitted continuosly over time.

If the number of sub-slices is high enough, receivers cannot perform power saving, and they must have their RF components switched on during the entire T2 frame. If frame hopping is enabled, receivers can still achieve power saving by skipping the reception of entire T2 frames and switching off their front-ends until the arrival of the next frame with PLP information. This way it is possible to perform power saving even when the PLPs are transmitted continuously within the T2 frames.

The duration of the time slices inside a T2 frame is given by:
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where Ncells is the number of cells from the same PLP to be transmitted in the T2 frame, Ndata is the amount of data carriers per OFDM symbol, Nslices is the number of sub-slices per T2 frame and Tsymbol is the duration of the OFDM symbols. In turn, the power consumption in DVB-T2 can be computed as:
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where Nslices is the number of slices in one T2 frame, Tsynchro is the time required for synchronization, Tslice is the duration of one slice, FI is the frame interval and Tframe is the duration of the T2 frame.

In Fig. 6 we illustrate the impact of sub-slicing and frame hopping in the power saving capabilities of DVB-T2 receivers. We have represented the case with T2 frame lengths of 250 ms and 50 ms. It must be noted that some of the values of sub-slicing represented in the figure are not allowed in the standard for certain configurations. We have assumed the maximum utilization of the TDI memory (up to 219 cells), 6208 data sub-carriers per OFDM symbol and an OFDM symbol duration of 1.12 ms. We have also considered a synchronization time of 15 ms, which is presented in [8] as a typical value of fast synchronization schemes. 

In the case of long T2 frames, the power saving decreases with the number of sub-slices until a certain saturation value. At this point receivers must be powered on during the entire T2 frame due to the additional synchronization time and thus, power saving does not decrease further with the number of sub-slices. On the contrary, if short T2 frames are used, each frame may be filled with information from one PLP without the need of sub-slicing. In this case, frame hopping is required not only to obtain power saving, but also to multiplex multiple PLPs in the same frequency channel. Each PLP is therefore transmitted in a subset of T2 frames regularly placed over time, while the rest of frames carry information from different PLPs. This ressembles the transmission of services in DVB-H.
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Performance Evaluation Methodology
We have investigated the use of time diversity in DVB-T2 by means of computer simulations. Table 1 shows the simulation parameters. We have selected the BB FER (Baseband Frame Error Rate) 1% as quality of service (QoS) criterion at the physical layer. Bit error ratios (BER) were used to evaluate the system performance in the standardization process of DVB-T2. More specifically, the QoS criterion followed was a BER of 10-7 after LDPC decoding [4]. However, BER criterions only indicate the percentage of erroneous bits and are not a proper indicator of the QoS seen by upper layers.

The simulations employ the 6-taps typical urban (TU6) channel model, which is representative of mobile reception in fast fading scenarios for Doppler frequencies above 10 Hz. The TU6 channel model has been widely used in the performance evaluation of mobile TV systems like DVB-H [10]. For the MISO simulations we have considered the SFN TU6 channel model. This model has been proposed in the standardization process of DVB-NGH for the evaluation of mobile reception in SFNs [11]. Each transmitter in the SFN is modelled as one independent TU6 profile so that the total mobile SFN channel is the sum of all individual and independent TU6 channel models, each having a unique power level and delay.

In order to investigate the influence of shadowing, we have assumed a user moving at constant velocity across a log-normal carrier-to-noise (CNR) map with mean of 0 dB defined by its standard deviation  and correlation distance dcorr. The user velocity is given by the Doppler frequency fd and the carrier frequency frf. In the simulations we have used Doppler frequencies of 10 Hz and 80 Hz with a carrier frequency of 600 MHz, which correspond to user velocities of 18 km/h and 144 km/h respectively. The shadowing model outputs CNR values that are used in the TU6 simulations as the average CNR over time. This way it is possible to combine the presence of fast fading and shadowing in the received signal.

4.4 Simulation Results
4.4.1 Fast Fading – Data Path

[image: image120.emf]1 2 3 4 5 6 7 8 9 10

0

2

4

6

8

10

Inter-Frame Interleaving

Interleaving Duration (s)

 

 

FI=4 Tf=250ms

FI=3 Tf=250ms

FI=2 Tf=250ms

FI=1 Tf=250ms

FI=4 Tf=50ms

FI=3 Tf=50ms

FI=2 Tf=50ms

FI=1 Tf=50ms

We first evaluate the mobile performance of DVB-T2 with intra-frame interleaving, i.e. when the interleaving duration does not exceed the T2 frame length (up to 250 ms). Fig. 7 shows the required CNR at BB FER 1% for interleaving durations ranging from 10 ms to 250 ms. It must be noted that in the case of intra-frame interleaving with 219 cells of TDI memory, it is not possible to achieve interleaving durations higher than 100 ms without the use of sub-slicing (50 ms in the case of T2-lite). This value is only obtained when the entire TDI memory is filled with information and generally, the interleaving duration without sub-slicing is considerably lower. On the contrary, if sub-slicing is enabled, interleaving durations higher than 100 ms can be easily obtained by setting the T2 frame length accordingly. As can be seen in Fig. 7, the difference between an intra-frame interleaving duration of 10 ms and 250 ms is approximately 3.5 dB in the case of 10 Hz of Doppler and 2.5 dB in the case of 80 Hz. These results represent a very significant gain, and justify the use of sub-slicing in mobile escenarios.

[image: image121.emf]0 5 10 15

0

10

20

30

40

50

60

70

80

90

Sub-slicing

Power Saving (%)

 

 

FI=4 Tf=250ms

FI=3 Tf=250ms

FI=2 Tf=250ms

FI=1 Tf=250ms

FI=4 Tf=50ms

FI=3 Tf=50ms

FI=2 Tf=50ms

FI=1 Tf=50ms

[image: image122.emf]0 50 100 150 200 250

2

4

6

8

10

12

14

Interleaving Duration (ms)

CNR at BB FER 1% (dB)

 

 

16QAM 10Hz

16QAM 80Hz

QPSK 10Hz

QPSK 80Hz

The performance of sub-slicing in conjunction with inter-frame interleaving is illustrated in Fig. 8, where we show the results for inter-frame interleaving values ranging from one to six T2 frames. This corresponds to interleaving durations from 250 ms to 1.5 s in steps of 250 ms. It should be noted that the results lack the case with four T2 frames, as it is not allowed in the standard for the short LDPC code and 16QAM. Regarding sub-slicing, we have employed the maximum value allowed by the standard for each configuration.

In the case of 219 cells of TDI memory, the gain achieved by sub-slicing ranges from 1.5 dB down to 1 dB, and generally decreases with higher values of Doppler and inter-frame interleaving. In the case of 218 cells, the gain ranges from 2.5 db down to 1 dB. The results show that  the reduced TDI memory does not impact the system performance as long as sub-slicing is used. Otherwise, a degradation up to 1 dB can be expected in low Doppler scenarios. 

On the other hand, the gain achieved by an inter-frame interleaving up to six frames (i.e. 1.5 s) varies between 2.5 dB and less than 0.5 dB. As can be seen, the performance of inter-frame interleaving is heavily conditioned by the use of sub-slicing, the TDI memory and the Doppler. In particular, the gain due to inter-frame interleaving becomes significant in low Doppler scenarios, especially if sub-slicing is not used and with reduced TDI memory.

In Fig. 9 we show the mobile performance of DVB-T2 when MISO is used in conjuntion with inter-frame interleaving and sub-slicing. We have considered no power imbalance or delay between transmitters in the SFN TU6 channel. This represents the case of maximum spatial diversity in an SFN network. It should be noted that the diversity obtained by means of Alamouti-based MISO is equal to applying maximal-ratio receiver combining (MRRC) with two antennas at the receiver [6]. Therefore, the results of Fig. 9 also correspond to the performance obtained with one transmitting and two spatially separated receiving antennas (single-input multiple-output, SIMO), except for an offset of 3 dB due to the power loss. The utilization of two receiving antennas results in an array gain of 3 dB due to the coherent combination of signals. Array gains cannot be obtained with multiple transmitting antennas when there is no channel state information available at the transmission side (e.g. broadcasting systems). The utilization of SIMO is very interesting in the context of vehicular reception, where multiple antennas with sufficient spatial separation can be easily implemented at the receiver side.

From the figures we can see that the utilization of MISO provides a gain between 1 dB and 1.5 dB depending on the Doppler frequency and the interleaving duration. In particular, this gain decreases for longer interleaving durations and higher Doppler values. In the fast fading scenario, both time and space diversity benefit from the selectivity caused by multi-path propagation. Due to the diminishing returns of diversity, the great availability of diversity in the time domain may decrease the impact of additional diversity in the spatial domain, and vice versa.
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Fast Fading – Signalling Path

The frame error rate curves of the L1-post signalling with and without L1 repetition are plotted in Fig. 10. These results are very similar to those presented in [7]. Small differences are caused by the fact that we have assumed full ocupation of the LDPC codewords and hence, no puncturing or padding has been performed in the encoding process.

From the figures we can see that the gain due to L1 repetition is equal to 2 dB in the case of 80 Hz of Doppler and equal to 3 dB in the case of 10 Hz. If we compare the performance of Fig. 10 with the results of Fig. 9, we can see that the use of L1 repetition in the signalling path ensures a higher robustness than the data path as long as the signalling is transmitted with BPSK constellation. For example, in Fig. 9 it is shown that the data path transmitted with QPSK and code rate 1/2 can achieve reception at BB FER 1% with approximately 3.0 dB of CNR for 10 Hz of Doppler and with 2.5 dB for 80 Hz. From Fig. 10 we can see that reception of the L1-post signalling at FER 1% can be achieved with approximately 1 dB lower. 

The previous results represent the worst case scenario in which the data path is transmitted with the most robust constellation (QPSK) and code rate (1/2). If the data path is transmitted with a less robust configuration, the difference between the robustness of the signalling and the data path increases. For example, if 16QAM and code rate 1/2 are used for the data path, according to Fig. 9 reception at BB FER 1% is possible with 8 dB of CNR for 10 Hz of Doppler and with 7.5 dB for 80 Hz. In this case, it is possible to transmit the L1-post signalling with QPSK instead of BPSK and still achieve a higher robustness than the data path.
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The main difference between the results presented here and those from [7] is the utilization of Genie aided demapping in the later case. Genie aided demapping emulates the ultimate performance of iterative decoding and demapping. In conjunction with rotated constellations, Genie aided demapping can achieve gains up to several dBs depending on the constellation and code rate [5]. On the other hand, rotated constellations are not allowed for the L1 signalling and hence, the utilization of Genie aided does not provide any significant gain. Because of this, the results presented in [7] depict a pessimistic performance of the signalling path compared to the data path. Due to the fact that Genie aided demapping does not represent the true performance expected with actual hardware, the results shown in this document are presumably closer to real life performance.

4.4.3 Shadowing – Data Path

Fig. 11 illustrates the performance of the system when shadowing is also taken into account. We have represented the results for increasing values of inter-frame interleaving that correspond to interleaving durations up to approximately 10 seconds. In each configuration we have employed the maximum sub-slicing value allowed by the standard. Contrary to the fast fading scenario, the utilization of inter-frame interleaving achieves important gains in the presence of shadowing. In particular, 10 s of interleaving provide a gain of 4 dB in the case of 10 Hz of Doppler and a gain of 9 dB in the case of 80 Hz. From Fig. 11 we can see that the Doppler frequency has a significant impact in the performance of inter-frame interleaving. Users moving at higher velocities employ less time passing through the shadow of building and trees and experiment a higher time diversity as a result. It must be noted that although the use of inter-frame interleaving involves a significant improvement in shadowing scenarios, the lack of fast zapping support at the physical layer of DVB-T2 limits its utilization due to channel change time issues.

4.4.4 Shadowing – Signalling Path

The frame error curves of the L1-post signalling in the presence of fast fading and shadowing are plotted in Fig. 12. According to the results, the gain due to L1 repetition is approximately 3 dB for 10 Hz of Doppler and 4 dB for 80 Hz. Although this represents a very significant gain, if we compare these results with Fig. 11, we can see that the use of L1 repetition no longer ensures a higher robustness of the signalling over the data path. The utilization of inter-frame interleaving in high mobility scenarios (i.e. vehicular reception) may result in very large gains that cannot be achieved by means of L1 repetition. It must be noted that low diversity scenarios do not present this problem, as the gain achieved by means of inter-frame interleaving does not usually provide a higher robustness than the signalling path.

For example, in the case of 80 Hz of Doppler, reception of L1-post signalling at FER 1% can be achieved with 9 dB of CNR if BPSK and L1 repetition is used. In the case of QPSK and code rate 1/2, interleaving [image: image125.emf]1 2 3 4 5 6
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durations longer than 2 s in the data path allow the reception at BB FER 1% with CNR values lower than 9 dB. On the contrary, if a less robust transmission mode such as 16QAM and code rate 1/2 is employed for the data path, the use of inter-fame interleaving cannot achieve reception with a CNR lower than 9 dB. 

In scenarios where the robustness of the signalling path is not sufficient compared to the data path, it is necessary to rely on in-band signalling in order to ensure the continuous reception of the service. This way, the L1 signalling can benefit from inter-frame interleaving and possess the same robustness as the data. Nevertheless, reception of the L1 signalling in the P2 symbols is still necessary the first time the user starts receving the service or after a signal outage. In this case, the user has to wait until being in good reception conditions before reception can begin or resume after the event of a signal outage. From Fig. 12, we can see that reception of the L1-post signalling with L1 repetition is still possible at FERs lower than 10% with a CNR higher than 5 dB.

4.5 Conclusions
In this document we have investigated the use of time diversity in mobile DVB-T2 systems. The standard incorporates a very flexible time interleaving scheme that allows multiple tradeoffs in terms of time diversity, latency and power saving by means of inter-frame interleaving, frame hopping and sub-slicing. Inter-frame interleaving can provide interleaving durations up to several seconds at the expense of a significant increase in the channel change time. On the other hand, the use of sub-slicing results in an important improvement of the intra-frame interleaving by transmitting the information in a more even way within the T2 frames. Although the utilization of sub-slicing does not impact the channel change time in a significant way, it may reduce the power saving capabilities of DVB-T2 receivers. Lastly, frame hopping can enable power saving even when the information is transmitted continuously inside the T2 frames by means of sub-slicing.

Our investigation shows that the utilization of sub-slicing is highly benefitial in fast fading scenarios, and can achieve gains up to 4 dB in the case of intra-frame interleaving. Inter-frame interleaving on the other hand can only obtain gains up to 1 dB when used in conjunction with sub-slicing, and its utilization in this case seems better suited to low velocity reception. In order to evaluate the performance of the future T2-lite especification, we have also considered reception with reduced time de-interleaving (TDI) memory. In particular, we have considered half of the TDI memory defined in the DVB-T2 standard (i.e. 218), which is the amount mandated in T2-lite. The results show that the reduction in the TDI memory does not degrade the system performance as long as sub-slicing is employed. Otherwise, a degradation up to 1 dB can be expected in low Doppler scenarios.

As opposed to the case of fast fading, the utilization of inter-frame interleaving achieves very important gains in shadowing scenarios. Specifically, gains up to 4 dB and 9 dB can be obtained with 10 s of interleaving depending on the user mobility. Nevertheless, the lack of fast zapping support at the physical layer prevents the utilization of inter-frame interleaving for long interleaving durations due to channel change time issues. 

Regarding the robustness of the signalling in mobile channels, our simulations show that the utilization of L1 repetition and BPSK modulation in the signalling path ensure a higher robustness than the data path in the case of fast fading. If a less robust configuration than QPSK and code rate 1/2 is employed for the data path, it may be possible to use higher order constellations than BPSK for the signalling path and still achieve a higher robustness.

On the contrary, the robustness of the L1 signalling carried in the P2 symbols may not be sufficiently high in shadowing escenarios when compared to the data path. Due to the large gains achieved by inter-frame interleaving, the use of L1 repetition may no longer ensure a higher robustness when the data path is transmitted with the most robust transmission modes. In this case, the transmission of the L1 signalling has to rely on in-band signalling to ensure the continuous reception of the service. Since the regular L1 signalling transmitted in the P2 symbols is still necessary at the beginning of the reception or after a signal outage, the user does not have other choice but to wait until being in good channel conditions before it is possible to begin or resume the service.
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Abstract 

This document studies the DVB-T2 performance in mobile urban scenarios. A procedure for testing DVB-T2 mobile reception is presented. The main goal of the procedure is to reduce and simplify the measurement and processing stages, which are especially critical in the non-stationary and heterogeneous conditions of urban mobile reception. This procedure has been applied in the field trials carried out in the city of Vitoria-Gasteiz (Spain) in summer 2010. Different DVB-T2 configuration modes in urban mobile reception have been tested and some results, in terms of C/N thresholds, are presented.
5.1 Introduction
The development of information and communications technologies and new habits of audiovisual content have driven the need to define new broadcasting standards that allow for such a social evolution. Terrestrial handheld reception has been developed by the European DVB project in DVB-H standard [1]. DVB-H derived from the successful DVB-T standard [2] improving DVB-T limitations for mobile signal reception. 

In 2009, DVB finalized the development of the second generation terrestrial transmission system DVB-T2 [3]. DVB-T2 is the new DVB standard for DTT. It allows the simultaneous transmission of multiple services, each one with a different configuration, and thus, with different robustness and quality. This permits new type of reception scenarios for these digital terrestrial signals, like mobile and handheld pedestrian reception scenarios, so DVB-T2 can be used for providing both fixed and mobile services within the same channel thanks to the number of configurations supported.
Although, this new standard has been fundamentally designed for fixed reception (receiver devices with rooftop and set-top antennas), the DVB-T2 reception is also feasible in portable and mobile devices (PCs, laptops or in-car receivers).
The new standard includes improved techniques, such as rotated constellations, new modulation schemes, FFT sizes and guard intervals (GI). More configuration modes were also included in DVB-T2 comparing to its predecessor, some of them improving mobile/pedestrian reception of the signal. Therefore it is important to test DVB-T2 performance in order to efficiently apply such capabilities 

The work presented in this document focuses on the complex urban mobile environment and presents a performance evaluation for mobile DVB-T2 reception in such specific scenario. Signal reception is affected by multipath, which changes along time due to the receiver travelling around the buildings. It is also important to point out other factors typical of urban reception environment such as traffic, speed change due to traffic lights and pedestrian crossings, etc., which should be taken into account in the measurement and data processing procedure.

The procedure presented in the document has been validated with real DVB-T2 measurements carried out in urban environments at different reception speeds. Received signals have been recorded as IQ samples, allowing for off-line processing and analysis methodologies such as the one presented in [4].

This methodology is also valid for performance evaluation of other digital broadcasting systems designed for mobile urban reception, such as T2-Lite, the new profile of DVB-T2 for mobile reception, or the DVB-NGH system.
5.2 DVB-T2 for Mobile Reception 

DVB-T2 adopted technical functionalities mainly from DVB-T [2] and DVB-S2 [5]. Compared to DVB-T, the new system offers significantly improved performance in mobile channels. 

DVB-T2 coding schemes greatly outperforms the FEC techniques used in DVB-T. It also introduces a higher order constellation, 256-QAM, which increases the spectral efficiency and bit rate, although this new feature is not compatible with any mobile reception scenario. However, the flexibility of DVB-T2 offers other configurable parameters that could be usable for this purpose, like rotated constellations, the introduction of a flexible time interleaver, other new modulation schemes and larger range options in FFT sizes, bandwidths, guard intervals or pilot patterns. 

All these parameters allow many configuration modes, providing different levels of protection and bitrates for DVB-T2 signals. Some of them increase the robustness of the signal; others optimize data transmission capacity, and some combinations can be chosen to balance between robustness and transmission capacity. A correct choice of some of these parameters allows DVB-T2 mobile/pedestrian reception with standard definition or with high definition services available.

The DVB-T2 services and higher layer signaling data are transmitted in physical layer pipes (PLP) [3]. The new standard allows the transmission of multiple PLP at the same time, with different levels of coding, modulation, and time interleaving. As a result, separate streams with different protection levels can be transmitted simultaneously, for example, one service for mobile reception and other service for fixed HDTV reception.
As said before, there are a lot of different configuration modes defined in DVB-T2 standard. For mobile urban reception scenarios, higher order constellation (256QAM) and larger FFT size (32K) are not considered and the most suitable parameters to be analyzed are summarized in Table I. Combinations of all the parameters should be considered for testing their influence in T2 performance.

Table I. DVB-T2 Parameters under evaluation
	FFT size
	1K ; 2K ; 4K; 8K

	Constellation
	16QAM ; 64QAM 

	Code Rate
	½ ; 2/3 ; 3/4 ; 4/5

	Rotated constellations
	YES / NO


5.3 Procedure description

To analyze the DVB-T2 performance in the urban mobile reception scenario, it has been necessary to define a new testing procedure. 

This document describes the methodology undertaken for this purpose. DVB-T2 testing is performed in two stages. First of all, a measurement campaign is carried out to record the baseband IQ samples of the received signal along urban routes at different velocities and configuration modes. Secondly, recorded signals are processed in laboratory tests to analyze signal performance for these configurations and with different reception conditions.

Following sections describe in more detail the two phases in which this procedure is based: the field trials and the laboratory off-line processing.

5.3.1 Field Trials

Field trials are always necessary for testing performance of broadcasting systems in real environments. In this kind of trials, some parameters from received signals are usually measured, like signal strength, C/N, BER or baseband errors. These parameters are analyzed later to validate system performance [6][7][8]. Anyway, most of the time, the trials are carried out measuring only a limited set of parameters of the received signal. Moreover, for some kind of test performances, like thresholds detection, the routes should be repeated with increasing levels of added noise or increasing levels of signal attenuation. This could mean very long measuring times for detecting thresholds, especially if tested routes require very different C/N values for all the configuration modes under evaluation. With this new methodology the time required for the measurement campaign is reduced.

5.3.1.1 Transmission system

The transmission system used for these trials consists of a DVB-T2 modulator (Teancast) integrated in a 300W transmitter (Mier Comunicaciones S.A.). The modulator is controlled with a web interface that allows remote control of the equipment and remote configuration of all the parameters associated with the transmitted DVB-T2 signal.

The mobile unit used in the trials has a GPRS modem connected to a laptop that remotely controls the modulator. All the configuration modes of DVB-T2 under test can be quickly changed in the modulator by means of pre-recorded configuration files.

5.3.1.2 Reception and measurement system

The reception system used has a 2 dBi gain dipole antenna. This antenna is on the roof of the mobile unit, which is a self-powered van. Inside the mobile unit the following equipment is used:

· A DVB-T2 compatible TV and a commercial STB used to verify that the signal received was correct.
· Vector Signal analyzer used for baseband IQ samples recording. 

· RF channel filter, set to channel 50, to prevent other emissions interfere with desired signal measurement.

· GPS and tachometer to record information about receiver position and velocity in each signal capture.

· Computer and control software measurement system which remotely configures each measure, records the RF signal (IQ files) and associates this information with the information provided by the GPS and the tachometer.

· Hard drives with high speed eSATA connection that stores the IQ files (30 seconds occupy 2,3 GBytes).
At the same time that the RF signal is recorded, it is necessary to store additional information provided by the measurement system to enable an accurate further analysis. This information includes the receiving speed, the distance covered during the capture time of 30 seconds and the receiver's position.

Figure 1 summarizes the reception and measuring system implemented in the reception mobile unit.
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Figure1. Measuring system diagram for the field trials
5.3.1.3 Routes and field measurements

A total of 19 different routes have been measured, at three different speeds (<5 km/h, 20-30 km/h and 45-50 km/h), with different configuration modes. DVB-T2 signal received has been recorded for each route. Each capture consists of 30 seconds of received baseband IQ samples, stored on an external hard drive via eSATA connection.

As a result, the measurement system has captured 30 seconds for each of the DVB-T2 settings under study, in each of the 19 routes and repeating the whole process for each of the three speeds mentioned above. Selected routes cover three different reception environments in terms of obstruction of line of sight concerns: clear areas, dense building sections, and very dense building areas.

Moreover, some configuration modes have been measured in longer routes (several minutes) at variable speed over the center of Vitoria-Gasteiz, in the Basque Country. 

The Figure 2 shows, with a blue line, the routes measured in the coverage area of the city of Vitoria-Gasteiz.

[image: image71.jpg][ ]ale

Aito) o}




Figure 2. Routes measured on moving in the city of Vitoria-Gasteiz
With these trials, the measurement campaign for urban mobile reception has provided more than 850 IQ baseband files and other related files generated by the measurement system with position and speed information. As a result, more than 2 Tbytes of information has been recorded for off-line processing in the laboratory.

In order to study the quality of reception in the case of fixed reception, it could be possible to manually increase the noise level to cause loss of sync on the receiver and thus define the threshold of C/N. In mobile reception it is impossible because this procedure should be repeated over the 850 recorded routes with different levels of noise added, which would extend the duration of the measurement campaign in several months. For this reason, the solution proposed in this work combines real measurements with laboratory tests.

5.3.2 Laboratory off -line processing

Once all the information is stored on hard disks, these data can be processed in the laboratory because the recorded IQ samples can be played back as many times as desired, obtaining in each case an RF signal identical to the real signal that was recorded in the field. The playback of the recorded signals is performed by a multi-standard modulator with the option to play IQ files. 

The files are playbacked and the off-line quality analysis system is completed by a noise generator, a signal analyzer, a commercial receiver for DVB-T2 and a TV, connected as shown in Figure 3.
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Figure 3. Laboratory off-line measurement system diagram
Increasing external noise generation without changing the value of real signal power received, is considered a suitable technique for decreasing the received C/N, since this methodology allows the receivers to work with the same level of DVB-T2 input signal.

5.3.2.1 Testing Methodology

The system described is designed to calculate the threshold values ​​of C/N for DVB-T2 in urban mobile environment. Obtaining these values ​​is very important as they are the base for planning the coverage with software tools. The steps to perform the procedure are the following:

1. Playback signals from the recorded files in the measurement campaign with the IQ player and with the highest level of RF power as possible without distorting the signal.

2. Add external noise with a noise generator.
3. Measure signal power C with the signal analyzer when the signal in the DVB-T2 receivers is pixelated or loses sync. This point identifies the receiver threshold in each case.
4. Calculate the C/N for each level of noise introduced as a difference between the signal power (C) and the noise power without the presence of signal (N).

5. Identify all DVB-T2 signal failures in the 30 seconds. Several C/N values could be obtained, for each file and each value of N used.

6. Repeat the process for different increasing values ​​of N, in jumps of 0.5 dB (depending on the power variations) and for each file.

7. Group data files of different routes, with the same settings and speeds, in order to calculate statistical values of C/N threshold.

8. With the obtained results for C/N thresholds we can represent graphically the median value and we can calculate the dispersion of these results for each mode.

5.4 Results

The methodology described in this document has been applied with the data recorded in the measurement campaign carried out in the city of Vitoria-Gasteiz (Spain) in summer 2010.

Six different DVB-T2 configuration modes have been selected to show the results after applying the methodology described in this document. The parameters of these modes are summarized in table II:  
Table II. DVB-T2 selected modes for procedure validation

	T2 mode name
	FFT
	Mod. scheme
	Code rate
	Rotated
	Bit rate (Mbps)

	Urban 1
	2K
	16 QAM
	2/3
	Yes
	13.7

	Urban 2
	4K
	16 QAM
	2/3
	No
	13.8

	Urban 3
	4K
	16 QAM
	2/3
	Yes
	13.8

	Urban 4
	8K
	16QAM
	2/3
	Yes
	14.1

	         Urban 5
	4K
	16QAM
	4/5
	Yes
	16.5

	         Urban 6
	4K
	64QAM
	2/3
	Yes
	20.6


The other primary parameters of each mode are the same in all cases: 100 ms frame duration, 1/4 for the guard interval and 64K for FEC length. 

Urban3 (4K, 16QAM, 2/3) is considered as the reference mode and the other ones are used for evaluating the influence of some T2 configuration parameters.

Rotated constellations are evaluated by comparing Urban 3 (with rotated constellations) and Urban2 (without rotated constellations).

FFT size is evaluated by comparing Urban1 (2K), Urban 3 (4K) and Urban 4 (8K).

Code rate is evaluated by comparing Urban3 (2/3) and Urban 5 (4/5).

Modulation scheme is evaluated by comparing Urban 3 (16 QAM) and Urban 6 (64 QAM).

5.4.1 DVB-T2 configuration mode comparison

Next figures show the results in terms of C/N thresholds for the modes described, at different receiving speed ranges:

- Pedestrian speed of 2-5 km/h (Fig. 4)

- Typical urban speed of 20-30 km/h (Fig. 5)

- Maximum urban speed of 45-50 km/h (Fig. 6).

For each urban mode and reception speed, the red line is the median value of all the C/N thresholds obtained with the off-line processing methodology and the blue limits show the 25% and 75% percentiles.

[image: image73.png]C/Nmin

28

I
Urban1

I
Urban2

I
Urban3 Urban4
DVB-T? modes

Urban5

Urbané





Figure 4. C/N threshold for urban reception at 0-5 km/h.
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Figure 5. C/N threshold for urban reception at 20-30 km/h.
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Figure 6. C/N threshold for urban reception at 45-50 km/h.

We observe that for all speeds the performance of the six configuration modes follows a trend very similar. The increase in the reception speeds implies an increase in the value of the required C/N threshold to demodulate the DVB‑T2 signal without errors. 

In order to obtain some comparative values, the median C/N thresholds obtained from the tests are presented in Figure 7, for the three speed ranges and the six modes.
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Figure 7. Median C/N threshold.

Considering the rotated constellation influence, the result obtained is quite remarkable because Urban3 (orange), with rotation, provides worse results than Urban2 (green), with no rotation. Gain loss values obtained are 2.8dB, 2.5dB and 4.2dB respectively for the speed ranges. Other studies [9] [10] have shown this negative performance of the rotated constellations in fixed reception, but with gain loss values around 1dB. All these studies, for fixed and mobile reception, have been obtained with receivers that have the same DVB-T2 chipset. Moreover, the results obtained in this study may also be due to the specificity of the mobile routes measured in the city of Vitoria-Gasteiz. Therefore, more studies should be carried out with real signals and with other DVB-T2 receivers, in order to obtain more statistical information about the rotated constellations performance in urban mobile reception. 
Considering the FFT parameter, the higher the FFT size, higher bitrate capacity is achieved. However, increasing the FFT size means more vulnerability to rapid variations in the channel, increasing the minimum C/N required to achieve signal demodulation error free. It can be seen that, from Urban1-2K (grey) to Urban4-8K (magenta), there is a C/N requirement increase of 3.7dB, 4.4dB and 4.9dB respectively for the speed ranges. But this higher C/N threshold from 2K to 8K is related to a low increase in bitrate. Therefore, the DVB-T2 configuration parameters should be carefully selected with the trade off between the transmission capacity and the C/N threshold value required.
The code rate and the modulation scheme selected for DVB-T2 also influences the trade-off between bit-rate and signal robustness. Higher protection levels lead to lower C/N requirements and lower capacity. Comparing Urban5-4/5 (red) with Urban3-2/3 (orange) there is a C/N threshold decrease of 2.5dB, 3.1dB and 3.7dB respectively for the speed ranges.

In the case of the modulation scheme, higher constellation sizes mean higher bitrate but lower robustness. Comparing Urban3-16QAM (orange) with Urban6-64QAM (red) there is a C/N threshold increase of 5.4dB, 5.5dB and 6.3dB respectively for the speed ranges.

Considering the evolution of the C/N thresholds with the reception speed, it can be observed that the C/N differences between two configuration modes are not uniform for all speed ranges. These differences are usually higher as the reception speed increases. 
5.5 Conclusions

The procedure presented in this document turns out to be an efficient methodology to test the performance of DVB-T2 in mobile reception in urban environments. Performance evaluation can be carried out with laboratory post-processing of the recorded IQ samples of the signal received along urban routes in a measurement campaign. This methodology reduces drastically the time required in the field trials and provides accurate results for selecting optimal configuration modes. Moreover, the real signals received along the routes are recorded as Baseband IQ samples and can be playbacked again for further analysis by means of vector signal generators.

The proposed methodology has been validated with real measurements recorded in field trials carried out in summer 2010. The results show that it is possible to receive DVB-T2 signals in mobile urban scenarios. 

In order to achieve mobile reception of DVB-T2 services in urban areas, the configuration parameters should be carefully selected with the trade off between the transmission capacity and the C/N threshold value required. In this study the influence of some configuration parameters has been analyzed in terms of C/N requirements. The most remarkable result is the gain loss detected with the use of the rotated constellations. However, more studies with real signals and different DVB-T2 receivers are required to validate these results and to obtain the C/N planning requirements for more DVB-T2 configuration parameters in mobile urban scenarios.

Apart from the graphics shown, the routes measured in the field trials confirmed that DVB-T2 signals can be correctly demodulated with most of the configurations tested, even at much higher speeds than 50 km/h (maximum speed tested in rural areas: 120 km/h).
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6 Performance Evaluation of a DVB-T2 Mobile System Using a New Time-Variant FIR Channel (ÅA, TUT)

When evaluating the overall performance of communication systems, different channel models are used to model different reception scenarios. Commonly used channel models are AWGN, Rayleigh, Ricean, and TU-6. However, since each of the models simulate a specific reception scenario, it is difficult to ascertain the realistic overall performance of the system. In this study, we introduce a simple channel model using a time-variant Finite Impulse Response (FIR) filter. The FIR filtering is based on mobile field measurements obtained in Helsinki, Finland, in 2010. We apply FIR filtering on the measurement results in order to replicate a real time-variant channel model which enables performance evaluation of the DVB-T2 system in a mobile environment. Based on the time-variant FIR filter channel model, we simulate the performance of the DVB-T2 system, and show that there is a small performance loss when the channel conditions vary in time.
6.1 Time-Variant FIR Channel Model

When wireless communication systems are developed, one essential part of the development environment is the availability of suitable channel models. The most essential channel is the AWGN channel, i.e., a channel where Gaussian noise is added to the signal. In a simulator environment, the AWGN channel gives some basic information of the systems resistance to noise. However, a channel with only additive noise is typical for systems with a line of sight (LOS) component only, corresponding for instance to a satellite system.  For any terrestrial system, non-line of sight components are always present, as the signal is reflected from objects on the way from the transmitter to receiver. If the receiver is moving, the reflected components are also subject to Doppler frequency shifts, producing a Doppler spread. This behavior is modeled with the Rayleigh and Rice channel models, using assumptions on the statistical model for providing this Doppler spread.
A discrete multipath channel can be described, following the notation in [1], as
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where y(t) is the output signal from the channel, ak(τk, t) is a complex number describing the multipath attenuation at time t for echo k, and τk(t) is the multipath delay at time t. The general format for a FIR filter in a noise-free scenario is
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where y[k] are the output samples, hk[n] are the FIR filter kernel coefficients, and x[n] are the input samples. The format for the discrete multipath channel is quite general, but if we fix the number of available taps K(t) = K and let τk(t) take values of the format nTs, where Ts is the sampling time of the system, the channel can easily be implemented by a convolution calculation. When the filter kernel length is restricted to small values (N<20), the simulation speed of the system is increased. Now the time-variant FIR channel model can be given by
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which means that at each time sample instant k a new FIR filter hk will be used, and Wk is additive Gaussian noise, enabling simulations. This approach is similar to previous work, e.g., for simulations in indoor industrial environment [2].
The FIR channel model has been criticized by some authors, e.g. [3], for its lack of real performance evaluation, when channel estimation is to be included in the simulation environment. For performance simulations however, perfect channel estimation is often assumed, and hence this aspect is not so important.
The motivation for applying a time variant FIR filter is that simulations are commonly made using fixed representations of the multipath channel model. This gives good reproducibility when comparing and developing the different components of a communications system. Such simulations give good information on the system performance in static reception conditions, e.g., when using roof-top antennas. However, when the DVB-T2 standard is developed for mobile usage, and especially for handheld reception, the effects of time varying channels are yet open. The DVB-T2 system has quite long time interleaving, i.e., resistance against fading, but the real system performance in mobile usage is still to be investigated. Using the time variant FIR model, based on real-world channel soundings, gives the opportunity to analyze system performance for real mobile usage. Additionally, different settings and parameters in the DVB-T2 standard can easily be analyzed. Furthermore, the effect of adding additional interleaving depth, by additional coding, can be analyzed.
The FIR filter coefficients were acquired from the channel sounding given in section 9.2. As the channel varies rather slowly compared to the sampling frequency (7/64 µs, for an 8 MHz DVB-T2 channel), long simulations were required in order to see the impact of the channel variations in the results.
6.2 Channel Sounding

The channel model is based on channel sounding measurements carried out in Helsinki Finland during June-July 2010. The measurement campaign was a group effort by Amphenol, BBC, Digita, Elektrobit (EB), Nokia Corporation, Tampere University of Technology (TUT), and Turku University of Applied Sciences (TUAS). The main idea was to measure the channel responses with two orthogonal polarizations in the transmitter and receiver sides using practical antennas in order to find MIMO channel characteristics. The transmitter antennas were located on the YLE Pasila/Helsinki transmitter tower at about 112 m above the ground and the receiver antennas at different outdoor and indoor locations around the transmitter tower. The distances between receiver and transmitter were typically about 2 km.
The portable receiving station consisted of the EB channel recorder, cross-polar application antenna (at approximately 1.5 m) and batteries for powering the equipment. The campaign resulted in about 300GB of data from about 100 measurement cases (locations and receiver antenna combinations). 

Here we concentrate on the Single-Input and Single-Output (SISO) -case and typical outdoor conditions. In the data analysis, it was found that eight multipath taps describe sufficiently the time-variant multipath behavior of the channel in this case. The power delay profile of the channel is defined by
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where k is the tap number, g(·) is the gain, τ is the delay in time, and δ(·) is the Dirac delta function. The channel parameters are as shown in Table 7.

Table 7. Power delay profile of the 8-tap outdoor model
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Table 8. Doppler spectrum characteristics of the outdoor model
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Due to the small velocities during the measurements, in order to allow the performance evaluation with different mobility, emerging Doppler behavior is modeled by applying tap-wise Doppler spectra as given in Table 8, in which
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is the classical Jakes Doppler spectrum [3] with maximum Doppler frequency of fd (Hz).
In particular, we concentrate on the case with 40 Hz Doppler corresponding to a velocity of 15 m/s, when the frequency is 800 MHz. Figure 1 illustrates the relative power of the resulting 8-tap model as a function of the sample index at the DVB-T2 elementary sampling time of 7/64 µs. As can be seen, taps 2 – 8 vary greatly over time, while tap 1 is constant.
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Figure 1. Relative power of taps as function of sample index at DVB-T2 elementary sampling time of 7/64 µs.
6.3 DVB-T2 Simulation Environment

The time-variant FIR channel model is applied to a DVB-T2 system [7] for performance evaluation. The implementation of the DVB-T2 system is made in C/C++. The software is optimized in many respects and gives close to real-time performance. However, to achieve this throughput speed, some simplifications are used, the most notable being the use of perfect channel estimation. In a hardware implementation, the channel conditions have to be estimated at the receiver in order to decode received information correctly. This is done by inserting pilots with known amplitude and phase in the transmitted signals. The pilots are inserted with a certain pattern (in time and frequency), which is known to the receiver. Each receiver can then estimate how noise has affected the signals using two-dimensional interpolation. This results in an approximate channel characterization. With perfect channel estimation, the interpolation step is omitted, and instead received information is compared to the transmitted data in order to characterize the channel conditions. The net effect of perfect channel estimation is an assessment on the best possible performance of the system. Also, since the two-dimensional interpolation is computationally complex, using perfect channel estimation is common praxis when simulating the performance of communication systems.
6.4 Simulation Results

The performance of the DVB-T2 systems over the time-variant FIR channel model is simulated with the following settings. A single PLP is used where the physical layer code rate is 1/2 with 64800 bits LDPC codewords, the time interleaver length is 250 ms, and all supported QAM modulations are used. The FFT size is 8k, and the guard interval is 1/4. TFS is not used, and the transmission scenario is SISO. For each SNR, the simulations were run until either 20 erroneous FEC frames had been accumulated after decoding, or until 2000 FEC frames had been decoded. The reasoning behind this stopping criterion is related to the steepness of the waterfall regions in the BER curves, i.e., for low SNRs the decoded BER will be high on average. On the other hand, as soon as the SNR reaches a certain threshold, the BER will drop quickly with small increases in the SNR, thus requiring longer simulation runs for obtaining reliable estimates on the system performance.
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Figure 2. DVB-T2 system performance on the FIR channel model

Figure 2 illustrates the DVB-T2 system performance on the FIR channel model for the different modulations. As can be seen, the bit error rate (BER) drops quickly when a sufficient SNR level is reached. This trend in the BER curve is typical for DVB-T2 systems. However, the red circles in Figure 2 mark the regions where the waterfall curve differs from the normally expected performance, where a small error floor is experienced. When comparing Figure 2, to Figure 3 and Figure 4, where the performance is compared to the performance from the Ricean (F1) and Rayleigh (P1) channels, it is also evident that quasi-error free (QEF) performance is achieved at approximately 1 – 2 dB higher SNRs.
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Figure 3. DVB-T2 system performance on the FIR channel model vs the F1 channel model.
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Figure 4. DVB-T2 system performance on the FIR channel model vs the P1 channel model.
The requirement on a higher SNR on the FIR channel can be explained by the fact that the channel conditions vary over time. Due to the long time interleaving of DVB-T2, FEC frames will contain data from both good and bad reception conditions. This results in the LDPC decoder having to iterate more before finding the correct codeword, as compared to the case when FEC frames contain either good or bad information. Since in practical implementations, and also in this simulator, the maximum number of decoding iterations is limited, the decoder may not find the correct codeword before it has performed the maximum number of iterations. This clearly results in a non-zero BER in the decoded codeword, and hence on average a higher BER.
Figure 5 shows the BER for each decoded FEC block from a simulation run corresponding to the reception of data during approximately 3 minutes with QPSK modulation and SNR 4 dB. The 1000-point moving average of the individual FEC block BERs is also illustrated to better show how the performance varies in time. As can be seen, the BER in each block varies greatly between the FEC frames. More specifically, in approximately the first 7000 FEC blocks, there are only occasional block errors and with relatively small BERs. In the following 14000 FEC blocks, the frequency of the block errors increases along with the decoded BERs in the blocks. This is followed by a smaller average BER in blocks 21000 – 24000, where after the frequency of the block errors increases slightly again. While it may not be evident from Figure 5, the majority of the FEC frames are error free, resulting in an average BER over all FEC frames of 1.7*10-5.
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Figure 5. BER for individual FEC blocks along with a 1000-point moving average BER at SNR 4 dB for QPSK modulation, corresponding to a reception time of approximately 3 minutes. The average BER is 1.7*10-5.
6.5 Conclusions

This study presents results on using a time varying FIR channel model in DVB-T2 simulations. The FIR channel was based on channel soundings performed in the city of Helsinki, Finland. The aim was to get information on the performance of the DVB-T2 system in a scenario that better corresponds to real mobile channel conditions than statically defined channels. Especially varying tap strengths was believed to affect the simulation results.  

For each simulation case, the FIR channel model shows worse performance for all simulated DVB-T2 system parameters. The results are not surprising, though. It is very likely that, due to shadowing, the real world performance of a mobile DVB-T2 system is worse than the static channel scenarios described in the standards. What in this study was noted, however, was a quite varying per FEC block error ratio in the waterfall region of the system.  It is noteworthy that the gain of the strongest tap was normalized. This is not the case in a mobile scenario, where the strongest path will vary greatly in time. 
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7 Performance evaluation of different MISO –SFN network combinations with DVB-T2 (TDF)
Authors: M. Tormos, P. Kasser, P. Brétillon
Abstract – This section considers the usage of coded MISO (Multiple Input Single Output) in a Single Frequency Network (SFN) for DVB-T2, especially considering the combination of more than two transmitted signals. We especially evaluate and compare the impact of combined Alamouti MISO configurations of transmitters on reception performance. The simulations conclude that the impact on performance of network Alamouti configuration can be higher than 2 dB. Hence, MISO deployment in a SFN network may require careful network planning for optimal performance. 
7.1 Introduction
DVB‑T2 [1]

 REF _Ref303027114 \r \h 
[2] can use the optional MISO technique, which consists in transmitting two different coded versions of the same signal simultaneously in the same frequency channel. Considering practical engineering and costs constraints of adding a new antenna on existing broadcasting sites, MISO deployment is usually considered in a distributed manner, i.e. by using different sites. Depending on the number of sites which can be simultaneously received by a terminal, and on the specific configuration of each transmitter out of the two possible Alamouti MISO configurations, a specific case called here “network combination” arises. 

It is known that a network with two antennas transmitting with MISO coding [3]

 REF _Ref303027119 \r \h 
[4] is better than a standard SFN network [5]

 REF _Ref303027121 \r \h 
[6] , due to the elimination of the selectivity in the channel frequency response in a SFN network. However, the results are different in a network having more than 2 transmitters where different network combinations are identified. The following text gives performance evaluations and comparisons between a classical SFN network and different network combinations for three and four transmitters. Indeed, these results are very important for the broadcasters to define the optimal network planning and management. 
The study is organized as follows. Section 8.2 describes the different networks combinations for three and four antennas. The list of network combinations may be functionally located in the T2-Gateway [8] which can control the individual configuration of all transmitters. Section 0 gives the evaluation performances through the simulation results of these different combinations in order to study theirs quality. Finally, conclusion and future works are given in the Section 8.4.

7.2 Different models of network combinations
This section describes the different network combinations for three and four antennas.

7.2.1 Combinations based on three antennas

In the case of three antennas, there are four different network combinations. The first one is a pure SFN and the three others are combinations of MISO-SFN network where two antennas transmit the same symbols called group1 while one antenna transmits a modified symbol called group2 as defined by Alamouti MISO, and vice versa. The figures 1, 2, 3 and 4 show the different network models used for the simulations. The direct signal is transmitted by antennas A11 while the echoes are from antennas A11 and A12 with different delays as described in Table 1.

TABLE I
Channel Parameters for 3 antennas.
	Antennas
	Path i
	(i (µs)
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Fig. 1. First and second network models.
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Fig. 2. Third and fourth network models.
7.2.2 Combinations based on four antennas
In the case of four antennas, there are eight different networks. One is pure SFN. Four are combinations of MISO-SFN network based on three antennas transmitting the same symbols while one antenna transmits a modified symbol as described in the figures 5 and 6. Three are combinations of MISO-SFN networks where two antennas transmit the same symbols while two others one transmit the modified symbol over the two last antennas as described in the figures 1 and 2 (i.e C1, C2 and C4 combinations). The figures 1 to 8 show the different network models. The direct signal is transmitted by antennas A11 and the echoes are transmitted from antennas A12, A21 and A22 with different delays as described in table 2.

TABLE ii
Channel Parameters for 4 antennas.
	Antennas
	Path i
	(i (µs)
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Fig. 3. First and second network models.
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Fig. 4. Third and fourth network models.
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Fig. 5. Fifth and sixth network models.
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Fig. 6. Seventh and eighth network models.
7.2.3 Resulting network combinations

Tables 3 and 4 show the proposed tables which represents the possible network combinations for three and four transmitters, respectively. Transmitters are grouped in pairs. In the table 3, G1 and G2 are the two groups in the network. A11, A12, A21 and A22 are the four transmitters corresponding to groups G1 and G2 (table 4). Ci represents the network combination number i while G1 and G2 are the MISO group1 (symbols X1, X2) and MISO group2 (symbols (X2*, X1*), respectively.

TABLE III

Network configuration for three transmitters.
	Pair
	G1
	G2

	Antennas
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	C1
	G1
	G2
	G1

	C2
	G1
	G2
	G2

	C3
	G1
	G1
	G1

	C4
	G2
	G1
	G1


TABLE IV

Network configuration for four transmitters.
	Pair
	G1
	G2

	Antennas
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	C1
	G1
	G2
	G2
	G1

	C2
	G1
	G1
	G2
	G2

	C3
	G1
	G1
	G1
	G1

	C4
	G2
	G1
	G2
	G1

	C5
	G1
	G1
	G1
	G2

	C6
	G2
	G1
	G1
	G1

	C7
	G1
	G1
	G2
	G1

	C8
	G1
	G2
	G1
	G1


7.3 Performance evaluation results
We have simulated and compared the path loss of the different network combinations. More precisely, figures 8 and 9 give the path loss simulation results for the classical SFN and MISO-SFN for three and four transmitters. These results show clearly that in the case of three antennas the worst case is C3 (classical SFN) and prove better performances after adding Alamouti technique with a pure SFN (MISO-SFN). In the case of four antennas, we show that there are eight combinations where the combination C2 is the worst and the performances of the channel depend on the combination of MISO-SFN and the echoes.
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Fig. 8. Comparison of the path loss between different network combinations for three transmitters.
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Fig. 9. Comparison of the path loss between different network combinations for four transmitters.
We have also simulated the Bit Error Rate (BER) performances of the different network combinations. The configuration taken as reference of our study is currently used for broadcasting the HD multiplex in France (R5). For our simulations, we consider a new configuration for DVB-T2 with the similar Signal to Noise Ratio (SNR) as DVB-T. The table 5 gives the DVB-T2 configuration used. From this configuration, the data rate obtained is 34.88 Mbps. For our DVB-T2 simulations, QEF (Quasi Error Free) condition is assumed to be achieved when BER is equal to 10-4 with a LDPC decoding and 10-11 after a BCH decoder [2]. The transmission model is defined for three and four transmitters supposing that the receiver has the same received level power and delay values ((i) of 0, 0.18(, 0.7( and 0.9( as illustrated in tables 1 and 2.

TABLE V

Proposed DVB-T2 PARAMETERS.
	Configuration parameters
	DVB-T Configuration
	DVB-T2 Configuration

	Channel bandwidth
	8 MHz (with 7.61 MHz used)
	8 MHz (with 7.61 MHz used) non extended

	Mode
	8K
	32 k  

	LDPC
	-
	64800

	Gard interval
	1/32 
	1/128 

	Constellation
	64-QAM
	256-QAM

	Code rate
	3/4
	3/5


The obtained results show clearly that for three transmitters, as described in the tables 3 and 4 for different network combinations, the pure SFN has an SNR value higher than the other combinations of about 1.5 dB for the similar considered BER. The best network is obtained for the combination C1 as shown in Fig. 10 where the direct signal and one echo of 0.9 ( transmit the same symbols while one echo of 0.18 ( transmits the modified symbols. The results also show that in the case of four antennas, MISO-SFN combinations where three antennas transmitting the same symbols while one antenna transmitting a modified symbol, are better than other combinations of about 1.5 dB as shown in Fig. 11. In summary, the best network combination is obtained with a direct signal and two echoes of 0.18 ( and 0.9 ( transmitting the same symbols while one echo of 0.7 ( transmits the modified symbols. Finally, we show that the BER performances of the received signals depend on the network combination. Furthermore, the SNR values change according to the network combinations for a similar BER.
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Fig. 10. Performance results for SFN and different MISO-SFN combinations for three transmitters.
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Fig.11. Performance results for SFN and different MISO-SFN combinations for four transmitters.
7.4 Conclusion
The paper evaluates the performances of different network combinations for DVB-T2 due the use of optional Alamouti MISO. The simulation results give a detailed analysis of some performances of SFN with the Alamouti MISO technique for DVB-T2 based on three and four transmitters.

We have also studied and evaluated the classical SFN and the different distributions of symbols (group1 and group2) as described in the DVB-T2 for Alamouti transmission. For our comparison results, the configuration taken as reference in this paper is currently used for DVB-T broadcasting of the HD multiplex in France (R5). We have considered a new configuration for DVB-T2 with the similar SNR as DVB-T. The results show clearly that the BER performances vary according to the network combinations by up to 2 dB. We have described that for three transmitters there are four network combinations while there are eight combinations for four transmitters. The simulations show that for the chosen echoes (0.18 (, 0.7( and 0.9 (), the worst case for three transmitters is obtained for the classical SFN but improved by adding Alamouti MISO. Finally, the BER performances for four antennas depend on the network combinations and varies by up to 2 dB. However, the worst case is not obtained with the classical SFN as been found with three antennas. These results are useful to optimize a broadcast network design.
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Fig. 1. Maximum PLP data rate supported in DVB-T2 with respect to the interleaving duration for different constellations and code rates.
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Fig. 2. Time interleaving in DVB-T2. In the figure, one interleaving frame is partitioned into three TI blocks.�



Fig. 3. Frame mapping options in DVB-T2: inter-frame interleaving (top), frame hopping (center) and sub-slicing (bottom).
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Fig. 4. Average channel change time of DVB-T2 services for different frame intervals and inter-frame interleavings. T2 frame length of 250 ms and 50 ms.�



Fig. 5. Interleaving duration for different frame intervals and inter-frame interleavings. T2 frame length of 250 ms and 50 ms.
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Fig. 6. Power consumption of DVB-T2 services for different frame intervals and sub-slicing values. T2 frame length of 250 ms and 50 ms.





Table I


Simulation Parameters





System Parameters�
Value�
�
Bandwidth�
8 MHz�
�
FFT mode�
8K�
�
Guard interval�
1/4�
�
Input mode�
B�
�
FEC word length�
16200�
�
Code rate�
1/2�
�
Channel estimation�
Perfect�
�
QAM demapping�
Optimum soft maximum a posteriori (MAP)�
�



Channel model�
TU6


SFN TU6


TU6 + shadowing�
�
QoS criterion�
BB FER 1%�
�
�
�
�
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Fig. 7. CNR at BB FER 1% with intra-frame interleaving in the TU6 channel.
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Fig. 8. CNR at BB FER 1% for different configurations of inter-frame interleaving with and without sub-slicing in the TU6 channel. TDI memory of 219 cells (left) and 218 cells (right).
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Fig. 9. CNR at BB FER 1% for different configurations of inter-frame interleaving with and without MISO. SFN TU6 channel with no delay or power imbalance between antennas.
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Fig. 10. Frame error rate curves of the L1-post signalling in the TU6 channel. Doppler frequency of 10 Hz (left) and 80 Hz (right).
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Fig. 11. CNR at BB FER 1% for different configurations of inter-frame interleaving and maximum sub-slicing. Reception scenario with dcorr = 20m and  = 5.5 dB.
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Fig. 12. T2 frame error rate curves of the L1-post signalling in a reception scenario with dcorr = 20m,  = 5.5 dB, fd = 10 Hz (left) and fd = 80 Hz (right).


�
�









ENGINES
Page 8

[image: image126.emf]1 2 3 4 5 6

6

6.5

7

7.5

8

8.5

9

9.5

10

Inter-Frame Interleaving

CNR at BB FER 1% (dB)

 

 

16QAM SISO 10Hz

16QAM SISO 80Hz

16QAM MISO 10Hz

16QAM MISO 80Hz

[image: image127.emf]-5 0 5 10 15 20 25

10

-3

10

-2

10

-1

10

0

CNR (dB)

Frame Error Rate

 

 

64QAM

64QAM Rep.

16QAM 

16QAM Rep.

QPSK

QPSK Rep.

BPSK

BPSK Rep.

[image: image128.emf]-5 0 5 10 15 20 25

10

-3

10

-2

10

-1

10

0

CNR (dB)

Frame Error Rate

 

 

64QAM

64 QAM Rep.

16QAM

16QAM Rep.

QPSK

QPSK Rep.

BPSK

BPSK Rep.

[image: image129.emf]0 2 4 6 8 10 12

4

6

8

10

12

14

16

18

20

22

Interleaving Duration (s)

CNR at BB FER 1% (dB)

 

 

16QAM 10Hz

16QAM 80Hz

QPSK 10Hz

QPSK 80Hz

[image: image130.emf]0 5 10 15 20 25 30 35 40

10

-3

10

-2

10

-1

10

0

CNR (dB)

Frame Error Rate

 

 

64QAM

64QAM Rep.

16QAM

16QAM Rep.

QPSK

QPSK Rep.

BPSK

BPSK Rep.

[image: image131.emf]0 5 10 15 20 25 30 35 40

10

-3

10

-2

10

-1

10

0

CNR (dB)

Frame Error Rate

 

 

64QAM

64QAM Rep.

16QAM

16QAM Rep.

QPSK

QPSK Rep.

BPSK

BPSK Rep.

[image: image132.jpg]


[image: image133.emf]-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Rotated Constellation Gain [dB]

Channel Model Comparison

AWGN

Ricean

Rayleigh

0 dB echo

1.95 µs

0 dB echo

106.4 µs

QPSK 16QAM 64QAM 256QAM

_1375013204.unknown

_1375013428.unknown

_1375013667.unknown

_1375013715.unknown

_1375013277.unknown

_1375013073.unknown

_1364882413.unknown

_1364882448.unknown

_1364882467.unknown

_1364882477.unknown

_1364882457.unknown

_1364882424.unknown

_1364882394.unknown

