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1. Introduction

This contribution describes three broadcast evaluation methodologies of varying complexity and simplifying assumptions that are suitable for EUTRA. After validation via numerical simulations and showing the methods produce similar performance results it is proposed that any of the methods can be used as the EUTRA reference broadcast evaluation methodology depending on the level detail needed and if the associated assumptions are warranted for the broadcast study type. Broadcast performance results based on the different methodologies are included and address data rate coverage and the impact of CP length on broadcast data rate.
2. Broadcast Evaluation Methodologies
The EUTRA broadcast evaluation methodologies under consideration are:

1. Macro-diverse per sub-carrier SINR with EESM method
2. Macro-diverse per sub-carrier SINR with EESM method (simplified model)

3. Simplified (2) with modified-Shannon limit model instead of EESM
Method 1 (described in ANNEX A) is based on a ‘detailed model’ where a per-subcarrier SINR, input into the Effective Exponential Signal-to-Interference-plus-Noise Ratio Mapping (EESM) method, is derived for the OFDM receiver. The derivation is also performed for transmit diversity.  This method is used to accurately determine packet error rate (PER) in a broadcast system simulation tool.  In ANNEX C the approach is validated using numerical simulations.  
In methods 2 and 3 a simplified model is used to determine a SINR and is given in ANNEX B.  This ‘simplified model’ is used with either (a) the frequency selective Exponential ESM (EESM) model or (b) the frequency non-selective Shannon-limit model with a 4dB degradation factor and a maximum MCS. Note, use with the Shannon-limit model helps to further reduce complexity and eliminates calibration simulations required for the EESM. This method is in turn validated in ANNEX C as well.
Using the models, data rate coverage and the impact of CP length on broadcast data rate is evaluated for several scenarios of interest. Factors such as useful symbol duration, receive diversity, and transmit power limitations are shown to have a significant effect on the optimal CP duration and overall SFN performance.
3. Broadcast Coverage Performance Results
The basic system simulation used in this study consists of a multi-cell broadcast single frequency network (SFN) with every sector of every cell synchronized and transmitting the same information. The cellular system parameters are chosen to match as closely as possible those used in 3GPP evaluations (see Table II in ANNEX D for details).
SFN Benefit

The macro diversity in a SFN broadcast system provides a much higher SINR to users than a unicast system, and hence a higher supportable data rate. Here and in what follows, a conventional OFDM receiver is assumed for convenience. 
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Figure 1 - distribution of SNR (43dBm transmit power)

The distribution of SNR (without fast fading, and with or without macro diversity) for the broadcast system is shown in Figure 5, with 1 and 2 km radius cells. The 120 site 3-sectored system model described in ANNEX D is used. It can be seen that the broadcast SNR is substantially (about 4dB) higher than the non-macro diversity case, where only contributions from the serving sector are included. Figure 5 also shows that results for the 10 dominant sectors are virtually identical to results for all sectors. Therefore, only the serving and 10 dominant sectors will be included in the subsequent throughput results. Also, all subsequent results will include the effects of fast fading (with the TU channel model) and the self-interference due rays outside the CP. 

Figure 2 shows a CDF of the instantaneous per-subcarrier SINR (Method 1) after combining which includes the effects of fast (TU) and slow fading and impacts of rays beyond the CP. 
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Figure 2 - CP 16.67us, Tu =66.67s, 1.62km cell radius (Method 1)
Note that Figure 2 and Figure 3 did not use the network layout described in Annex D but instead used a 19 cell site 2-ring 3-sector layout with the detailed interference model, and a TU channel from the best serving base-station to the user, and flat Rayleigh fading channels from the remaining base-stations, similar to the methodology used in 3GPP [6] and 3GPP2 [7]. Users are randomly dropped in the center cell site only. The broadcast SINR is significantly (>10dB) higher than the unicast case. Note that the broadcast SINR gains are larger than was seen in Figure 1 primarily because the per-subcarrier frequency selective fading effects are included in Figure 2.  Also, it can be seen that receive diversity, and to a lesser extent, transmit diversity, bring further improvements to the broadcast SINR. As a result, the broadcasting system can support a much higher data-rate transmission. It can be shown that the receive diversity and transmit diversity benefit is reduced when all of the channels from the base-stations have significant multipath. 
To study the performance of broadcast system (based on Method 1), the coverage of the OFDM SFN broadcast system is plotted as a function of broadcast transport channel data rate, where coverage is measured in terms of the percentage of users experiencing PER<1%. Results are shown in Figure 3 for both single antenna and dual antenna terminals. Significant coverage increase is observed with terminal receive diversity. Correspondingly, with receive diversity the data rate for 95% coverage increases from 2.2Mbps to 4.5Mbps (i.e. 0.44 to 0.9 spectral efficiency). If dual transmit antennas are used at each base-station with space-time coding, a moderate gain in data rate is also available, e.g. 5Mbps at 95% coverage (i.e. spectral efficiency of 1.0). A 20% overhead due to control and pilot was assumed in Figure 6 along with a 5.6 μs CP. 
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Figure 3 – Coverage vs. Data Rate, Tu =44.44s, 1.62km cell radius. (Method 1)
Impact of Cyclic Prefix Length (Methods 2 and 3)
Generally, a larger CP will result in a higher SINR. However, the link efficiency considering CP overhead is decreased as a sacrifice. Therefore, there should be an optimal CP length in balancing the trade-off between SINR and overhead. Cyclic prefix length should therefore be determined as a function of useful symbol duration, cell radius, transmit power, and with and without receive diversity. 
While throughput determination is best done with the frequency selective EESM model, the frequency non-selective modified Shannon limit model can be used to determine design parameters such as CP duration. In the results that follow, the simplified model of Section II is used with either (a) the frequency non-selective Shannon-limit model with a 4dB degradation factor and a maximum MCS, or (b) the frequency selective Exponential ESM (EESM) model with a quantized MCS set. A quantized MCS set (used in some systems like IEEE 802.16e) is used to show the dependency of the ‘optimal’ cyclic prefix on the MCS set: R=1/2 and R=3/4 for QPSK, 16QAM, and 64QAM, plus R=2/3 64QAM. 
For the next plots, normalized link efficiency is defined as MCR* Tu/(Tu + Tg), where MCR is the information bits per symbol provided by the modulation/coding rate (e.g., MCR = 1 for R= ½ QPSK) and overhead (e.g., pilot) is not considered. The highest MCR is used that achieves 95% coverage reliability. The normalized link efficiency is directly proportional to the supportable throughput of the broadcast system. The GSM TU channel and 1x1 antenna configuration is used unless otherwise noted.
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Figure 8 - Impact of CP length for different useful OFDM symbol durations.

Figure 8 shows the normalized link efficiency versus CP length for the broadcast system with three different useful OFDM symbol durations, using the modified Shannon limit model. The results show that a larger OFDM symbol duration generally provides a higher throughput for a given CP length, because the relative overhead of the CP is reduced by the larger Tu. The optimal CP length is in the range of 11-13 s and is similar for all useful symbol durations. Increasing the CP length beyond the optimal value does not significantly increase the SINR relative to the increased CP overhead, resulting in net reduction in throughput. Decreasing the CP length below the optimal value results in a steeper decrease in throughput due to significant energy (rays) outside the CP duration (rapidly decreasing SINR). Thus, it seems reasonable to slightly over-design the CP length in order to provide some additional protection for any unforeseen severe channel conditions. 
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Figure 9. - Comparison of modified Shannon equation with 4 dB link degradation factor and EESM with quantized MCS set
Figure 9 is similar to Figure 8, but adds results for the EESM model.  The modified Shannon-limit model uses non-quantized MCS while the EESM model uses quantized MCS resulting in a jagged curve for the EESM. For the EESM with quantized MCS, discontinuities occur when an increase in CP length allows the next higher MCS level to be supported. The increased CP length allows more useful energy to be captured with the OFDM symbol, increasing the SINR past the threshold of supporting the new MCS level. Figure 9 also shows that the optimal CP duration is significantly affected by which quantized MCS values are available. The quantized MCS shown in Figure 9 result in an optimal CP of 8-10 s instead of 11-13 s for the un-quantized Shannon limit model. Further, whereas the Shannon limit results were similar for all three considered useful symbol durations, the optimal CP duration for the quantized MCS reduces from 10 s to 8 s for the largest useful symbol duration (88.88 s) compared to the other two smaller useful symbol durations (44.44 s and 57.35 s). 
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Figure 10 - Impact of Rx diversity for 57.35 s useful OFDM symbol duration.

Figure 10 shows the benefit of receive diversity. It can be seen from Figure 10 that receive diversity increases the system throughout (as expected) while also reducing the optimal CP duration by ~3 s. Receive diversity improves robustness to rays beyond the CP and leads to a lower optimal CP length. In general, improvements to the link performance (e.g., increased coding gain, increased diversity, etc.) increase the link efficiency and are expected to reduce the optimal CP duration.
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Figure 11 - Impact of cell radius and Tx power.

Figure 11 shows the impact of cell size and transmit power. For the 2 km cell radius, two transmit powers are considered: 20 W (same as the R=1 km case), and 200 W (the 10 dB increase almost compensates for the 11.3 dB increase in path loss of the larger cell).

Figure 11 also shows that when the transmit power is reasonable for the cell size (e.g., 20 W for R=1 km, 200 W for R=2 km), the optimal CP duration increases with cell size. The optimal CP duration is ~13 s for 1 km cell radius and ~20 s for 2 km cell radius. Note that there is a throughput reduction at the optimal CP length as the cell size increases even when the transmit power is adequately increased, since a longer CP is needed for the larger propagation delays. For the case with insufficient transmit power (20 W for R=2 km) wherein thermal noise dominates performance, the system throughput is small and virtually invariant to the CP duration. In such cases, transmit power limitations could make broadcast services with larger cells difficult to justify.

4. Conclusions

In this paper, three low-complexity methods are described and validated for predicting the performance of broadcast transport channels in OFDM-based SFN cellular systems where the effect of propagation delay and multipath channels is included.
It is proposed that any of the three methods can be used as companies see fit depending on what level of detail they are looking for and when they think the assumptions associated with each method are warranted.  
It is shown that SFN broadcast systems operating in cellular topologies can achieve spectral efficiencies in the range of 0.4-1.0 b/s/Hz, and can potentially provide significant performance improvement over existing cellular multicasting modes. Performance can be further improved by exploiting spatial diversity at the transmitter and especially the receiver. The cyclic prefix length, which is a critical OFDM design parameter, can be optimized to balance the tradeoff between SINR and overhead. Factors such as useful symbol duration, receive diversity, and transmit power limitations are shown to have a significant effect on the optimal CP duration and overall SFN performance. 
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ANNEX A – Method 1 ‘Detailed Model’ Derivation
A broadcast SFN operating in a fully synchronous fashion, via GPS or other network-related means, and using classical OFDM modulation is assumed. The useful OFDM symbol duration is defined as 
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, FFT length as 
[image: image9.wmf]N

, CP duration as 
[image: image10.wmf]g

T

 and CP length as 
[image: image11.wmf]g

N

. 

At the user terminal, each simulcast OFDM symbol is received via base station specific multipath fading channels. The resulting waveform can be viewed as equivalent to receiving a single waveform via a set of 
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flat-faded paths, each characterized by the pair 
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 where 
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 is the associated (complex-valued) channel gain coefficient, and 
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 is the delay relative to the cursor ray observed at the receiver (which establishes the receiver timing reference). As is well known, for a conventional OFDM receiver using a classical CP, paths observed at delay 
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 less than or equal to the CP duration are subsumed into a single composite channel impulse response without incurring self-interference, while those paths observed at delays greater than the CP duration incur self interference. 
The broadcast link PER can be estimated using the Exponential Effective SINR Mapping (EESM) approach [1], in which 
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where the function 
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 is the link-level relationship between PER and symbol SNR [image: image19.wmf]/
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 is a real scalar optimized for the broadcast transport channel and multipath intensity profile in use, and [image: image21.wmf]k
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 is the SINR of the 
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-th sub-carrier. Identifying an accurate and low-complexity means of evaluating the subcarrier SINR over the occupied OFDM symbol bandwidth is therefore critical.
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Figure 1 - Received signal timing diagram

In Figure 1, the set of 
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paths is divided into four sub-sets comprising the cursor path ‘A’, the
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) less than or equal to the CP duration ,  the 
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Table I – Path Type information

	Path Type
	Path Description
	Channel coefficients
	Delay - 
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Channel coefficients and delay in chips for each path type are given in Table 1 where 
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. At each time, the received OFDM symbol is given by (2) where 
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is the data symbol vector transmitted by all sites during the symbol epoch of interest, 
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is the previous (next) data symbols, and the data are independent across subcarriers and time. The transmit energy per symbol is
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OFDM Receiver

In the conventional OFDM receiver, the received signal is passed through a DFT matrix. Due to the nature of broadcasting, some paths are delayed longer than the CP, resulting in some residual inter-symbol-interference (ISI). The corresponding SINR is given by (3)
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where
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indicate whether the subcarrier represents the desired signal or interference. A closer look at (3)

 implies that the useful power comes from an “effective” channel, which includes the paths arriving within CP, and useful parts of the paths arriving outside the CP window, and the interference consists of the interfering part of the paths outside the CP.

Space-time Coding

In a SFN where multiple antennas are deployed, space-time coding [2] can be used to exploit the available spatial diversity. Suppose that there are two transmit antennas and one receive antenna. The paths from the secondary antennas of each base-station to the user are denoted by “g” while “h”, as previously defined denotes the primary antenna paths. The resulting SINR is given by(5)

.
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ANNEX B – Method 2, 3 ‘Simplified Model’ Derivation
A careful study of the per-subcarrier SINR analysis in the previous section reveals that the results can be represented in a simplified form similar to the one described in [4]. For example, a simplified representation for the OFDM receiver is
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where 
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 are simply the frequency domain coefficients of the “useful channel”, which is defined as 
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(8)
In the above equation, it is assumed that the receiver timing reference is selected such that ha of Figure 1 corresponds to m = 0. The factor c() is a tapered window, with an amplitude characteristic of 
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(9)
The term Pi represents the difference between the energy in the channel impulse response h(t) and the windowed channel impulse response 
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A further simplification of the analysis involves calculating a single band-averaged subcarrier SINR value for each channel realization. The band-average SINR is then used in a link performance model based on a modified Shannon-limit formula. In some channel conditions, this method can be less accurate than the EESM method, but is still quite useful and does not require extensive calibration simulations. The SINR and link performance models for the simplified method, based on [4], become:
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and
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where C is the normalized link efficiency and  is a “coding gap”, representing the expected degradation (from the Shannon limit) of the modulation/coding methods used in the system [5]. In this study, a 4 dB coding gap is assumed, resulting in 
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ANNEX C – Validation 
In ANNEX A, the closed-form expressions of SINR for each subcarrier are presented for an OFDM receiver with and without transmit diversity. The accuracy is shown in this section via numerical simulations. Given the channel coefficients, the SINR can be numerically evaluated via linear algebra, or calculated in closed-forms by Equations (3)-(5). Here we take a snapshot of channels. Figure 2 compares two approaches of SINR computation for OFDM receivers, which justify the accuracy of the closed-form expressions. Furthermore, Figure 2 shows that the simplified model of Section III matches the DFT analysis of Section II.  In Figure 4, the performance of space-time coding with 2 transmit antennas and 1 receive antenna is shown, justifying the accuracy of the closed-form approximation. 
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Figure 2 - SINR for OFDM receiver
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Figure 4 - SINR for space-time coding

ANNEX D - System Simulation Assumptions

The considered cellular network consists of 120 3-sector sites (arranged in a rectangular configuration), of which the center 48 sites are used for gathering statistics: the outer sites are present only to provide a realistic environment. The mobile users are uniformly distributed within the sites. 
The received signal strength (excluding fast fading) and the propagation delays for the serving sector and 10 dominant other sectors are returned for every mobile. The 10 dominant sectors are logged rather than all sectors in order to reduce simulation time while having a negligible impact on the results (shown in the next section). A TU channel model is then superimposed onto each of the serving and 10 dominant sectors (each shifted by its respective propagation delay) for the subsequent link-level analysis. The link-level analysis takes both thermal noise and self-interference (i.e., rays outside the CP) into account. Note that the TU model provides a significant amount of frequency diversity; so results for channel models with less frequency diversity may lead to slightly different optimal CP durations. However, broadcast services may also utilize time interleaving (not modeled here) to further increase the amount of diversity, making the TU channel model quite reasonable for sizing the CP duration. Similar diversity arguments may be made to scale the results to other bandwidths. In general, if transmit power is scaled with bandwidth, the results for a 20 MHz system should be similar to the 5 MHz results, for example. Maximum ratio combining is used in the case of terminal antenna diversity. 

Table II. Cellular System-Level Parameters

	Carrier frequency
	2 GHz

	Channel Bandwidth
	5 MHz

	Deployment
	Synchronized Broadcast SFN, 3 sectors/cell

	Cell Radius
	1 km, 1.62km, 2 km

	Tx Power out of the PA
	43 dBm (20W), 53 dBm (200W)

	Path loss model
	128.1+37.6log (d), d in km

	Penetration loss
	10 dB

	Std. Deviation of slow fading
	8 dB

	Correlation between sectors
	1            (slow fading)

	Correlation between sites
	0.5         (slow fading)

	Correlation distance 
	50 m      (slow fading)

	BTS antenna gain
	14 dBi

	Handset antenna gain
	0 dBi

	Handset noise figure
	9 dB

	Channel model
	GSM Typical Urban (TU) 

	Antenna Pattern
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Note that the simplified and detailed interference models assume that Doppler-induced ICI is negligible. This is a reasonable assumption for the system parameters considered in this study, but the assumption would need to be re-examined if the OFDM symbol durations and/or the carrier frequency were significantly increased. Also, ideal channel estimation is assumed for all results, and OFDM symbol timing is chosen to maximize the SINR.
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