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1. Introduction
In this contribution we examine the reference signal (pilot) format for the E-MBMS TTI. The definition of the pilot format is needed to proceed with the performance evaluation for E-MBMS and the analysis of the potential usefulness of open loop transmit diversity methods. TDM multiplexing between unicast and E-MBMS TTIs is assumed. A similar analysis should be carried out for FDM multiplexing, in case it is chosen or such decision remains FFS. The focus in on 1 transmit antenna. Whether transmit antenna diversity is needed for E-MBMS and the corresponding pilot structure implications are considered through link level analysis in an accompanying contribution [1]. 

In [2, 3] (submitted but not presented during the RAN WG1 #44 meeting), two primary possibilities have been suggested for the MBMS pilot (TDM multiplexing between E-MBMS and unicast assumed); 

a) cell common with additional cell specific pilot and 

b) cell specific pilot with repetition pilot (assuming TDM multiplexing for unicast and E-MBMS).
In this contribution we focus on the design and performance of the cell common pilot. The requirements of the E-MBMS common pilot are analyzed with respect to the delay spread and the maximum number of channel taps that can be estimated. A specific common pilot structure is proposed and its performance is compared to the ones suggested in [2, 3, 4].  

2. Attributes of the E-MBMS Reference Signal Structure
The current numerology assumes that the E-MBMS CP length is 16.67 (s. For the 5 MHz bandwidth, this implies that the pilot should provide channel estimates without aliasing for a maximum of about 128 taps. The maximum pilot sub-carrier spacing satisfying the previous condition is M=2. Therefore, the effective pilot sub-carrier spacing should be 30 KHz and the number of channel taps for which a channel estimate without aliasing can be provided is 150. The equivalent delay spread is 19.53 (s.

After determining the required pilot frequency density, we consider the required time density. Given that at 2.6 GHz, the 50% channel coherence time for a UE speed of 350 Kmph is about 1 TTI (0.5 msec), it is clear that, similar to unicast TTIs, pilot signals are needed at both the beginning and end of the E-MBMS TTI. This is even more important for E-MBMS because the broadcast nature (no preceding and succeeding TTI to interpolate to) and the absence of any MCS scheduling.

Finally, the required pilot overhead should be determined in order to optimize the performance for the cell inter-site distances in the EUTRA evaluation [1]. Clearly, this overhead should be larger than the one for unicast traffic as the channel delay spread and the number of paths that need to be estimated are much larger for E-MBMS. The simulations in the next section provide the detailed analysis.
3. Candidate E-MBMS Reference Signal Structures
The two main E-MBMS pilot formats examined in this contribution are shown in Figures 1 and 2. They both satisfy the requirements discussed in the previous section. The format in Figure 1 was found to provide the optimum tradeoff between overhead and performance for the site-to-site distances of interest. Its overhead is 16.67%. The format in Figure 2 was proposed in [4]. Its overhead is 25%. 
Additional pilot formats with less overhead than the one in Figure 1 were found to have a worse tradeoff between overhead and performance and are not presented in this contribution. This will also be indirectly seen from the presented performance results. Similarly, as the format in Figure 1 provides the optimum tradeoff between overhead and performance and has smaller overhead than the format in Figure 2, additional formats with more overhead than the one in Figure 2 will also not be presented. 
Moreover, several additional formats with the same overhead as the one in Figure 1 were examined but were found to have worse performance. Such a pilot format is shown in Figure 3 and it is similar to the one proposed in [2, 3] but with some modifications in order to satisfy the conditions of Section 2 Mainly the pilot frequency density is changed to 2 sub-carriers from 3 sub-carriers in [2,3] and the position is made more advantageous especially for high UE speeds. Because of the somewhat smaller pilot frequency density, the pilot format in [2, 3] has lower overhead than the one in Figure 3 which will lead to a negative performance versus overhead tradeoff relative to formats 1 and 2.
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 Figure 1: E-MBMS TTI with pilot format 1. 



Figure 2: E-MBMS TTI with pilot format 2.


Figure 3: E-MBMS TTI with pilot format 3.
Relative to the pilot format in Figure 1, the pilot format in Figure 2 has additional pilot sub-carriers for the 2 middle symbols in the E-MBMS TTI. However, this will be shown to unnecessarily increase the pilot overhead. The pilot format in Figure 1 provides both “causal” and “non-causal” channel estimates for the 2 middle symbols leading to robust channel estimation for all UE speeds under consideration. Relative to the pilot format in Figure 1, the format in Figure 3 provides very comparable performance at low to medium speeds but it is found to under-perform at very high speeds thereby being less robust. The latter pilots for formats 1 and 3 can be shifted by 1 sub-carrier to increase frequency scattering (full frequency occupation for first format after time interpolation for low UE speeds) but this was found to produce practically identical performance. Moreover, for format 1, the placement of the second and third reference symbols on the third and fourth OFDM symbols (instead of the second and fifth OFDM symbols), respectively, was also examined but this was found to produce identical performance at low UE speeds and somewhat worse performance (0.5-1.0 dB) at high UE speeds.
4. Performance of Candidate E-MBMS Reference Signal Structures
In order to evaluate the performance of pilot formats for E-MBMS, several additional considerations are needed relative to the unicast case. One is the site-to-site distance in the SFN network. The larger the site-to-site distance the larger the effective channel delay spread and the more difficult the channel estimation. A second consideration is the relative signal strength and signal delay from each of the sectors in the SFN network, for a given site-to-site distance. This set of signal strengths and delays will be referred to a “drop”. The impact of the particular drop is similar to the multipath diversity offered by different channel profiles. 
The power and delay profiles of the drops used in the performance evaluation are presented in the Appendix. Several drops were generated according to the system level specifications in [5] for site-to-site distances of 1.732 Km and 500 m (cases 1 and 3 in Table 1 of [5]). Two drops were selected in each case, reflecting different UE locations in order to determine if this has any effect on the relative channel estimation performance. Drop 1 represents a UE close to cell edge while Drop 2 represents a UE close to Node B. As it will be shown, although the actual performance strongly depends on the selected drop, there is no noticeable impact on the relative channel estimation performance.
Additional simulation assumptions are given in Table 1. Notice that transmission occurs from 19 cell sites and there is no preceding or succeeding MBMS TTI for pilot interpolation. Both these assumptions provide the worst setup for the performance of format 1 relative to format 2. A smaller number of transmitting cells, as it may occur for multicast application, will lead to a smaller number of paths thereby benefiting the format 1 that has a lower pilot overhead. The same applies for SFN operations across regions [6]. Possible interpolation will further decrease the significance of the larger pilot overhead. 
	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance
	Cases 1, 3 in Table 1 of [3]

	Bandwidth
	5 MHz (2.6 GHz)

	Channel Model
	TU, Ped. A, various UE speeds

	E-MBMS Channel
	Rate 1/2 Turbo Code, 6 OFDM symbols 

	Antenna Configuration
	1 at Transmitter, 2 at Receiver

	Channel Estimation
	Time Interpolation/Averaging
	Linear – Doppler dependent coefficients

0-25 Kmph, 25-120 Kmph, >120 Kmph

	
	Frequency Interpolation
	Least Squares

	Buffering for Channel Estimation
	Single E-MBMS TTI (between unicast TTIs)


Table 1: Simulation Assumptions Pilot Format Performance Evaluation.
For all pilot formats, time interpolation was performed first followed by frequency interpolation. Time interpolation was based on simple averaging or linear interpolation, depending on the UE speed. Frequency interpolation was based on the least-squares method. 

4.1. Site-to-Site Distance 1732 m
The FER performance for the largest site-to-site distance is first examined. All Node B signals are assumed to have the TU6 channel profile in order to provide the largest amount of channel taps and thus the worst case scenario for the relative performance of the lower overhead pilot formats 1 and 3 relative to pilot format 2. Lower delay spread channels will be more in focus in the accompanying contribution [1] where it will be shown that the relative channel estimation performance difference with respect to the TU6 channel is small. 
In order to account for the lower pilot overhead with formats 1 and 3, the respective FER curves are adjusted by 0.465 dB to the left (this value is obtained from the ratio of raw information bits with formats 1 and 3 and the raw information bits with format 2 – a similar value is obtained if instead of the raw information bits, the modulated data sub-carriers are considered).
Figures 4 and 5 provide respectively the FER for the 2 drops in the Appendix at 3 Kmph (performance was virtually identical at 30 Kmph) and 350 Kmph with QPSK modulation. Format 1 marginally outperforms format 2 (0.1 dB or less) while format 3 exhibits worse performance at very high speeds. The relative performance between format 1 and format 2 indirectly shows that pilot overheads less than about 16.67% will have a negative performance versus overhead tradeoff for the larger cell sizes.
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Figure 4: Drop 1. FER at 3 Kmph and 350 Kmph for the Pilot Formats of Section 3. QPSK.
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Figure 5: Drop 2. FER at 3 Kmph and 350 Kmph for the Pilot Formats of Section 3. QPSK.
Figures 6 and 7 provide respectively the FER performance for the 2 drops in the Appendix at 30 Kmph and 350 Kmph with 16QAM modulation. Several traits become more apparent with 16QAM. The first is the sensitivity of format 3 on the channel variations which begins to appear even at moderate speeds. The second is the increase in performance gains of format 1 relative to format 2 as the middle pilot sub-carriers of the second are not very useful for channel estimation of the edge symbols. Moreover, for format 2, the time interpolation coefficients had to be carefully optimized at high speeds. In other words, the interpolation coefficients have to be selected for the highest speed (e.g. 350 Kmph) which will results to sub-optimum performance at somewhat smaller speeds (e.g. 150 Kmph).

Comparing the performance with format 1 relative to format 2, we observe that the difference of about 0.1 dB is maintained for low UE speeds while most of the overhead difference of 0.46 dB appears at 350 Kmph where format 1 outperforms by about 0.3-0.35 dB (at 1% FER) reflecting the fact that at high speeds the additional overhead of pilot format 2 cannot be effectively exploited.
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Figure 6: Drop 1. FER at 30 Kmph and 350 Kmph for the Pilot Formats of Section 3. 16QAM.
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Figure 7: Drop 2. FER at 30 Kmph and 350 Kmph for the Pilot Formats of Section 3. 16QAM.
4.2. Site-to-Site Distance 500 m
The case of 500 m site-to-site distance is now examined. In this case, the effective channel delay spread is smaller than for the 1732 m case, to the benefit of channel estimation. To simplify the presentation and discussions, we focus on formats 1 and 2 which are the more robust. 
Figures 8 and 9 show the FER for the 2 exemplary drops for QPSK and 16 QAM respectively, for UE speeds of 30 Kmph (performance was virtually identical at 3 Kmph) and 350 Kmph. As the effective channel delay spread decreases, the gains of format 1 over format 2 increase at low to moderate speeds to about 0.2 dB while they remain about 0.4 dB (close to the overhead difference), for very high speeds.
For a multicast system where not all 57 sectors transmit the same content, the channel delay spread is smaller and therefore the expected gains of pilot format 1 over format 2 will more closely approach the overhead differential of 0.46 dB. The performance gains will further increase, due to larger overhead differentials, in the case that transmit antenna diversity is applied to E-MBMS as it is shown in [1].
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Figure 8: FER at 30 Kmph and 350 Kmph for the Pilot Formats 1 and 2. QPSK.
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Figure 9: FER at 30 Kmph and 350 Kmph for the Pilot Formats 1 and 2. 16QAM.
For cell layouts with small inter-site distances it is possible to increase the frequency density of the pilot sub-carriers and reduce the corresponding overhead. The performance of pilot format 1 was also evaluated for a pilot frequency density of 3 sub-carriers and inter-site distance of 500 m. The reduction in overhead relative to frequency density of 2 sub-carriers is equivalent to about 0.285 dB gain. However, the resulting performance was found to be practically identical for all examined setups with that for 3 sub-carriers spacing. This is because the reduced pilot overhead gains are offset from channel estimation losses. Therefore, pilot format 1 is universally preferred for 1 transmit antenna as it optimizes performance and robustness for all inter-site distances in EUTRA evaluation.  
5. Summary and Conclusions
We have analyzed candidate E-MBMS pilot formats in terms of desired functionality and performance versus overhead tradeoff. A specific pilot format (format 1 in Section 3) has been identified as the optimum for the cell sizes considered in EUTRA evaluation. It meets all the desired functionalities and provides an extremely robust solution under all broadcast and multicast scenarios of EUTRA E-MBMS. 
Pilot structure 1 also achieves nearly all overhead reduction gains (0.46 dB) relative to structure 2 for the shorter site-to-site distances. Similar or larger gains are expected when less than 57 sectors are combined, as for multicast, for SFN operation across regions, or for more than one consecutive E-MBMS sub-frames where interpolation is possible.
The main characteristic of the proposed E-MBMS pilot structure, in addition to its frequency and time densities, is that no pilot sub-carriers exist in the middle OFDM symbols of the sub-frame. However, the corresponding channel estimates are very robust as it can be based on both causal and non-causal channel estimates from the past and future OFDM symbols containing pilot sub-carriers. An advantage of this design is that additional pilot sub-carriers are avoided for a reduction of the total pilot overhead and a corresponding increase in the number of available data symbols. By reducing the pilot overhead, the performance may be improved or alternatively, the maximum supportable data rate may increase. 

Text Proposal 

==================== Start of Text Proposal ===================

7.1.1.2.2
Downlink reference-signal structure

For E-MBMS (SFN-based multi-cell multicast/broadcast) sub-frames, the baseline structure considers reference symbols located in the first, second, fifth and sixth OFDM symbols as shown in Figure 7.1.1.2.2-2. 
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Figure 7.1.1.2.2-2. Basic E-MBMS reference-signal structure.

===================== End of Text Proposal ===================
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APPENDIX

The drop files used in the simulations for the 1.732 Km and 500 m site-to-site distances are provided in the Tables 1 and 2. The total power is normalized to 1.0. The delays are in samples base on 2x over-sampling (7.68 MHz).
Table 1: Propagation delay and distance-dependent path loss from each sector for ISD = 1732 m.
	Sector Number
(Power order)
	Drop 1 (UE near cell edge)
	Drop 2 (UE near cell center)

	
	Fractional Power
	Delay (samples)
	Fractional Power
	Delay (samples)

	1
	2.9552e-1
	9
	7.4446e-1
	0

	2
	2.2064e-1
	0
	1.3312e-1
	9

	3
	1.7502e-1
	3
	3.6946e-2
	6

	4
	1.3334e-1
	24
	1.0919e-2
	46

	5
	3.6134e-2
	44
	1.0874e-2
	26

	6
	2.4336e-2
	43
	1.0135e-2
	0

	7
	1.8517e-2
	52
	1.0135e-2
	0

	8
	1.8341e-2
	31
	6.1856e-3
	44

	9
	1.6757e-2
	3
	6.1802e-3
	88

	10
	1.3307e-2
	34
	4.6754e-3
	36

	11
	5.4862e-3
	41
	3.9664e-3
	31

	12
	4.8851e-3
	3
	3.7197e-3
	53

	13
	4.4872e-3
	9
	3.0240e-3
	6

	14
	4.4872e-3
	9
	1.8732e-3
	9

	15
	3.8613e-3
	66
	1.8732e-3
	9

	16
	2.7451e-3
	0
	1.7935e-3
	67

	17
	2.7451e-3
	0
	1.6497e-3
	78

	18
	2.4530e-3
	71
	1.2869e-3
	51

	19
	2.3657e-3
	47
	1.0959e-3
	42

	20
	2.0821e-3
	24
	1.0707e-3
	73

	21
	2.0821e-3
	24
	9.7604e-3
	6

	22
	1.3568e-3
	66
	5.6253e-3
	50

	23
	1.1898e-3
	87
	4.3802e-3
	69

	24
	1.0221e-3
	47
	2.7874e-3
	72

	25
	9.3331e-4
	41
	2.2827e-3
	42

	26
	7.1174e-4
	51
	2.2179e-3
	50

	27
	7.0328e-4
	31
	1.8777e-3
	51

	28
	6.8003e-4
	77
	1.8592e-3
	73

	29
	3.7941e-4
	31
	1.7471e-3
	67

	30
	3.7002e-4
	44
	1.6173e-3
	26

	31
	3.7002e-4
	44
	1.6173e-3
	26

	32
	3.4251e-4
	74
	1.5185e-3
	31

	33
	2.7645e-4
	43
	1.4508e-3
	86

	34
	2.7645e-4
	43
	1.2450e-3
	46

	35
	1.9865e-4
	52
	1.2450e-3
	46

	36
	1.9865e-4
	52
	8.2011e-4
	31

	37
	1.9441e-4
	34
	7.1650e-4
	36

	38
	1.9441e-4
	34
	7.1650e-4
	36

	39
	1.8977e-4
	41
	6.3840e-4
	44

	40
	1.5125e-4
	66
	6.3840e-4
	44

	41
	1.2100e-4
	47
	6.2489e-4
	88

	42
	1.1572e-4
	51
	6.2489e-4
	88

	43
	7.6811e-5
	85
	5.7913e-4
	86

	44
	5.7998e-5
	74
	5.0368e-4
	67

	45
	4.3326e-5
	66
	4.1953e-4
	51

	46
	4.3326e-5
	66
	4.1081e-4
	42

	47
	4.0003e-5
	66
	3.9323e-4
	53

	48
	3.0451e-5
	71
	3.9323e-4
	53

	49
	3.0451e-5
	71
	3.7335e-4
	73

	50
	2.7199e-5
	85
	2.7622e-4
	50

	51
	2.4189e-5
	51
	2.6147e-4
	78

	52
	1.1999e-5
	87
	2.6147e-4
	78

	53
	1.1999e-5
	87
	7.1631e-6
	86

	54
	1.1826e-5
	74
	4.8645e-6
	69

	55
	1.0486e-5
	77
	4.8645e-6
	69

	56
	1.0486e-5
	77
	3.4378e-6
	71

	57
	3.5977e-6
	85
	3.4378e-6
	71


Table 2: Propagation delay and distance-dependent path loss from each sector for ISD = 500 m.

	Sector Number
(Power order)
	Drop 1 (UE near cell edge)
	Drop 2 (UE near cell center)

	
	Fractional Power
	Delay (samples)
	Fractional Power
	Delay (samples)

	1
	4.4579e-1
	3
	9.5758e-1
	0

	2
	2.0166e-1
	0
	9.7292e-3
	0

	3
	1.0233e-1
	2
	9.7292e-3
	0

	4
	6.0524e-2
	9
	9.1525e-3
	7

	5
	2.9254e-2
	7
	2.8697e-3
	8

	6
	2.8662e-2
	11
	1.8202e-3
	15

	7
	2.4069e-2
	12
	1.5506e-3
	11

	8
	1.2230e-2
	13
	1.3343e-3
	13

	9
	1.1229e-2
	15
	1.2772e-3
	5

	10
	1.0887e-2
	2
	9.4800e-4
	5

	11
	1.0139e-2
	14
	8.7618e-4
	11

	12
	7.6017e-3
	12
	6.8659e-4
	19

	13
	5.9518e-3
	3
	3.2324e-4
	11

	14
	5.9518e-3
	3
	2.6505e-4
	21

	15
	4.3282e-3
	14
	2.1379e-4
	15

	16
	3.8946e-3
	20
	1.8650e-4
	20

	17
	3.6347e-3
	20
	1.6964e-4
	25

	18
	3.1672e-3
	19
	1.4330e-4
	11

	19
	2.9663e-3
	2
	1.3700e-4
	20

	20
	2.7903e-3
	22
	1.1570e-4
	22

	21
	2.7643e-3
	15
	1.0596e-4
	7

	22
	2.7593e-3
	9
	1.0596e-4
	7

	23
	2.7243e-3
	0
	1.0092e-4
	23

	24
	2.7243e-3
	0
	8.4013e-5
	5

	25
	1.8925e-3
	22
	8.0033e-5
	18

	26
	1.6749e-3
	12
	5.8145e-5
	11

	27
	1.3198e-3
	9
	4.2516e-5
	19

	28
	1.1245e-3
	21
	3.8244e-5
	23

	29
	7.1816e-4
	22
	3.3732e-5
	8

	30
	5.1580e-4
	14
	3.3732e-5
	8

	31
	4.4063e-4
	11
	2.9846e-5
	11

	32
	4.4063e-4
	11
	2.7852e-5
	24

	33
	4.1733e-4
	7
	2.4855e-5
	15

	34
	4.1733e-4
	7
	2.4855e-5
	15

	35
	3.5237e-4
	15
	1.6509e-5
	19

	36
	2.9838e-4
	22
	1.3354e-5
	13

	37
	2.9153e-4
	12
	1.3354e-5
	13

	38
	2.8299e-4
	19
	1.1861e-5
	24

	39
	2.4759e-4
	12
	5.1582e-6
	18

	40
	2.4759e-4
	12
	4.8697e-6
	23

	41
	2.1627e-4
	21
	4.7903e-6
	18

	42
	1.4205e-4
	13
	4.2336e-6
	18

	43
	1.4205e-4
	13
	3.7786e-6
	21

	44
	1.1786e-4
	15
	3.7786e-6
	21

	45
	1.1786e-4
	15
	3.0593e-6
	15

	46
	8.6268e-5
	19
	3.0593e-6
	15

	47
	8.5637e-5
	15
	1.9500e-6
	18

	48
	4.5419e-5
	20
	1.9246e-6
	20

	49
	4.5419e-5
	20
	1.9246e-6
	20

	50
	4.4236e-5
	22
	1.7184e-6
	22

	51
	4.4236e-5
	22
	1.7184e-6
	22

	52
	4.2735e-5
	20
	1.6968e-6
	25

	53
	4.2735e-5
	20
	1.6968e-6
	25

	54
	4.0826e-5
	21
	1.4216e-6
	20

	55
	3.6095e-5
	22
	1.4216e-6
	20

	56
	1.9111e-5
	22
	1.4154e-6
	24

	57
	1.9110e-6
	22
	3.4306e-7
	18








































































































































































































Data


Tones





Pilot


Tones
















































































Data


Tones















































Data


Tones





Pilot


Tones





Pilot


Tones





Symbol 1





Symbol 1





Symbol 6





Frequency Tones





Symbol 1





Symbol 6





Frequency Tones





Symbol 6





Frequency Tones








- 1/9 -

_1204028148.doc






D







R























































D







D































D







R































D







D











D







D







 : Reference symbol







R







R







D







D































D







R































D







D































D







R











D  







D







R







D







D







D







R







D







D







D







D







R







D







D







D







R







D







D







D











R







D







D







D











R







D







D







D







R







D







D







D







R







D







D











D











D







R







D











D







D







R







D







D







D











R







D







D







D







R







D











D







D







R















D







D







D







D







D







D







D







D







D







D







D







D







D







D







D







D







D







D















D







D







D







D







D







D







D







D







D







D







D







D







D







D







D







D







D







D











0.5 ms







Frequency domain















 : Data







D












