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1
Introduction

In this contribution, the reference signal structures for mixed carrier multi-cell MBMS are investigated. On mixed carrier, the MBMS TTIs are time-multiplexed with unicast TTIs. To enable SFN operation and proper SFN channel estimation, the MBMS subframes should carry pilot symbols that are common to all cells within the SFN area.
Reference signal structures for MBMS were investigated in [1]-[4]. In [1], cell-specific reference signals with group scrambling were proposed. This approach gains some additional diversity with the cost of decreased channel estimation accuracy. In [2]-[4] on the other hand, cell-common reference signal structures were studied. Currently, the overall agreement seems to be that the frequency density of the pilots should be two or three subcarriers. In [2], a structure with 11,1% overhead was proposed whereas in [3] the proposed structure had 16,7% overhead. In [4] it was concluded that a reference signal structure with overhead from 16,7% to 20% should be selected. Most companies seem to prefer cell-common reference signal structures.

This paper presents simulation results regarding the performance of cell-common reference signal structures. The optimum cell-common reference signal structure is studied using block error rate (BLER) and average data throughput during MBMS TTI as performance measures. A comparison is made between some of the proposed reference signal structures given in [2]-[4] and some other possible structures described in section 2. The comparison is based on link-level simulations made using an SFN channel model described in [5]-[6]. 
2
Cell-common pilot structures for MBMS
The impulse response of the SFN channel model is long and thus the channel is very frequency selective, so the spacing between the pilot symbols in frequency has to be clearly smaller than in unicast. However, the time spacing requirements are the same and based on the maximum Doppler shift of about 648 Hz at 350 km/h speed. According to the two-dimensional sampling theorem [7], to support channels of length up to the long CP length 16.67 µs, the pilot symbol spacing in frequency should be at most two. 
The first OFDM symbol of every TTI has to be reserved for unicast L1/L2 control signalling, also in case of MBMS TTIs. This is because in LTE uplink, synchronous HARQ is employed which means that the HARQ acknowledgment has to be sent exactly in certain TTI in downlink. Also, unicast control is needed for scheduling grants. So, in order to demodulate the unicast control channel, unicast pilots need to be multiplexed within the first OFDM symbol. The unicast pilots are also needed for CQI measurements.
Based on the above discussion, the reference signal structures given below are chosen as candidate reference signal structures. Also other structures with larger pilot spacing in frequency were considered, but as expected, their performance was found to be clearly worse than that of the ones given below. The structures are staggered structures with pilot spacings of two or three in frequency. Also the number of pilots in time is varied since although the coherence time of the channel is the same as in unicast, in a staggered structure the other pilot OFDM symbols increase also the effective frequency density of the pilots.
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Figure 1. Candidate reference signal structures
The pilot overhead corresponding to each structure is given in Table 1 below.
Table 1. Overhead of each reference signal structure

	Structure
	Common pilot overhead [%]

	1
	11,1%

	2
	25,0%

	3
	16,7%

	4
	16,7%


3
Simulation assumptions
The simulation assumptions follow those that were discussed earlier in the Cannes ad-hoc meeting [5]. To capture the properties of the SFN channel, the channel seen by the UE is constructed as a composite channel that is formed by combining the channels between each e-Node-B and the UE. In this paper, the channel models given in [6] are used. The exact procedure for generating the channel models is described in more detail in [6]. The basic network parameters are set according to TR25.814 scenario 3, i.e. the 57-cell network layout is used with 2.0GHz carrier frequency, inter-site distance (ISD) 1732 m, bandwidth is 10 MHz and penetration loss is 20 dB [8].
Table 2. Simulation assumptions

	Bandwidth
	10 MHz

	Number of used subcarriers
	600

	Subcarrier spacing
	15 kHz

	Subframe length / TTI length
	0.5 ms (6 OFDM symbols) / 1.0 ms (12 OFDM symbols)

	Symbol duration
	Useful part
	66.67 µs

	
	CP length
	16.67 µs

	Modulation
	QPSK, 16QAM, 64QAM

	Channel coding / decoding
	Rate 1/3 turbo code / Max-log-MAP decoding with 8 iterations

	Antenna configuration
	1 at transmitter, 2 at receiver

	UE speed
	30 km/h, 350 km/h

	OFDM symbol timing
	Ideal

	Channel estimation
	1-D Wiener filter in frequency, 1-D Wiener filter in time


In the simulations, the optimum reference signal structure for MBMS among the possible structures is studied using BLER and average data throughput as performance measures. BLER alone is not a proper performance measure since it does not take into account the different pilot overheads among the structures. Therefore, we also look at the resulting data throughput during the MBMS TTI.
Simulation assumptions are summarized in Table 2. One MBMS TTI is transmitted at 10 MHz bandwidth using parameters given in [8]. Pilots are inserted in both subframes of the TTI using pilot structures described in section 2. The first OFDM symbol is filled with unicast control data whereas the rest of the symbol locations are assumed to contain MBMS data. Before transmission, turbo coding with rate 1/3 encoder, rate matching and interleaving are done. The considered modulation schemes are QPSK, 16QAM and 64QAM. 
The resulting signal is then fed to the channel given in [6]. Considered mobile speeds are 30 km/h and 350 km/h and the used Doppler spectrum is the classical Jakes’ Doppler spectrum. 
At the receiver end, two antennas are used for diversity reception. Ideal FFT timing is assumed. The channel estimation is done using a more practical version of the optimal Wiener channel estimator. Here, the 2-D Wiener filter is split into two 1-D filters, one for frequency and one for time direction. First, channel estimates at those OFDM symbols that contain pilots are calculated by using an estimate of the coherence bandwidth and calculating the optimal filter coefficients based on that. After the channel estimates at pilot OFDM symbols are obtained, the channel estimates at the rest of the symbol locations are calculated using a 1-D Wiener filter that filters in time direction. The coefficients of this filter are obtained by first estimating the channel coherence time (UE speed) and calculating the optimal coefficients based on that estimate. After channel estimation and MRC reception, the signal is deinterleaved and decoded. Finally at the reception end, block error rate and data throughput are measured. In the calculation of data throughput, it is assumed that all erroneous blocks are discarded and that the first OFDM symbol contains unicast control data, so that is left out from the throughput calculation.
4
Simulation results
This section presents the BLER performance and throughput obtained with each reference signal structure candidate. Here, BLER is not normalized in anyway with respect to overhead, so also the throughput figures should be considered when comparing the different structures.

Figure 2, Figure 3 and Figure 4 show the BLER and throughput performances of the candidate reference signal structures at 30 km/h for QPSK, 16QAM and 64QAM modulations. Overall, structures 1 and 3 seem to have clearly worse BLER performance than structures 2 and 4, the BLER performance difference being 2.5-3 dB with QPSK and even larger with higher modulations. Looking also at the throughput curves, it can be concluded that structure 1 clearly outperforms structure 3 and structure 4 outperforms structure 2.
Similar results are obtained at 350 km/h UE speed, shown in Figure 5, Figure 6 and Figure 7. Also in this case, the benefit of using a more dense time spacing of the pilots does not seem to be very significant. 

The simulation results deviate a bit of those obtained in [1] and [2]. One reason for this is that the channel estimation method is not the same. We are using a practical implementation of the Wiener filter that divides the 2-D filter into two 1-D filters. This means that we do not get the full benefit of using staggered reference signal structures because we have to do the channel estimation in two steps, first in frequency direction and then in time direction. Thus, for the channel estimator used in these simulations, it is crucial that the pilot symbol spacing in frequency is dense enough in each OFDM symbol that contains pilots. An optimal 2-D Wiener channel estimator would get more benefit of staggered structures, but on the other hand might give a bit optimistic results since this channel estimator is not very practical for actual implementation. Our channel estimator is suitable for implementation and still actually optimal among those channel estimators that use two separate 1-D filters for the estimation.
Another possible cause for deviations between the results might be that the channel used in these simulations might be a bit more frequency selective.
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Figure 2. Performance of the candidate reference signals structure for QPSK, v=30km/h.
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Figure 3. Performance of the candidate reference signals structure for 16QAM, v=30km/h.
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Figure 4. Performance of the candidate reference signals structure for 64QAM, v=30km/h.
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Figure 5. Performance of the candidate reference signals structure for QPSK, v=350km/h.
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Figure 6. Performance of the candidate reference signals structure for 16QAM, v=350km/h.
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Figure 7. Performance of the candidate reference signals structure for 64QAM, v=350km/h.
5
Conclusions

In this paper, the performance of cell-common reference signal structures for mixed carrier MBMS have been studied. It was found out that structures 1 and 4 described in section 2 give the best performance in terms of BLER and data throughput. So, the reference signal structure for mixed carrier MBMS should have two pilot symbols per subframe in OFDM symbols 1 and 4. The structure should be staggered with pilot spacing of two or three subcarriers in frequency, corresponding to 16,7% or 11,1% overhead, respectively. Between these two candidate structures, based on our simulations with practical channel estimation, structure 4 with pilot frequency spacing of two would be the best candidate.

It should be emphasized that these results are for mixed carrier multi-cell MBMS. In case of dedicated MBMS, the pilot spacing in frequency should be the same, but in time direction it should be studied whether some additional benefit regarding reference signal overhead can be obtained if subframe (or TTI) length is made longer. Also, in dedicated MBMS it has to be considered how multiplexing of single-cell and multi-cell MBMS transmissions is taken into account in the reference signal structures.
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