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1. Introduction
This contribution considers the outstanding issue of whether one unicast RS per antenna is sufficient for PDCCH reception in MBSFN sub-frames or additional unicast RS per antenna need to be multiplexed in the MBSFN sub-frame. In addition to providing complimentary results for the setups considered [1-3], this contribution extents the PDCCH BLER evaluation to the typical case that a MBSFN sub-frame is preceded by a unicast one, and therefore a UE can also use the corresponding unicast RS for the channel estimate in PDCCH detection, and to the application or not of Tx diversity.  

2. Simulation Assumptions
The two examined unicast RS structures in the MBSFN sub-frame are given in Figure 1. 
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Figure 1: Cat0 BER for the PA channel with and without Tx Diversity.

The simulation assumptions are provided in Table 1. 
	Parameter
	Assumption

	PDCCH size
	40 bits

	PDCCH code rate
	1/3, 1/6

	Bandwidth
	5 MHz (2.0 GHz)

	Channel Model
	TU6 at 10, 120, and 360 Kmph

	Antenna Configuration
	1 or 2 (SFBC) at Transmitter, 2 at Receiver

3 dB RS power boost with SFBC

	Channel Estimation
	Time Interpolation
	Dopper-dependent Linear Filtering

	
	Frequency Interpolation
	Least Squares

	Unicast RS Buffering for Channel Estimation
	RS from Current and Preceding Sub-frame (if any)


Table 1: Simulation Assumptions

The simulations consider the TU6 channel model in order to maximize the potential gain from having the additional unicast RS in MBSFN sub-frames (the gain will be smaller for less frequency selective channels). Also, the simulations consider low code rates for the PDCCH in order to again obtain an indication for the maximum potential channel estimation gain which occurs at low SINRs.  

3. Performance Results
Figure 1 presents the PDCCH BLER, with and without additional unicast RS in MBSFN sub-frames, for r=1/3, 10 Kmph, with/out transmit diversity and with/out prior unicast (UC) sub-frame transmission. Figure 2 presents the PDCCH BLER for the same setups as Figure 1 but at 120 Kmph. The BLER at 350 Kmph is not significantly affected by the existence of additional unicast RS in MBSFN sub-frames, as expected, since the channel becomes practically uncorrelated and the corresponding BLER curves are not presented for brevity.  
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PDCCH BLER vs Additional MBSFN RS and Prior Unicast or MBSFN Sub—Frame.
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Figure 1: DPCCH BLER with/out an Additional Unicast RS in MBSFN Sub-Frames. 10 Kmph, r=1/3.
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Figure 2: DPCCH BLER with/out an Additional Unicast RS in MBSFN Sub-Frames. 120 Kmph, r=1/3.

The performance gain from the additional unicast RS in MBSFN sub-frames is primarily determined by whether the previous sub-frame is unicast. At low UE speeds, the gain is about 0.85 dB without prior unicast RS, while it practically vanishes when using the RS from a prior unicast sub-frame. At relatively large UE speeds (120 Kmph), the gain reduces to about 0.4 dB and 0.6 dB depending on whether the prior sub-frame is unicast or not, respectively. 
Since at low SINRs and low coding rates the reduction in the transmission power is nearly equivalent to that for the BW, a loss of 0.85 dB for the PDCCH corresponds to a BW reduction of about 18%. If the PDCCH in MBSFN sub-frames occupies 2 OFDM symbols (16.7% overhead), the corresponding BW reduction is about 3% which is equal to the overhead to the MBSFN data from introducing the additional unicast RS for 2 Tx antennas. Therefore, the maximum PDCCH performance loss from not having an additional unicast RS in MBSFN sub-frames is offset by the overhead of such RS.  
As the operating SINR decreases, channel estimation becomes less accurate and the gains from having the additional unicast RS increase. Figure 3 shows the PDCCH BLER for r=1/6 and a low UE speed (10 Kmph) providing the largest gains. The gain from the additional unicast RS increases to about 1.0-1.1 dB and therefore the previous conclusion is not materially affected. Clearly, the gain will be larger than 1.1 dB for r=1/12 and smaller than 0.8 dB for r=2/3.
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Figure 3: DPCCH BLER with/out an Additional Unicast RS in MBSFN Sub-Frames. 10 Kmph, r=1/6.

The PDCCH BLER should be considered in conjunction with the overall E-UTRA design. Currently, a maximum of 3 OFDM symbols is provisioned for the PDCCH with DL/UL grants and a maximum of 2 OFDM symbols in the case of UL grants (MBSFN sub-frames). The other overhead that exists in the first 2 OFDM symbols is the same in both cases. Considering that the DL grant size is larger than the UL grant size, there is considerable margin if 2 OFDM symbols in MBSFN sub-frames are always used to support UL grants (if 1 OFDM symbol is not enough for all MBSFN participating cells). From this perspective, the performance loss from not having additional unicast RS may not matter anyway.  
Additionally, RS power boosting can be used if the PDCCH needs to reach many UEs in poor SINR conditions and unicast RS from prior sub-frames are not used. The benefits of the second unicast RS are completely offset if the power of the nominal unicast RS is boosted by 3 dB. For 2 Tx antennas, this corresponds to 16.7% increase in overhead.   
4. Conclusions
This contribution considered the need for introducing an additional unicast RS in MBSFN sub-frames. Using unicast RS from prior sub-frames, the benefits from additional unicast RS are negligible, even at low SINRs and highly frequency selective channels. For 2 Tx antennas, an additional unicast RS in MBSFN sub-frames leads to 16.7% more overhead. Also, since 2 OFDM symbols provide substantial margin for UL grant transmissions (including the additional usual overhead), this overhead increase can be accommodated without any noticeable scheduling restrictions by boosting the transmission power of the nominal unicast RS by 3 dB (which is also preferable since it provides better performance at high UE speeds). Therefore, additional unicast RS in MBSFN sub-frames are not needed.   
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