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1
Introduction
The sequence for LTE DL RS is constructed by the product of two sequences – Pseudo-random sequence (PRS) and orthogonal sequence (OS) [1]. The PRS is constructed from binary PN sequences. With 510 cells in the system, each cell ID is one-to-one mapped to the product of 170 PN sequences and 3 OSs.

In this document, we discuss advantages and disadvantages of the product sequence of PN and OS with respect to the pure PN sequence.

2
PN-OS Product vs. PN
We compare the PN-OS product sequence and PN sequence in terms of channel estimation, noise estimation, and time tracking.

2.1. Channel Estimation

Figure 1 shows an exemplary channel impulse response (CIR) observed by the channel estimator in the time domain when PN-OS product sequences are used for RS. In the figure, the blue CIR represents the channel of the serving cell while the red or green CIR represents the channel of a neighboring cell which shares a common PN sequence with the serving cell.  

As the RS density in frequency is one of three tones after combining the staggered observations and the OFDM symbol length is about 66us, the maximum CIR length which does not cause aliasing is 22us. Thus, when the three cells are synchronized to a common Node B timing, the maximum CIR length which does not suffer from overlapped interference is about 7.4us.

Considering that the short CP and long CP are designed for the maximum CIR span of about 4.7us and 16.7us, the sustainable CIR length of 7.4 us may become a critical problem when long CP is employed for unicast operation. When the CIR span is longer than 7.4us, the CIR of the serving cell overlaps with the co-channel interferences. 

In practice, either blue and red CIRs or blue and green CIRs are dominantly observed in the cell boundary, and only blue CIR is dominantly observed in the cell interior. In Appendix, we will confirm through simulation study that the PN-OS product sequence degrades the robustness of the system when the channel delay spread is long. 
Figure 2 shows the corresponding CIR observation when pure PN sequences are used for RS. The localized red and green CIRs observed in Figure 1 do not exist in Figure 2, but the background noise plus interference level increases as the co-channel interference energy is uniformly distributed over the 22us period after PN descrambling of the RS of the serving cell. Thus, if pure PN sequences are used for RS, the sustainable CIR length can increase from 7.4us to 22us.   
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Figure 1
Channel Impulse Response Observed in Time Domain (PN-OS Product Sequence)
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Figure 2
Channel Impulse Response Observed in Time Domain (PN Sequence)

2.2. Noise Estimation

The FDM/TDM pilot allocation enables a simple and robust noise estimation approach, for example, by taking differentials between two pilot tones separated by 1 slot and estimating the average energy. 
With the pure PN based RS, the estimated noise density level reflects the contributions originating from both inter-cell interference and background noise components. However, with the PN-OS product based RS, the differential based approach cancels out the inter-cell interference components originating from the synchronized cells using the same PN as the serving cell, thus underestimating the overall noise level.
2.3. Time Tracking

In order to maximize the channel estimation and demodulation performance, the optimal starting position of FFT window should be tracked. Compared to PN based RS (Figure 2), PN-OS product based RS (Figure 1) significantly reduces the sustainable range of the FFT position adjustment.

In fact, if the CIR length becomes close to 7.4us or larger in Figure 1, it is difficult to distinguish the boundary between the CIR of the serving cell and that of the interfering cell using the same PN, which significantly impairs the robustness of the time tracking loop.
Furthermore, as we cannot expect that the number of cells associated with a Node B is always 3 or its multiple, we need a careful cell planning with the PN-OS product based RS in order to prevent the cells with the same PN sequences from being associated to neighboring Node B’s. Otherwise, the CIRs of such cells may significantly overlap in the worst case, thereby significantly degrading the time tracking and channel estimation operation.      

3. Conclusions

Based on the arguments in section 2, it is clear that OS should not be used in large delay spread channels (greater than 7.4 µs). 

However, based on the results in Appendix, OS benefits are evident at cell edge when channel delay spread is smaller than 7.4 µs and the UE is incapable of intra eNB adjacent cell RS cancellation.
Therefore, at this stage, we propose the following:

· Long CP based subframes

· OS is not used

· Number of PRS = 510

· Constructed from PN sequences

· Short CP based subframes

· Retain the working assumption on OS for the time being

· Number of PRS = 170

· Evaluate other techniques such as RS cancellation
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Appendix

In this section we compare link performances between PN-OS product based RS and pure PN based RS.
Table 1 describes the numerology and the resource allocation for the link throughput simulation. Transmitter, channel, and receiver configurations are as follows:

· 2 Rx antennas

· Bandlimited white interference and noise

· 5MHz BW - 3km/h TU and Vehicular-B
· Channel estimator filter length – 1ms

· 5bit CQI with 3ms feedback delay
· Generation of CQI and preferred virtual antenna subset – Modulation order constrained (up to 64QAM) capacity formula based effective SINR method averaging the MMSE output SINR of individual tones

· Number of parallel H-ARQ processes – 6

· Maximum number of retransmissions – 4 (including the first transmission)

· Adaptive H-ARQ BLER control – 10% BLER target after the first transmission 

· Signal detection – LMMSE
· Sub-band scheduling – 5 sub-bands are assumed, each of which having 5 resource blocks (i.e., 900 kHz BW).
· Data transmission bandwidth and number of data symbols – 5 resource blocks, 6 OFDM symbols per TTI

	Slot duration
	0.5 ms

	Subframe duration
	1 ms

	Symbols / Subframe
	14

	FFT size
	512

	Tone spacing
	15 KHz

	Guard tones per symbol
	212

	Pilot Allocation for short CP
	One every six tones in 1st, 5th, 8th, 12th OFDM symbols [1]

	Pilot Allocation for long CP
	One every six tones in 1st, 4th, 7th, 10th OFDM symbols [1]


Table 1
Evaluation Numerology 
Figure A-1 compares throughout performances for the short CP in the TU channel when RS is based on PN-OS produced sequence (denoted by OS) and pure PN sequence (denoted by PN). The figure shows the performances of OS and PN in the cell edge when the neighboring cells are unloaded and the pilots of 3 cells are received with equal power spectral density. We also showed the performances in the cell interior, assuming an ideal situation that there is no meaningful inter-cell pilot and traffic interference observed there (denoted by Cell interior). We observe that OS shows significant performance gain over PN in the cell edge due to the improved channel estimation performance. The co-channel pilot interferences are mostly suppressed by the channel estimator in the case of PN-OS product sequence, where the channel estimator assumed 6.5us as the maximal channel span in the simulation.  
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Figure A-1
Throughput (kbps) vs. SNR for the unloaded neighbouring cells in TU: PN indicates the performance of PN sequence in the cell edge; OS indicates the performance of PN-OS product sequence in the cell edge.
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Figure A-2
Throughput (kbps) vs. SNR for the unloaded neighbouring cells in Vehicular B: PN indicates the performance of PN sequence in the cell edge; OS indicates the performance of PN-OS product sequence in the cell edge.

Figures A-2 compares throughout performances for the long CP in the Vehicular-B channel for OS (cell edge), PN (cell edge), and Cell interior. We evaluated the performances for two different channel estimators – one considers only 7.4us (i.e., maximum CIR span which does not cause overlapping between desired signal and interference when PN-OS product sequence is used) as valid CIR span, and the other considers longer CIR span (13us). We assumed the case that there is only red co-channel interference (see Figure 1).   

We observed the following results for the long CP case:

· In order not to seriously degrade the performance in the cell interior, the channel estimator should assume the CIR span much longer than 7.4us (for example, 13us) in the Vehicular-B channel, which is natural in the long CP deployment scenario.
· OS, when the channel estimator assumes long CIR span (13us), significantly degrades the performance in the cell edge in Vehicular-B channel due to the significantly increased interference level in the channel estimation.

· PN warrants good performances in the cell interior by assuming long CIR span without significantly degrading the cell edge performance. The cell edge performance of PN is not as sensitive as OS to the assumption of the CIR span in the channel estimator.
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