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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. 
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

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


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. We also showed the performances in the cell interior, assuming an ideal situation that there is no meaningful inter-cell 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: PN indicates PN sequence; OS indicates PN-OS product sequence.
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SIMO-TDM-NoBoost


			IorNo			-2dB			0dB			2dB			4dB			6dB			8dB			10dB			12dB


			SIMO TDM 16QAM flat									0.5289			0.2768			0.15143			0.05903			0.03314


			SIMO TDM 16QAM flat len5									0.3824			0.1894			0.0997			0.04549			0.01944


			SIMO TDM 16QAM flat perf									0.4165			0.1968			0.09278			0.04848			0.02093


			SIMO TDM 4QAM TU			0.3658			0.07543			0.00884			0.00085


			SIMO TDM 4QAM TU perf			0.107954			0.01583			0.00108


			SIMO TDM 16QAM TU									0.4851			0.1258			0.01798			0.00164


			SIMO TDM 16QAM TU len40									0.4046			0.1044			0.0153			0.00163


			SIMO TDM 16QAM TU th12									0.4556			0.1476			0.0185			0.00149			8.00E-05


			SIMO TDM 16QAM TU len40 th12									0.4155			0.0946			0.01476			0.00076			7.00E-05


			SIMO TDM 16QAM TU perf									0.2505			0.0528			0.00662			0.00054


			SIMO TDM 64QAM TU															0.40297			0.1065			0.01295			0.00124


			SIMO TDM 64QAM TU perf															0.2504			0.04737			0.00402			0.00025
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SIMO TDM 16QAM TU perf


SIMO TDM 64QAM TU


SIMO TDM 64QAM TU perf


1/3 CONV, TU or flat fading, Distributed, (No pilot boost)
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SIMO TDM 16QAM flat perf


SIMO TDM 4QAM TU


SIMO TDM 4QAM TU perf


SIMO TDM 16QAM TU


SIMO TDM 16QAM TU perf
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SIMO TDM 64QAM TU perf


1/3 CONV, TU or flat fading, Distributed, (No pilot boost)





AMC


			IorNo			-2dB			-1dB			0dB			1dB			2dB			3dB			4dB


			SIMO (Linear Interpolation)			0.602845			0.3676			0.19267			8.60E-02			0.03341			0.0113			2.84E-03


			SIMO (Window 121 + Lin Interp)			0.349981			0.213224			0.107744			4.51E-02			0.01226			0.00281			1.68E-03


			SIMO (Window 12421 + Lin Interp)			0.343159			0.187864			0.0908			3.24E-02			0.01311			0.00349			1.10E-03


			SIMO (MMSE, no boost)			0.365818			0.209565			0.07543			0.02525			0.00884			2.07E-03			8.50E-04


			SIMO (MMSE, 15% pilot)			0.1849			0.09004			0.03019			0.0121			0.00295			0.00067			0.00011


			SIMO (Perfect Channel)			0.107954			0.04718			0.01583			0.00549			0.00108			0.0003
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SIMO (Linear Interpolation)


SIMO (Window 121 + Lin Interp)


SIMO (Window 12421 + Lin Interp)


SIMO (MMSE, no boost)


SIMO (MMSE, 15% pilot)


SIMO (Perfect Channel)


SIMO(1x2), TDM pilot, QPSK, 1/3 CONV, TU, Distributed





SIMO-ChEst


			1x2 SIMO (PGRC) with AMC


			TU, Turbo code, Ndata_sc=60


			dsyms_per_symbol=10.5: tdm_data_syms: {3-13}


			EcIor=-15.44 = 12 * 10 / 300 / 14


			num_tx_ant=1 num_rx_ant=2 num_mimo_streams=1 pilotEcIor=-13.22 EcIor=-8.24 PreCoding=0


			IorNo			-2dB			0dB			2dB			4dB			6dB			8dB			10dB			12dB			14dB			16dB			18dB			20dB


			simo_amc_real_ch			467.922			697.752			903.426			1132.6			1403.04			1735.59			2049.25			2298.37			2534.26			2781.19			3061.87			3186.59


			simo_amc_perf_ch			610.969			807.336			1039.49			1262.34			1502.65			1826.74			2155.02			2389.75			2629.78			2898.57			3102.38			3236.04
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simo_amc_real_ch


simo_amc_perf_ch


1x2, 3km/h TU, no tx/rx correlation, 3ms delay, 
5RBs/SB, 11 symbols/subframe, 5 CQI bits





Long CP


			3/30/07


			Standard TDM pilot (2x staggering) vs No staggering


			1x2 TU


			Use 11 symbols {3-13}, dsyms_per_frame=10.5, CONV code


			distributed tones


			pilotEcIor=-13.22dB


			12 tones, 84 info bits, R=1/3, EcIor=-15.23dB


			IorNo						-4dB			-3dB			-2dB			-1dB			0dB			1dB			2dB			3dB			4dB


			simo_4QAM_1x			1x stg									0.37651			0.19903			0.10585			0.03238			0.01642			0.00378			0.00135


			simo_4QAM_2x			2x stg									0.44109			0.21727			0.1243			0.04195			0.01335			0.00347			0.00077


			simo_4QAM_pf			Perf Ch			0.4584			0.2539			0.14508			0.0624			0.02565			0.00717			0.00193


			84 tones, 150 info bits, R=1/11.76, EcIor=-6.78dB


			IorNo						-6dB			-4dB			-2dB


			simo_BCH_1x			1x stg			0.29824			0.0489			0.00317


			simo_BCH_2x			2x stg			0.2667			0.0448			0.002


			simo_BCH_pf			Perf Ch			0.01667			0.0009			0.00003


			3/30/07


			TDM pilot (2x staggering), MMSE channel estimation with DFT size 512 or 300


			1x2 TU


			Use 11 symbols {3-13}, dsyms_per_frame=10.5, CONV code


			distributed tones


			pilotEcIor=-13.22dB


			84 tones, 150 info bits, R=1/11.76, EcIor=-6.78dB


			IorNo						-10dB			-8dB			-6dB			-4dB			-2dB			0dB


			test_30_300			DFT 300, 30 taps			0.95584			0.70897			0.25128			0.0485			0.00252			0.00005


			test_50_300			DFT 300, 50 taps			0.99118			0.80128			0.47295			0.1035			0.01345			0.00022


			test_50_512			DFT 512, 50 taps			0.97761			0.72982			0.27279			0.04718			0.00668


			test_perf			Perfect Ch			0.53665			0.12582			0.01682			0.0017			0.00005
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SIMO, 4QAM, 1/3 CONV, TU 3kph, 12 tones dist over 5MHz
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Throughput comparison at 15dB for high CDD delays
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DFT 300, 30 taps


DFT 300, 50 taps


DFT 512, 50 taps


Perfect Ch


SIMO, 4QAM, 1/11.76 CONV, TU 3kph, 84 tones dist over 5MHz
Channel sampling rate 512 & 300, # of channel taps 30 & 50
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			4/29/07


			Long CP simulation (Nprefix=120, Nwindow=8, Total=128, non-variable CP)


			Comparison of 1/6 pilot and 1/4 pilot


			1x2 Veh-B (channel_config=6)


			Use 6 symbols {4,5,7,8,10,11}, dsyms_per_frame=6, TURBO code


			5 subband, subband scheduling, 60 tones, EcIor=-10dB


			Linear Interpolation [0.25 0.5 0.25]


			1/6 pilot: Npilot=80, 50 pilot tones per symbol, pilotEcIor=-12.55dB


			1/4 Pilot: Npilot=128, 75 pilot tones per symbol, pilotEcIor=-10.79dB


			IorNo						0dB			5dB			10dB			15dB


			simo_long_cp_4th			RS density 1/4			343.467			636.479			904.509			1086.37


			simo_long_cp_6th			RS density 1/6			313.694			616.898			843.003			998.257


			MMSE


			IorNo						0dB			5dB			10dB			15dB


			simo_long_cp_4th			pp4_LI			343.467			636.479			904.509			1086.37						* copied from above


			simo_long_cp_pp4_mmse512_100taps			pp4_512_100			337.588			669.91			1083.53			1382.95


			simo_long_cp_pp4_mmse512_150taps			pp4_512_150			313.994			649.702			1052.02			1363.27


			simo_long_cp_6th			pp6_LI			313.694			616.898			843.003			998.257						* copied from above


			simo_long_cp_pp6_mmse512_100taps			pp6_512_100			304.385			635.317			1045.14			1366.65


			simo_long_cp_pp4_mmse300_100taps			pp4_300_100			314.348			664.409			1034.14			1380.64


			simo_long_cp_pp4_mmse300_150taps			pp4_300_150			284.385			595.894			982.734			1287.19


			simo_long_cp_pp6_mmse300_100taps			pp6_300_100			270.713			600.631			982.952			1287.55
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1x2 SIMO, Long CP, Veh-B
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pp6_512_100
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power


Long CP, Veh-B, estimated power delay profile (13usec)
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			4/29/07


			3-cell reference signal simulations


			- use 4x4 PARC mode, shared pilot, three_sector_pilot ON, three_cell_data ON/OFF


			- give 6dB geometry boost to compensate transmit power dividing by 4


			- No precoding, no antenna selection, no HARQ blanking


			* Short CP - 1/6 pilot density


			1/6 pilot: Npilot=80, 50 pilot tones per symbol, pilotEcIor=-13.22dB


			* Long CP (Nprefix=120, Nwindow=8, Total=128, non-variable CP) - 1/4 pilot density


			1/4 Pilot: Npilot=128, 75 pilot tones per symbol, pilotEcIor=-10.79dB


			MMSE channel estimation with DFT512


			Use 6 symbols {4,5,7,8,10,11}, dsyms_per_frame=6, TURBO code


			5 subband, subband scheduling, 60 tones, EcIor=-10dB


			three_sector_data=0, Veh-B (channel_config=6), long CP, 100 channel taps (13usec)


			IorNo						0dB			5dB			10dB			15dB


			RS1_long_cp_pp4_mmse512_100_perf			3 cell OS, perf			381.615			682.117			1071.07			1471.9


			RS2_long_cp_pp4_mmse512_100_perf			3 cell PN, perf			371.435			685.627			1072.2			1479.39


			RS3_long_cp_pp4_mmse512_100_perf			Cell interior, perf			361.178			687.312			1058.64			1475.23


			simo_long_cp_pp4_mmse512_100_perf			True 1x2, perf			431.925			760.615			1179.73			1581.24


			RS1_long_cp_pp4_mmse512_100			3 cell OS, 13usec			63.9503			105.644			158.486			191.455						* Only first antenna active (1x2 emulation)


			RS2_long_cp_pp4_mmse512_100			3 cell PN, 13usec			136.644			304.474			345.858			340.147						* Orthogonal sequence from 3 antennas


			RS3_long_cp_pp4_mmse512_100			Cell interior, 13usec			275.702			605.073			972.062			1318.11						* Random sequence from 3 antennas


			simo_long_cp_pp4_mmse512_100			True 1x2, 13usec			348.471			683.602			1077.08			1406.88


			Use 6 symbols {4,5,7,8,10,11}, dsyms_per_frame=6, TURBO code


			5 subband, subband scheduling, 60 tones, EcIor=-10dB


			three_cell_data=0, Veh-B (channel_config=6), long CP, 84 channel taps (11usec)


			IorNo						0dB			5dB			10dB			15dB


			RS1_long_cp_pp4_mmse512_84			3 cell OS, 11usec			210.386			399.708			501.557			483.967


			RS2_long_cp_pp4_mmse512_84			3 cell PN, 11usec			135.898			262.314			350.805			360.939


			RS3_long_cp_pp4_mmse512_84			Cell interior, 11usec			260.419			586.412			823.954			1006.45


			Use 11 symbols {3,...,13}, dsyms_per_frame=10.5, TURBO code


			5 subband, subband scheduling, 60 tones, EcIor=-8.24dB


			three_cell_data=0, TU, short CP, 50 channel taps (6.5usec)


			IorNo						0dB			5dB			10dB			15dB


			RS1_short_cp_pp6_mmse512_50			3 cell OS, 6.5usec			547.938			1040.25			1438.37			1736.54


			RS2_short_cp_pp6_mmse512_50			3 cell PN, 6.5usec			329.838			644.104			777.687			772.223


			RS3_short_cp_pp6_mmse512_50			Cell interior, 6.5usec			554.419			1114.49			1816.16			2503.94


			Use 6 symbols {4,5,7,8,10,11}, dsyms_per_frame=6, TURBO code


			5 subband, subband scheduling, 60 tones, EcIor=-10dB


			three_cell_data=1, Veh-B (channel_config=6), long CP, 84 channel taps (11usec)


			IorNo						0dB			5dB			10dB			15dB


			RS1d_long_cp_pp4_mmse512_100			3 cell OS, 13usec			28.825			39.499			41.2263			38.8292


			RS1d_long_cp_pp4_mmse512_84			3 cell OS, 11usec			61.9606			85.7385			80.8255			80.9188


			RS2d_long_cp_pp4_mmse512_100			3 cell PN, 13usec			47.074			63.9989			59.9595			66.9122


			RS2d_long_cp_pp4_mmse512_84			3 cell PN, 11usec			48.4777			57.3275			57.15			61.3675


			test_1x2_mmse						674.239			1275.56			2031.41			2639.37						* Actual 1x2 SIMO									TU


			test_1x2_perf						789.99			1384.51			2149.14			2734.73															TU


			test_4x4_mmse						554.089			1150.57			1812.12			2461.39															TU


			test_4x4_perf			1 cell, perf			682.866			1221.95			1881.09			2583.53															TU


			test_a						656.336			1272.7			2041.43			2612


			test_b						600.604			1120.11			1836.49			2481.45


			test_c						540.762			1032.96			1445.55			1650.62


									1 cell			OS			PN


			0			0			0.297			0.289			0.286


			1			0.1302083333			0.009			0.008			0.013


			2			0.2604166667			0.278			0.244			0.25


			3			0.390625			0.125			0.108			0.11


			4			0.5208333333			0.005			0.005			0.007


			5			0.6510416667			0.005			0.005			0.007


			6			0.78125			0.005			0.005			0.007


			7			0.9114583333			0			0.001			0.004


			8			1.0416666667			0.002			0.003			0.005


			9			1.171875			0.001			0.002			0.004


			10			1.3020833333			0.001			0.002			0.005


			11			1.4322916667			0.001			0.002			0.004


			12			1.5625			0			0.001			0.002


			13			1.6927083333			0.001			0.011			0.003


			14			1.8229166667			0			0.022			0.002


			15			1.953125			0			0.003			0.004


			16			2.0833333333			0.001			0.002			0.003


			17			2.2135416667			0			0.001			0.004


			18			2.34375			0			0.001			0.004


			19			2.4739583333			0			0.001			0.001


			20			2.6041666667			0			0.001			0.008


			21			2.734375			0			0.001			0.005


			22			2.8645833333			0			0.001			0.006


			23			2.9947916667			0			0.001			0.008


			24			3.125			0			0.001			0.002


			25			3.2552083333			0			0.001			0.002


			26			3.3854166667			0			0.001			0.002


			27			3.515625			0			0.001			0.002


			28			3.6458333333			0			0.001			0.004


			29			3.7760416667			0			0.001			0.002


			30			3.90625			0			0.001			0.003


			31			4.0364583333			0			0.001			0.003


			32			4.1666666667			0			0.001			0.001


			33			4.296875			0			0.001			0.005


			34			4.4270833333			0			0.001			0.004


			35			4.5572916667			0			0.001			0.007


			36			4.6875			0			0.001			0.01


			37			4.8177083333			0			0.001			0.003


			38			4.9479166667			0			0.001			0.007


			39			5.078125			0			0.001			0.003


			40			5.2083333333			0			0.001			0.003


			41			5.3385416667			0			0.001			0.003


			42			5.46875			0			0.003			0.003


			43			5.5989583333			0			0.004			0.004


			44			5.7291666667			0			0.004			0.004


			45			5.859375			0			0.008			0.006


			46			5.9895833333			0			0.003			0.003


			47			6.1197916667			0			0.001			0.005


			48			6.25			0			0.001			0.004


			49			6.3802083333			0			0.001			0.005


			50			6.5104166667			0			0			0.002


			51			6.640625			0			0.001			0.006


			52			6.7708333333			0			0.001			0.003


			53			6.9010416667			0			0.001			0.002


			54			7.03125			0			0.001			0.006


			55			7.1614583333			0			0			0.001


			56			7.2916666667			0			0.001			0.008


			57			7.421875			0			0.001			0.002


			58			7.5520833333			0			0.001			0.006


			59			7.6822916667			0			0.001			0.003


			60			7.8125			0			0			0.006


			61			7.9427083333			0			0.001			0.004


			62			8.0729166667			0			0.001			0.005


			63			8.203125			0			0.001			0.004


			64			8.3333333333			0			0.001			0.005


			65			8.4635416667			0			0.001			0.005


			66			8.59375			0.001			0.002			0.006


			67			8.7239583333			0.001			0.002			0.006


			68			8.8541666667			0.009			0.014			0.013


			69			8.984375			0.006			0.009			0.011


			70			9.1145833333			0			0.001			0.002


			71			9.2447916667			0.001			0.001			0.003


			72			9.375			0			0.001			0.004


			73			9.5052083333			0			0.001			0.003


			74			9.6354166667			0			0.001			0.004


			75			9.765625			0			0.001			0.001


			76			9.8958333333			0			0.001			0.003


			77			10.0260416667			0			0.001			0.002


			78			10.15625			0			0.002			0.002


			79			10.2864583333			0			0.001			0.003


			80			10.4166666667			0			0.002			0.002


			81			10.546875			0			0.002			0.002


			82			10.6770833333			0			0.002			0.003


			83			10.8072916667			0			0.007			0.003


			84			10.9375			0			0.008			0.004


			85			11.0677083333			0			0.106			0.004


			86			11.1979166667			0			0.067			0.005


			87			11.328125			0			0.142			0.004


			88			11.4583333333			0			0.177			0.009


			89			11.5885416667			0			0.008			0.009


			90			11.71875			0			0.011			0.004


			91			11.8489583333			0			0.002			0.008


			92			11.9791666667			0			0.003			0.004


			93			12.109375			0			0.002			0.003


			94			12.2395833333			0			0.002			0.006


			95			12.3697916667			0			0.002			0.005


			96			12.5			0.001			0.002			0.007


			97			12.6302083333			0.001			0.002			0.013


			98			12.7604166667			0.001			0.002			0.017


			99			12.890625			0.057			0.056			0.069


						644.53125			0.809
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