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1. Introduction
It was agreed in the RAN1#48bis meeting that the P-SCH design is based on ZC, and that it has no repetitive structure in the time domain. Some companies expressed concern about the performance of initial sync with such design because of possible frequency offset (FO). In this contribution we show why a ZC-based PSC is indeed problematic for initial sync and propose to reverse RAN1 decision, and design the PSC based on PN-QPSK or a combination of several ZC sequences (e.g. the interleaved ZC structure proposed by Motorola [2]). Alternatively, the following analysis and simulations suggests how to choose the least problematic ZC index-triplet for the P-SCH.
2. Analysis
The source of the problem is in an approximate ambiguity between frequency and time shifts. This ambiguity can be demonstrated by the simple case of a one-subcarrier (15 kHz in the EUTRA configuration) shift, in which case 
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I.e., the frequency shift is equivalent to a multiplication by a rotating phase exp(-j2πuk/L), which, for the time domain sequence (S=IFFT(ZC))  translates into an approximate cyclic time shift by u samples. The ambiguity is only approximate because the above relation does not hold for the full series over all k – there will be a missing first element and an extra last element. Note that this time-frequency ambiguity is true not only for the even-L ZC sequence in the above example, but also for odd-L ZC sequences (for odd L, ZC=exp(-jπuk(k+1)/L)).
Now, suppose the signal to be detected is 15kHz off, and we use an ML hypothesis-testing detector to detect it by correlation with all possible frequency-shifted versions of the time domain sequence S. Then, the received signal will have a maximal correlation with the 15kHz-shifted S at the correct time, but it will also have a significant correlation with a non-frequency-shifted sequence, at a different timing which is u samples away from the correct timing. Thus, in the presence of noise the detector might err and detect the signal in the wrong time and the wrong FO.
The above approximate time-frequency ambiguity is manifested also when having FO’s smaller than one subcarrier, and when using a partial-correlation detector [3] followed by FO estimation derived from the phase-rotation of the partial-correlation over the two segments. For example, Figure (1) shows the two-segment correlation of the time-domain PSC symbol generated from a frequency-domain ZC sequence with L=64 and index u, with a received signal generated by frequency-shifting the PSC.
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Figure 1: Two-segment partial correlation between a PSCH symbol generated from a FD ZC sequence with L=64, and a frequency-shifted replica. (a) ZC index u=3 and FO=10kHz, (b) u=3 and FO=5 kHz, (c) u=23 and FO=10 kHz
In  1(a) and 1(b) the peak at sample 64 corresponds to the correct time and correct FO, while the peak at 67 (=64+3) corresponds to a false time detection and (false) zero FO. The relative magnitude of the false peak increases with increasing FO. Thus, with large FO segmental correlation detector will generate false timing and false FO estimation with significant probability. In 1(c)  with u=23 the false peak at sample 87 (=64+23) is lower than the false peak with u=3; Thus, this index will have a higher probability for correct detection.
The time-frequency ambiguity is also manifested in the “reverse” scenario, where the FO is zero but the received signal is composed of multipath-delayed reflections. Suppose that the strongest reflection is detected at the correct time, but there is another reflection which is delayed by u samples relative to the detected reflection. This 2nd reflection appears to the FO estimator (operating at the 1st reflection timing) as a frequency-shifted PSC, and will therefore generate a false frequency offset component. This multipath-FO ambiguity will appear as long as the channel delay spread is larger than the time span of u samples. Thus, large values of u will not have this degrading effect1.
In Figure (2) we plot four performance measures as a function of the ZC index. The analysis is performed with a P-SCH symbol generated from a ZC sequence of length 64, mapped to the center 64 subcarriers of a 128-subcarrier symbol, with the DC punctured, and frequency-shifted by 10 kHz. A corresponding PSC replica is generated with and without the FO. The performance measures are as follows:

1. PAPR of the time-domain PSC symbol 

2. Relative autocorrelation of the non-FO PSC symbol: maximal side-lobe divided by the main-lobe

3. Cross correlation: The ratio between the peaks of the cross correlations with the FO and non-FO replicas. This ratio is indicative of the probability of false FO detections with an ML hypothesis-testing detector.
4. Two-segment correlation and FO estimation with the non-FO replica: The ratio between the false peaks (like those at 67 in Figure 1(a) and 87 in (c)) to the correct ones (like the one at 64).
From Figure 2 we observe that the time-frequency ambiguity effect is manifested by the large ratios of false/true peaks in both the ML and two-segment Xcorr detectors. However, the effect is reduced in the center values of the ZC index.
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Figure 2: SCH-detection performance measures for ZC-based PSC, L=64, assuming Fs=1.92 MHz
The analysis is repeated in Figure 3 with a 2x downsampling, corresponding to 0.96 MHz sampling rate at the receiver. Here a worst-case scenario is assumed, corresponding to the case where the true timing falls on a half-chip phase while the competing false detection occurs at a perfect sampling phase. The analysis is also repeated in Figure 4 for an odd ZC parameter L=73 and a sequence length of 72 subcarriers. We observe the same time-FO ambiguity and index-dependence in all cases.
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Figure 3: SCH-detection performance metrics for ZC-based PSC, L=64, assuming Fs=0.96 MHz and worst-case sampling phase
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Figure 4: SCH-detection performance metrics for ZC-based PSC, L=73, assuming Fs=1.92 MHz

3. Choosing 3 PSC sequences based on ZC
Based on the above analysis, the three PSC sequences for EUTRA should be chosen according to the following criteria:
1. Smallest (relative) segCorr false peaks, which prefers ZC indexed around the center (e.g., 31 in the L=64 case)

2. Due to the multipath-FO ambiguity, it is preferred to use a ZC index u which correspond to delay (u samples at 0.96 MHz sampling rate) that is larger than the maximal expected delay spread. Assuming this maximal delay spread to be around the extended CP duration (16 usec), the index u should lie between 16 and 48.
3. Smallest autocorrelation side-lobe, preferring ZC indexes around the edge (e.g., 1)

4. Smallest PAPR, preferring a set of indices which have, say, PAPR < 5dB
5. Smallest cross correlation between the 3 PSC sequences. An empirical cross correlation analysis shows that this requirement leads to a preference of having the distance between the indicees of the 3 sequences being either odd, or equal to 2. I.e., if two out of the three indices are denoted by ui and uj, the distance dij= ui–uj is either equal to 2 or an odd number (see, e.g., Figure 5)
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Figure 5: Peak Xcorr between PSC based on ZC #31 to all 64 ZC-based PSC

The requirements for small autocorrelation side-lobe and small FO ambiguity are conflicting. When FO estimation is not needed (such as in neighbour-cell search) the preference would go for the small or large indices such as 1 and 63. However, when FO estimation is needed (such as in initial cell search) these indices would fail colossally. In contrast, satisfying the FO requirements should not hurt the neighbor cell search that much: neighbour-cell search is expected to perform at SNR down to around -6 dB, and thus it is expected to perform reasonably well also with the -10 dB autocorrelation side-lobes of the middle ZC indexes. Thus, our preference is an index triplet such as (29,30,31) for the L=64 and L=73 designs, which is most robust to FO, has good enough autocorrelation, has good cross-correlation properties, and low PAPR.

4. Pseudo Random QPSK
Figures 6-7 show the same analysis as Figures 2 and 5 but for 64 frequency-domain PN QPSK sequences. The PAPR and peak Xcorr are slightly less favorable than those of the ZC sequences, but there is no time-frequency shift ambiguity and hence no FO problem.
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Figure 6: SCH-detection performance metrics for FD PN-QPSK PSC
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Figure 7: Peak Xcorr between PSC based on PN-QPSK #31 to all 64 PN-QPSK-based PSC
5. Cell Search Simulation 

Figure 8 show initial and neighbor-cell search detection probabilities for 4 PSC designs:

1. FD ZC, L=64, indexes 29,30,31

2. FD ZC, L=64, indexes 1,23,43, proposed in [1] by Nokia
3. FD ZC, L=73, indexes 29,30,31

4. PN-QPSK, three sequences selected at random
5. Interleaved ZC as proposed in [2]: Two 32-long ZC sequences with parameter L=31 and repetition of the 1st element, and with a triplet of index pairs (1,2), (3,30), (29,28). In the figure-legend the index pairs are denoted by u=31xId1+Id2.
The simulation conditions are listed in Table 1. In these simulations the difference between initial and neighbor cell search is in the assumption on FO: In the “neighbor-cell” configuration it is assumed there is no FO, so a full-correlation detector is used and no frequency correction is applied. There is no handling of neighbor lists, and ideal verification is assumed.
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Figure 8: Cell ID detection probability: (a) neighbor cell search, (b) initial search with FO=0, (c) initial search, FO=10 kHz

	Bandwidth
	5 MHz

	Sub-carrier spacing
	15 kHz

	Cyclic Prefix
	Short

	SCH occupied bandwidth
	72 subcarriers for the L=73 ZC, 64 subcarriers for all the other designs

	Number of SCH symbols per frame (P-SCH, S-SCH)
	2 (1,1)

	Number of P-SCH symbols for timing detection
	1

	Number of S-SCH symbols for S-SCH index detection
	1

	Initial Search timing and FO detection method
	2-segment partial correlation
FO estimated from the phase rotation between the two partial correlations

	Neighbor cell Search timing and FO detection method
	Full correlation, FO is assumed 0

	S-SCH design
	2 concatenated Walsh sequences

	Number of indices provided by P-SCH
	3

	Number of indices provided by S-SCH
	26 x 26 = 676

	S-SCH index detection method
	Coherent detection

	Serving sector ID (=Cell ID within the group)
	0

	Number of TX/RX antennas
	1/2

	Carrier frequency offset between Node-B and UE
	0 and 10 kHz (constant)

	Channel model
	TU

	Vehicle speed
	3km/h


Table 1: simulation conditions for initial and neighbor-cell search

6. Discussion
The PSC based on ZC with L=64 and index u=1 proposed in [1] as part of  the triplet (1,23,43) performs poorly at initial search. With small FO this is due to erroneous FO estimation in the multipath channel. With large FO the additional effect of erroneous timing and FO estimation makes it fail completely. The index triplet (29,30,31) performs at initial search significantly better than (1,23,43).
The L=73 (72 subcarriers) and L=64 (64 subcarriers) perform equally. (Note that all the OFDM symbol energy is allocated to the SCH subcarriers).
Interleaved ZC proposed in [2] performs in initial search better than any of the ZC sets. Frequency-domain (FD) PN-QPSK performs similar to Interleaved ZC. We note, however, that we did not make a conclusive search on all possible QPSK sequences, and thus it might be that even better-performing sequences can be found.
We conclude that the optimal PSC design can be equally well based on either PN-QPSK or the Interleaved ZC. Alternatively, a carefully chosen ZC index triplet produces only a small loss in initial search. One such set for either the L=64 or L=73 designs is the index triplet (29,30,31).
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1 This is true for values of u up to L/2. Above that the correlation picture looks like the mirror image with u replaced by L/2-u
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