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1. Introduction
In RAN1#48bis, it was decided that the primary SYNC channel (P-SCH) is to be designed with non-repetitive structure and Zadoff-Chu (ZC) sequences. While the ZC-based design offers satisfactory performance when used with the 2x repetitive structure (see, e.g. [1]), the use with the non-repetitive structure needs further investigation as the ZC-based design is known to be sensitive to frequency offset.

In this contribution, we outline some inherent problems with the use of ZC sequences for designing the P-SCH with non-repetitive structure. Due to the chirp-like property of ZC sequences, a large enough frequency offset is mistaken as a timing error (manifested in terms of a peak shift in the auto-correlation profile). Conversely, a timing error/offset can be mistaken as a frequency offset. This problem becomes more accentuated when a non-repetitive structure is used. While this problem can be alleviated (not removed) by carefully choosing the root sequences, the less sensitive sequences tend to have larger side lobes in the correlation profiles which may be detrimental for non-initial cell search. Other than the performance, the resulting UE complexity also needs to be taken into account.
To ensure satisfactory performance for the non-repetitive P-SCH in all scenarios (e.g. initial and non-initial cell search, different channel/deployment conditions, UE crystal characteristics), sequences with near-CAZAC properties that do not exhibit chirp-like property should be used. To construct the 3 PSCs, two 32-PSK time-domain (TD) sequences are given in this contribution. The third sequence is constructed from the complex conjugate of the first sequence similar to that in [2].
· This construction results in better characteristics (performance, correlation profiles, robustness to frequency offset) than the ZC-based designs. Superior performance is also observed with sign correlator, which results in the same complexity per correlation as that for the binary sequences.

· Constructing the third sequence via complex conjugate requires only 2 correlation computations, which amounts to significant saving in UE complexity.

· Low cubic metric is found with the 32-PSK TD sequences.

· The spectral property exhibits only a small ripple (~2dB) which does not result in any visible performance loss for coherent detection.
To ensure robust cell search operation, we therefore recommend the time-domain P-SCH construction based on the 32-PSK near-CAZAC sequences given in this contribution.   
2. ZC-based PSC Designs
As discussed before, the 3 PSCs should be selected based on the following requirements:

1. The sequences should be designed such that the resulting time-domain P-SCH symbols have minimum cross-correlation and each of the sequences possesses good auto-correlation profile. 

2. Designs that result in lower computational complexity (for step 1) are desirable. 

3. Since P-SCH is also used to provide channel estimation for coherently demodulating the S-SCH, sufficiently flat frequency domain characteristic is desirable. 

For ZC-based design, however, the frequency offset sensitivity – which comes from the chirp-like property – needs to be taken into account. This sensitivity can be easily illustrated by the following equation (assuming a length-N ZC sequence where N is even and M is relatively prime to N):
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(1)
Notice that the first term in (1) generates a frequency offset effect. Consequently, it is impossible to distinguish a timing offset from a frequency offset. That is, a large enough frequency offset is mistaken as a timing error (manifested in terms of a peak shift in the auto-correlation profile). Conversely, a timing error/offset can be mistaken as a  frequency offset. This problem becomes more accentuated when a non-repetitive structure is used.
In this section, we discuss different aspects of the P-SCH design in relation to the ZC-based design. We consider two types of ZC-based design: time-domain (TD) and frequency-domain (FD).
2.1. Computational Complexity
A first level of complexity reduction is possible when the odd-length TD ZC is used because 
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[1, 2]. Hence, the cross-correlation between the received signal and two of the PSCs can be computed simultaneously when two of the three PSCs are selected according to this property. For the non-repetitive structure, N=71 is the most natural choice (between 64 and 72). This, however, results in a difficult interpolator design. While a polynomial interpolator can be used to implement 128/71 over-sampling (see, e.g. [3-5]), the accuracy of such interpolator may be low under reasonable complexity constraint. This becomes more problematic for the non-repetitive structure than the 2x repetitive structure due to the larger numerator and denominator. Note that N=65, 67, 69 shares the same problem. From this perspective, it seems that N=64 is the most reasonable length for TD ZC. With N=64, however, 
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 which produces a completely “different-looking” sequence. Hence, the same level complexity saving as that for N=71 does not apply to N=64. For the TD ZC, SRRC =0.22 is used as the modulating waveform. 
For FD ZC, such complexity saving feature is not available since this symmetry does not translate in the time-domain as applying 
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 in frequency-domain will result in a sequence reversal in the time-domain. Unfortunately, ZC sequences are not symmetric around the center. 

Another level of complexity reduction can be obtained by replacing the full sequence correlation with the sign correlation. To have the same complexity as that of binary-based sequences, the received signal is correlated with the quantized version of the PSCs where the quantized replicas take value from {+1, -1, +j, -j}. When ZC-based sequences are used, the loss due to applying sign correlation tends to be minimum. 
2.2. Sensitivity due to frequency offset
For initial cell search, the initial frequency offset depends on the type of crystal that is used for the UE. More economical crystals (e.g. DCXO) result in very high initial offset (±10-20ppm). Lower offset such as ±5ppm is possible with more expensive crystals such as VCTCXO. Assuming the more expensive crystals, it is important that the P-SCH is designed to operate well with ±5ppm frequency offset. 
Figure 1 depicts the frequency offset sensitivity of TD (N=64) and FD (N=71) ZC sequences. The y-axis indicates the minimum frequency offset which is mistaken as a timing offset (shift in the peak of the auto-correlation profiles). Note that 2-part correlation is assumed. The sensitivity will be significantly higher when no correlation partitioning is performed. The results indicate that at least 3 ZC sequences can be chosen to avoid performance degradation for frequency offset of ±5ppm. However, the sensitivity of all the sequences is still ≤ 7.5ppm. The worst root sequence corresponds to M=1 (and hence M=N-1).
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Figure 1. Frequency offset sensitivity of ZC sequences
2.3. Correlation profile
In terms of the correlation profile, it is well-known that M=1 and M=N-1 offer the best (auto- and cross-)correlation profiles. However, as demonstrated in Section 2.2, they are the worst in terms of frequency offset sensitivity. Moreover, the ZC sequences with better frequency offset sensitivity typically suffer from worse correlation profiles. Some examples are given in Figures 2 and 3 with 1-part and 2-part correlations. The following ZC root sequences were chosen with the best correlation profiles from the sequences with sensitivity > 5-ppm:
· TD ZC N=64: M=3, 11, 61
· FD ZC N=71: M=31, 32, 40

The squared aperiodic correlation function is defined as follows (based on the length-128 time-domain replica), assuming unit-energy per sample:
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Note that a side lobe of 0.25 in Figures 2 or 3 corresponds to a side lobe of 3dB. 
Notice that the side lobe (secondary peaks) occur even in the 1-part correlation profile. The side lobes become more accentuated with the 2-part correlation. This causes the following problems:

· The side lobes in the correlation profile will incur some performance loss in timing and cell ID detection. 
· The frequency offset estimation is less accurate for the non-repetitive P-SCH structure (see, e.g. [1]). The additional timing detection error will further increase the residual frequency offset. 
· It is well-known that OFDM tends to be more sensitive to frequency offset. The higher residual frequency offset will further degrade the step 2 detection performance. Furthermore, it will result in significant degradation in P-BCH decoding if the residual offset fails to be reduced. This, however, results in an unnecessary increase in latency constraint and UE complexity since the residual frequency offset is increased.
· The side lobes with 1-part correlation will result in performance degradation for non-initial cell search. Figure 2 shows the side lobe is ~0.1. Note that the 2x repetitive structure results in 0.25 side lobe and was ruled out in RAN1#48bis due to the concern on neighboring cell search performance.
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Figure 2. TD ZC correlation profiles with 1- and 2-part correlation
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Figure 3. FD ZC correlation profiles with 1- and 2-part correlation 
2.4. Frequency response
ZC-based design is well-known for the good frequency-domain characteristic. The P-SCH spectrum for the choice of TD ZC and FD ZC in Section 2.2 are given in Figure 4. Note that the 1dB ripple for the TD ZC is caused from truncating the SRRC waveform before inserting the CP in the time-domain. This ripple, however, is small and should not result in performance loss for the coherent SSC detection.
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Figure 4. Frequency characteristic of TD ZC and FD ZC
3. Alternative TD P-SCH Construction
To ensure satisfactory performance for the non-repetitive P-SCH in all scenarios (e.g. initial and non-initial cell search, different channel/deployment conditions, UE crystal characteristics), sequences with near-CAZAC properties that do not exhibit chirp-like property should be used. Analogous to the TD ZC design [1, 2], the alternative time-domain P-SCH design can be constructed from the following 3 time-domain sequences of length-64 (Table 1 provides the phase of the sequences).


[image: image13.wmf](

)

(

)

÷

ø

ö

ç

è

æ

=

=

÷

ø

ö

ç

è

æ

=

32

exp

)

(

)

(

)

(

32

exp

)

(

2

3

*

1

2

1

1

k

j

k

S

k

S

k

S

k

j

k

S

pq

pq











(3)
	Table 1: Phase Index for 32-PSK sequences
1(k)
	[ 10, -13, 21, -10, 9, 1, 18, 20, -27, -23, -12, -11, 28, -26, 17, 1, -28, -11, 9, 17, 8, 9, 30, -16, 17, 29, 9, -10, 19, 30, 3, -10, 30, 23, -22, -11, 11, 28, 7, 12, -4, 11, -14, -3, -16, -24, 20, 6, 28, 4, -24, -32, 30, -26, 12, 25, -25, 25, -11, 30, 27, -30, -20, -31 ]

	2(k)
	[ -28, 5, 1, -10, 22, 26, 17, -32, -7, 6, 28, -28, -7, -10, 7, -24, 19, -16, 29, 11, 6, -27, 16, 21, -31, -9, 31, 22, 28, 19, 15, 1, -2, 19, 4, 17, 26, 0, 24, -12, -29, 20, -31, 17, 27, 32, -4, 0, -21, -26, 8, -12, -22, -20, -8, 9, -13, 2, -30, 17, 30, -22, 30, 4 ]


Notice that the above sequences are 32-PSK-valued. Also, the second sequence is generated from the complex conjugate of the first sequence. This enables the complexity reduction described in Section 2, which is analogous to the TD ZC design. Similar to the TD ZC design, the P-SCH is constructed by performing DC puncturing (subtract the mean from the sequence) and modulating the resulting sequence with a waveform such as the SRRC waveform. 
The correlation profiles and the frequency characteristics of the alternative time-domain design are given in Figure 5 and 6, respectively. Observe that the correlation profiles are better than those for the ZC-based designs in Section 2. The passband ripple in the frequency characteristics is ~1.5-2dB (0.5-1dB higher than that for the TD ZC design). As demonstrated later, this does not affect the performance of coherent SSC detection. Note that typical time-domain binary designs result in ~8-9dB ripple in frequency domain.
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Figure 5. Correlation profiles for the proposed 3 PSCs with 1-part and 2-part correlations
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Figure 6. Frequency characteristic of the proposed 3 PSCs 
4. Comparison
In this section, we compare the performance, complexity, and other aspects of TD ZC, FD ZC, TD 32PSK, and the interleaved frequency domain ZC proposed in [7].
4.1. Cell ID detection
The following designs are compared in terms of the cell ID detection performance vs. SNR:
1. TDZC-1: N=64, M={1, 2, 70} 

2. TDZC-1: N=64, M={2, 20, 69} 

3. FDZC-1: N=71, M={1, 2, 70} 

4. FDZC-1: N=71, M={31, 32, 40} 

5. TD32PSK: the alternative TD design in Section 3

6. FDIntZC: interleaved FD ZC design proposed in [7]
The simulation assumptions are given in Appendix 1. 2-part replica-based timing detection and frequency offset estimation are performed. Observe that:
· The ZC-based designs (TDZC-1 and FDZC-1) perform very poorly when the root sequences do not have sensitivity higher than 5ppm (see Figure 1). The cell ID detection performance does not significantly improve when 2 SCH symbols are used for averaging.
· The proposed alternative design with 32PSK near-CAZAC sequences achieves the best performance compared to the other candidates. This holds in all scenarios.
· While the performance of the interleaved ZC design is somewhat competitive, it suffers from significant performance loss when sign correlator is used. Note that sign correlator is essential to reduce the complexity of step 1 cell search.
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Figure 7. Cell ID detection performance with coherent detection: full and sign correlator
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Figure 8. Cell ID detection performance with non-coherent detection: full and sign correlator 
4.2. Complexity
As discussed in Section 2, TD ZC with N=64 and FD ZC with N=71 cannot be exploited to reduce the number of replica correlations from 3 to 2, which is possible if an odd-length TD ZC is used [1, 2]. The proposed alternative TD scheme, however, allows such complexity reduction since the second PSC is the complex conjugate of the first PSC. This advantage is not available either with the interleaved ZC structure proposed in [7].
Regarding the feasibility of the sign correlator, all the designs except for the interleaved ZC design perform well with sign correlator. That is, the performance loss due to the use of sign correlator is minimum except for the interleaved ZC design. 

Hence, it can be concluded that the TD design based on near-CAZAC 32PSK sequences facilitates better complexity reduction alternatives. 
4.3. Frequency offset sensitivity
Table 2 lists the frequency offset sensitivity (defined as in Section 2.2) of the different P-SCH constructions assuming 2-part replica-based detection. It is evident that TD32PSK is the most robust with respect to frequency offset. Also, with >10-ppm offset, 4-part replica-based detection should be used (instead of 2-part) for better performance. This avoids the peak shift in the correlation profile.
Table 2: Frequency offset sensitivity with 2-part replica correlation (ppm)
	Design
	PSC1
	PSC2
	PSC3

	TDZC-2
	7.70
	8.85
	7.70

	FDZC-2
	6.90
	7.25
	6.90

	TD32PSK
	11.45
	11.30
	11.30

	FDintZC
	7.15
	7.65
	10.25


4.4. Cubic metric
Table 3 lists the cubic metrics of the different designs. The interleaved ZC design results in the highest cubic metric whereas the other designs are quite comparable with the TD ZC achieving the lowest cubic metric. The time-domain designs include the SRRC-0.22 waveform. Overall, the TD ZC design has the lowest cubic metric and the interleaved ZC design has at least 1.2dB higher cubic metric than the other candidates. 
Table 3: Cubic metric (dB)
	Design
	PSC1
	PSC2
	PSC3

	TDZC-2
	0.35
	1.38
	0.36

	FDZC-2
	1.00
	1.49
	1.00

	TD32PSK
	1.24
	1.24
	1.23

	FDIntZC
	2.40
	2.38
	2.74


4.5. Summary
The comparison of the above four designs is summarized in Table 4. Evidently, the alternative time-domain design based on 32-PSK sequences is the overall superior compared to the other candidates. 
Table 4: Comparison
	Aspect
	TDZC-2
	FDZC-2
	FDIntZC
	TD32PSK

	Cell ID detection
	Moderate
	Moderate
	Good with full corr, Significant loss with sign corr.
	Good

	Correlation profiles
	Significant side lobes
	Small side lobes
	Good
	Good

	Frequency offset sensitivity
	High
	High
	Moderate
	Low

	UE complexity
	Moderate
	Moderate
	High
	Low

	Cubic metric
	Low
	Moderate
	High
	Moderate

	Spectral characteristic
	~1dB ripple
	Flat
	Flat
	~2dB ripple


5. Conclusions
In this contribution, we compare 4 candidates of P-SCH designs: time-domain ZC, frequency-domain ZC, frequency-domain interleaved ZC, and time-domain 32PSK. We find that the ZC-based designs are inherently sensitive to frequency offset. Although careful root sequence selection can alleviate (but not remove) this problem, the less sensitive sequences tend to have side lobes in the correlation profiles. Even then, the frequency offset sensitivity is still reasonably high. This restricts the design with more economical UE crystals. 

We therefore propose to replace the ZC sequences with 32PSK near-CAZAC sequences using the time-domain P-SCH construction proposed in [2]. Only 2 sequences are used since the third sequence is the complex conjugate of the first one. 
· This construction results in better characteristics (performance, correlation profiles, robustness to frequency offset) than the ZC-based designs. Superior performance is also observed with sign correlator, which results in the same complexity per correlation as that for the binary sequences.

· Constructing the third sequence via complex conjugate requires only 2 correlation computations, which amounts to significant saving in UE complexity.
· Low cubic metric is found with the 32-PSK TD sequences.

· The spectral property exhibits only a small ripple (~2dB) which does not result in visible performance loss for coherent detection.
Hence, we recommend that the alternative time-domain design based on two 32PSK sequences given in Section 3 be chosen for the E-UTRA P-SCH design.  
Appendix A: Simulation Assumptions

The simulation assumptions are given in Table A1 below. 

	Parameter
	Assumption

	Bandwidth
	1.25 MHz

	Carrier frequency
	2 GHz

	Channel Model
	Typical Urban 3 kmph

	CP size
	Short

	No. TX and RX antennas
	1 TXA, 2 RXAs, uncorrelated

	Frequency offset 
	±5 ppm (maximum):  frequency offset is modeled as a uniform random variable. 

	Timing detection algorithm
	2-part replica-based

	Frequency offset estimation
	2-part replica-based [1, 6]

	Number of SCH symbols for averaging
	1 (within 5-ms) and 2 (within 10-ms)


Table A1: Link Level Simulation Assumptions
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