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1. Introduction
Downlink synchronization signals are the first thing a UE tries to search for in the first step of initial access and similarly uplink random access channel (PRACH in LTE) is the first signal that UE transmits to gain access to the network. The design of good synchronization signals is therefore of paramount importance. A good synchronization signal allows the UE to quickly and accurately synchronize to the downlink transmission and determine the identity of the cell. This design issue becomes even more critical in NR when beamforming, at both the TRP and UE sides, is required to complete the process at higher carrier frequencies. Beamfoming essentially add a third (spatial) dimension to the already complicated task of time frequency synchronization, cell identification and random access in NR.
To overcome the large path loss during the initial access phase before high-gain dedicated beamforming link can be established, beam sweeping techniques that time-multiplex moderate-gain radio resource to cover the service area have been proposed [1]

 REF _Ref458632455 \w \h 
[2]

 REF _Ref458797269 \w \h 
[3]. The sweeping can be considered as time-division multiplexed high order sectorization as shown in Figure 1. Therefore, the NR equivalents to the PSS/SSS and PRACH in LTE may need to be transmitted in every beam direction in the sweep.
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Figure 1: Beam sweeping for initial access
Because of this added dimension and other NR factors, we believe the current LTE synchronization signals are no longer adequate to serve their purposes. In this contribution, we first identify some well know issues with current LTE synchronization signals and then outline the requirements for the new synchronization signals in NR beamformed initial access.
2. LTE Synchronization Signals
Primary Synchronization Signal (PSS)

The PSS is used in LTE for the detection of the presence of a cell and its frame boundary. It is derived from a frequency domain Zadoff-Chu sequence of length 63 [4]: 
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where the parameter u can be 25, 29 or 34, each corresponds to an ID in one of the 168 physical ID groups. Similarly, LTE PRACH also uses a length-839 Zadoff-Chu sequence in some of the configurations. 
It is noted [5] that Zadoff-Chu sequence based PRACH in LTE has a disadvantage of not being able to discriminate frequency offset against timing delay. This ambiguity becomes worse as the carrier frequency increases in NR due to the larger frequency offset at higher carrier frequency. Moreover, phase noise may further exacerbate the situation since it is a form of frequency spread.

The same problem also occurs in LTE PSS. In fact, it is even more severe as the frequency offset between the UE and the base station during initial access is much larger than in the uplink when the UE has at least loosely synchronized to the base station. For an oscillator with a typical accuracy of 20 ppm operating at 6 GHz carrier frequency, the initial frequency offset can be as large as ±120 kHz. The PSS detector needs to hypothesize different frequency offsets and performs correlation for each of the hypothesis.

Figure 2 shows the noise-free auto-correlation function of LTE PSS in different frequency offsets. When there is no frequency offset (
[image: image3.wmf]f

D

=0), the correlation shows a peak at zero-lag and some small side lobes
 around ±30 s. However, when the offset is 30 kHz and -30 kHz (or two sub-carriers in LTE numerology), there are peaks at -5.2 s and 5.2 s respectively. In noisy condition, it is difficult for the detector to determine whether the PSS has a relative time-frequency offset of (0 s, 0 Hz), (-5.2 s, 30 kHz) or (5.2 s, 30 kHz) with respect to the local reference. In order not to miss the detection, the detector would keep all three as candidates and proceed with the detection of Secondary Synchronization Signal (SSS). This leads to additional complexity of the detector and greater chance of making an error.
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Figure 2: Ambiguity of LTE PSS (u=2) in the presence of frequency offset
Observation 1: LTE PSS has severe ambiguity in the presence of frequency offset, leading to increased complexity of detection during initial access when local oscillator is not yet synchronized to the base station’s clock.
Proposal 1: A new PSS without frequency ambiguity should be designed in NR for the initial synchronization of a UE to a cell’s frame boundary.
Secondary Synchronization Signal (SSS)
The sequence used for the secondary synchronization signal is an interleaved concatenation of two length-31 binary sequences [4]. The concatenated sequence is scrambled with a scrambling sequence derived from the primary synchronization signal, giving a total of 504 sequences for cell identification. Figure 3 shows the zero-lag cross correlation between the SSS of 
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={9, 99, 186, 270, 429} excludes them from being used in cells neighboring one that uses ID 351. This high cross correlation set exists for every PID, limiting the effective number of cell IDs to much less than 504. 
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Figure 3: Zero-lag cross correlation between physical cell ID # 351 and the rest of IDs
Observation 2: LTE SSS has poor cross correlation for a certain set of signature sequences, thereby reducing the effective number of physical cell IDs available to be assigned to a cell, and making the planning difficult.
Proposal 2: A new SSS set with large number of signature sequences and uniformly low cross correlation should be designed for NR for cell and beam identification.
3. Synchronization Signal Requirements for Initial Access
As evidenced by the flaws of LTE’s synchronization signals, the NR synchronization signals (including RACH signal) should have the following requirements:
Good Two-Dimensional Auto-Correlation Function
Let 
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 denote the transmitted synchronization signal in a static noiseless channel. Not knowing the signal’s time frequency offset with respect to its local clock, the detector at the receiver simply evaluate the correlation between the received signal and a copy of the same signal with a hypothesized time-frequency offset. The output at the detector when matched to time offset 
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 and frequency offset 
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 is then given by
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This two-dimensional function of 
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 and 
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 is referred to as the ambiguity function of the signal 
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 in radar literature where conventionally the variables 
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 and 
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 are called delay and Doppler respectively. When the frequency offset (or Doppler) hypothesis 
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 is set to zero, Eq. (1) becomes the time domain auto correlation function. The Zadoff-Chu sequences used throughout LTE has an ideal time-domain cyclic auto-correlation function, that is, it is zero for all 
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 except for the zero lag. This attractive property is one of the main reasons why Zadoff-Chu sequence was chosen as the synchronization signal in many LTE applications, both uplink and downlink. However, the one dimensional time-domain auto-correlation function fails to reveal a major flaw of Zadoff-Chu sequence, as first shown in Figure 2 at certain frequency offset and then in its ambiguity function in Figure 4. Every peak in the vicinity of the origin is a potential candidate for false detection. 
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Figure 4: Ambiguity function of LTE PSS
Observation 3: Auto-correlation function in time domain alone is not enough to characterize a synchronization signal’s ability to be unambiguously detected in the presence of time and frequency offsets. Instead, such property can be revealed by the signal’s two-dimensional auto-correlation function in time and frequency, commonly known as ambiguity function in the radar literature.
Proposal 3: Good auto-correlation in both time and frequency domains should be a requirement for the primary synchronization signal, or the first signal that the UE attempts to lock onto during initial access.
Good Cross Correlation Function among Sequences
In LTE, once the coarse time-frequency offset is established (with some unresolved ambiguity) from synchronizing to the PSS, the cell ID can be detected by correlating the received signal with all possible SSS. The cross correlation among all SSS will then determine the detection performance.
Observation 4: As shown in Figure 2, the effective IDs for cell identification is reduced by the high cross correlation among certain IDs. A large set of IDs with uniformly low cross correlation can ease or even eliminate the need for planning.
Proposal 4: The number of available signature sequences and the low cross correlation among them should be the requirements for SSS, or the synchronization signal used to identify a cell or beam. 
Low Complexity for the Detector
From Eq. (1) it can be seen that the detection of a synchronization signal in the presence of time-frequency offset is essentially carried out by a two dimensional correlation for all hypothesized time-frequency offsets. When computed directly from the equation, the number of multiplications for each hypothesize equals the length of the sequence. The complexity may be reduced by computing the correlation in frequency domain if the number of frequency hypotheses is small. The complexity of correlation with SSS also scales linearly with the length and number of sequences in the set.
Observation 5: Initial time frequency synchronization and cell search is a computational intense process.
Proposal 5: The complexity of time-frequency synchronization and cell search during initial access should be a KPI for NR synchronization signals design.
4. Conclusion
In summary, based on the above discussion we have the following observations and proposals for the synchronization signals design for NR beamformed initial access:
Observation 1: LTE PSS has severe ambiguity in the presence of frequency offset, leading to increased complexity of detection during initial access when local oscillator is not yet synchronized to the base station’s clock.
Proposal 1: A new PSS without frequency ambiguity should be designed in NR for the initial synchronization of a UE to a cell’s frame boundary.
Observation 2: LTE SSS has poor cross correlation for a certain set of signature sequences, thereby reducing the effective number of physical cell IDs available to be assigned to a cell, and making the planning difficult.
Proposal 2: A new SSS set with large number of signature sequences and uniformly low cross correlation should be designed for NR for cell and beam identification.
In addition, we suggest that the evaluation of NR synchronization signals design should adopt the following requirements/KPIs: (aside from the ultimate detection performance comparison)
Observation 3: Auto-correlation function in time domain alone is not enough to characterize a synchronization signal’s ability to be unambiguously detected in the presence of time and frequency offsets. Instead, such property can be revealed by the signal’s two-dimensional auto-correlation function in time and frequency, commonly known as ambiguity function in the radar literature.
Proposal 3: Good auto-correlation in both time and frequency domains should be a requirement for the primary synchronization signal, or the first signal that the UE attempts to lock onto during initial access.
Observation 4: As shown in Figure 2, the effective IDs for cell identification is reduced by the high cross correlation among certain IDs. A large set of IDs with uniformly low cross correlation can ease or even eliminate the need for planning.

Proposal 4: The number of available signature sequences and the low cross correlation among them should be the requirements for SSS, or the synchronization signal used to identify a cell or beam.
Observation 5: Initial time frequency synchronization and cell search is a computational intense process.

Proposal 5: The complexity of time-frequency synchronization and cell search during initial access should be a KPI for NR synchronization signals design.
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� One of the main reasons for using Zadoff-Chu sequence as PSS is its perfect cyclic auto-correlation. However, such property is lost when the correlation is non-cyclic.
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