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1. Introduction
It was agreed in the agenda item 8.1.6 of RAN1#86 [1] that the synchronization signal design should be disclosed for the evaluation of initial access performance. In our contribution on unified framework [2] we sketched a high-level design principle along with the definition of a Basic Beacon Unit that can be configured for various numerology and deployment scenarios. In this current contribution, we will introduce an exemplary design of the synchronization signals in this beacon unit, as shown in Figure 1 for 60 kHz sub-carrier spacing. The same design is used throughout our simulations [3], possibly with different sub-carrier spacing, unless otherwise specified.
In addition to the synchronization signals labelled xSS1 and xSS2, the beacon unit also carries some essential system information required to complete the initial access procedure. The content of which will be discussed in a separate paper. We envision that such basic beacon unit will be transmitted less frequently in NR than the PSS/SSS in LTE to minimize the always-on transmission. Therefore, the general design approach is to choose a beacon interval of, e.g. 40 ms, and then design a beacon structure with overhead no more than that of LTE so that synchronization and cell search can be achieved by the observation of a single beacon unit.
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Figure 1: Structure of a Basic Beacon Unit (60 kHz sub-carrier spacing)
2. xSS2 (Secondary Synchronization Signal)
We first start with the introduction of xSS2 design, shown in Figure 2, since xSS1 is generated based on the same principle with a minor variation. xSS2 plays a similar role to the secondary synchronization signal in LTE as a signature signal for cell identification. In addition, it is also used for frequency offset estimation in our design.
The xSS2 occupies a 23 sub-carriers by 22 symbols resource allocation, or 506 resource elements in total. The overhead is on par with that of LTE in 40 ms (63×8=504). In each symbol, only one RE carries a pilot. Each pilot RE has a constant amplitude and is power boosted by 10log(23) = 13.6 dB with respect to other data bearing REs. The phase modulation on the pilot REs may be arbitrary but known to the UE. In our simulation, the phase is set to 0 for all pilot REs. By changing the sub-carrier index of the pilot RE over the symbol index, a frequency hopping pattern is generated. Let 
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This leaves an empty row at the very top of the array. As will be shown in section 4, an array created this way is referred to as a Perfect Periodic Costas Array (PPCA) of dimension 23×22. A PPCA has the property that any of its cyclic time-frequency shifted version has either 0 or 1 coincidence with the original array. Therefore, there are a total of 23×22 = 506 different arrays that can be derived from the base array in Figure 2 for cell identification with a maximum normalized cross correlation of 1:22. Moreover, due to its long time support, it has very good resolution for frequency offset estimation, as can be seen in the residual frequency error results of our simulation [3].
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Figure 2: exemplary xSS2 design
3. xSS1 (Primary Synchronization Signal)
The xSS1 plays a similar role to LTE’s Primary Synchronization Signal (PSS). It is used for the UE to detect the presence of a basic beacon unit and establish fine timing and coarse frequency synchronization with the network. The xSS1 chosen in our simulation occupies 17×16 = 276 sub-carriers in one OFDM symbol
. The pilot REs in the xSS1 symbol are transmitted at sub-carrier indices
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. Each of the 16 pilot REs is power boosted by 10log(17) = 12.3 dB with respect to other data bearing REs. Again, the phase value of the pilot REs can be arbitrary but known to the UE. It is equivalent to first forming a PPCA of dimension 17×16 and then stacking the columns in the array to form a single column, as shown in Figure 3.
The xSS1 created this way has the property that any cyclic shift (modulo 276) of this column vector has at most two coincidences with the original vector. If the initial frequency uncertainty due to the UE’s oscillator is K sub-carriers (e.g., ±280 kHz at 28 GHz carrier frequency with a ±10 ppm clock), there will be 276/K unique xSS1 patterns that can be used for various identification purposes, much like the PSS in LTE that indexes the PID within an ID group. Alternatively, the same ID can be transmitted by all TRPs within a cell to form a single frequency network. In addition to having a large set of unique signatures, the xSS1 also has very good auto-correlation function with a ranging resolution that is 1/276 of an OFDM symbol for accurate timing offset estimation, as will be shown in section 4.

Note that the relative offset in frequency between xSS1 and xSS2 can be arbitrary as long as it’s known to the UE. Alternatively, the offset can be blindly detected and used for the signalling of other parameters if necessary.
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Figure 3: exemplary xSS1 design
4. Construction and Properties of Perfect Periodic Costas Array
A Perfect Periodic Costas Array (PPCA) is the periodical extension of the Welch construction [4] (W1, Sec. IIA) of non-periodic Costas Array. For any prime number
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column is a PPCA. Figure 4 shows a 7×6 example generated by  = 3 over
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. In the context of CP-OFDM where each column in the array is an OFDM symbol, the series becomes a frequency hopping sequence. The base frequency hopping sequence shown in Figure 4 is {0,2,1,5,3,4}. There are a total of 42 unique cyclic time frequency shifted arrays, each with a corresponding frequency hopping sequence that is a permutation of 6 distinctive integers between 0 and 6. Any pair of the 42 series of 6 integers have at most one number in common. 
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Figure 4: 7×6 Perfect Periodic Costas Array generated by  = 3 over GF(7)
Note that each primitive root in the Galois Field can generate a unique PPCA. The 
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 used in our xSS2 has 10 primitive roots, giving a total of 23×22×10 = 5060 unique signatures. The cross correlation between two sets of signatures generated by two distinctive primitive roots varies, but can be small if carefully selected.
Observation 1: The total number of unique signatures generated over 
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 where K is the number of primitive roots in the field.
Since our xSS2 design is to use cyclic time frequency shifts of a PPCA to identify different cells, the best way to visualize the design’s correlation property is to plot the cyclic ambiguity function of the base PPCA. The ambiguity function of a signal is the two dimensional correlation between the signal and its time-frequency shifted copy [5]. Figure 5 (left) shows the cyclic ambiguity function of the time domain representation
 of the base array in Figure 2. We have used the convention in radar literature to denote the difference in time as “delay” and the difference in frequency as “Doppler.” The value at 
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 is the cross correlation between the base array and the copy of itself cyclically shifted by 
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sub-carriers. Clearly it can be observed that the cross correlation between any cyclic shift of the signal and its original is either 0 or 1/22.
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Figure 5: Cyclic ambiguity function of xSS2 sampled at symbol and sub-carrier grid (left) and cross correlation of LTE SSS (right)
In contrast, the cross correlation of one of the 504 SSS in LTE with the rest is shown on the right hand side of Figure 5. The high cross correlation values correspond to those PCIs with conflicting m0 and m1 parameters to those of the target PCI [6].
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. Signatures generated by PPCA have uniformly low cross correlation.
Similarly, we can examine the ambiguity function of xSS1 to visualize its advantage over the PSS of LTE based on Zadoff-Chu sequence. Figure 6 shows the ambiguity function of the new xSS1 on the left and that of the LTE PSS on the right. Here the ambiguity function is non-cyclic in time but cyclic in frequency. The central peak in xSS1 can be unambiguously identified whereas there are several false peaks in LTE PSS that can be erroneously determined as the correct time-frequency offset. The time-domain auto-correlation function of xSS1 at zero frequency offset is plotted in Figure 7 (left) to illustrate its ability to accurately estimate timing offset. Figure 7 (right) also shows its frequency domain (cyclic) auto-correlation function at zero lag to verify the earlier claim made in Section 3 that there are at most two coincidences between any two different cyclic shifts of the xSS1 vector.
Observation 3: 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. The new xSS1 design has no such ambiguity.
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Figure 6: ambiguity functions of xSS1 (left) and LTE PSS (right)
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Figure 7: auto-correlation of xSS1 in time (left) and auto-correlation of xSS1 in frequency (right)
In addition to having good ambiguity properties and large number of unique signatures, the synchronization signals designed by selectively placing power boosted pilot REs in the time frequency plane can be detected with low complexity DFT engine that is universally implemented in OFDM devices. The DFT can be considered as an efficient two dimensional correlator that simultaneously reveals the time-frequency contents of a signal.
Observation 4: Synchronization signals designed by selectively placing power boosted pilot REs in the time frequency plane can be easily detected by DFT. This property allows NR the flexibility to configure the synchronization signals and place them in time and frequency raster according to deployment needs.
5. Conclusion
We have given a design example for the NR synchronization signal that is used in our simulation. The design is based on placing power boosted pilot REs in the time-frequency plane in manners that give the signals their uniqueness. Due to this special property, the detection and estimation of the signal can be carried out by simple Discrete Fourier Transform. In summary, the synchronization signals have the following properties:

1. Similar to the PSS in LTE, the single OFDM symbol xSS1 is used for the detection of the presence of the beacon and achieves fine timing and coarse frequency synchronization.

2. Once the timing and coarse frequency synchronization are achieved, the narrow band, multiple OFDM symbols xSS2 is used for cell identification and fine frequency tuning.

3. The design can be adapted to different numerology and yields similar performance in terms of residual timing and frequency error as well as detection probability at a given SNR target.

4. By choosing arrays of proper sizes and applying additional processing such as truncation, repetition, re-shaping, etc., a basic beacon unit can be constructed with desired dimension meeting various design targets.

The advantages of the new design can be summarized in the following observations:

Observation 1: The total number of unique signatures generated over 
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 where K is the number of primitive roots in the field.

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. Signatures generated by PPCA have uniformly low cross correlation.
Observation 3: 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. The new xSS1 design has no such ambiguity.
Observation 4: Synchronization signals designed by selectively placing power boosted pilot REs in the time frequency plane can be easily detected by DFT. This property allows NR the flexibility to configure the synchronization signals and place them in time and frequency raster according to deployment needs.
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� In contrast, LTE uses 8 repetitions of a length-63 Zadoff-Chu sequence, or 504 REs, over a period of 40 ms.


� The cyclic prefix is omitted for clarity.
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