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1 Introduction
In RAN1#86, the following agreements were made regarding the subcarrier spacing values for synchronization signals [1].
Agreements:
· For subcarrier spacing of each synchronization signal (e.g. NR PSS,SSS) in a NR carrier, the following alternatives should be studied

· Alt 1: Subcarrier spacing is predefined in the specification for a given frequency range

· Ex: 15kHz for sub-6GHz, 60kHz for over-6GHz
· Note that there are more than one frequency ranges
· Alt 2: Subcarrier spacing is selected by NR BS

· FFS: Details on the set of possible numerologies

· Note: Blind detection of multiple numerologies can be considered

· Alt 3: Single subcarrier spacing is predefined in the specification for all frequency ranges

· Other alternatives are not precluded

· NR synchronization signal is based on CP-OFDM

· Note that DFT-spread-OFDM based design is not precluded
This contribution continues the discussion on the subcarrier spacing values for synchronization signals and compares pros and cons of each alternative from the various perspectives. Finally, this contribution finishes with the discussion on how to design synchronization signals based on Alt 2.
2 Subcarrier spacing value for synchronization signals
In RAN1#86, three alternatives were provided for the subcarrier spacing value of synchronization signals. This section compares pros and cons of each alternative from the viewpoint of complexity, performance, and spectral efficiency. Considering that Alt 3 (Single subcarrier spacing for all frequency range) can be regarded as a special case of Alt 1 (Subcarrier spacing predefined per frequency range), we will skip detailed discussion on Alt 3 in this contribution.

2.1 Alternative 1: Default subcarrier spacing
In Alt 1, the subcarrier spacing value for synchronization signals is predefined in the specification for a given frequency range. It means that “default” subcarrier spacing value is assigned per frequency range. As noted in the previous agreement, one possible example of this alternative is to use 15 kHz for below 6 GHz and 60 kHz for above 6 GHz. The key advantage of Alt 1 is that it is beneficial in terms of UE complexity and synchronization performance since additional blind detections on subcarrier spacing values can be avoided in UE side. However, the downside of Alt 1 is in gNB complexity increase, scheduling restriction, and performance loss due to frequency offset, which will be discussed in detail.
The downside of Alt 1 is that if a gNB wants to implement subcarrier spacing that is different from the ‘default’ subcarrier spacing, it would incur some additional complexity at the gNB/TRP side by having to implement both subcarrier spacing values. Figure 1 shows an example of transmission of synchronization signals when the subcarrier spacing values for data and synchronization signals are different.
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Figure 1. An example of different subcarrier spacing values for data and synchronization signals 
In Figure 1, it is assumed that the subcarrier spacing value for data transmission is 30 kHz while the default subcarrier spacing value for synchronization signals is 15 kHz. In this scenario, the downside of Alt 1 is that it requires additional implementation complexity at the gNB in the form of separate IFFT processing and filtering in its transmitter side. Filtering is necessary to suppress interference due to the use of different subcarrier spacing values. Note that if “default” subcarrier spacing is extended to other signals such as paging, SIB, and RAR, the implementation burden at the gNB could increase further since the operational requirements for each of these signals will be different.

Furthermore, unless the subcarrier spacing across time is implemented to change in a dynamic manner, Alt 1 could introduce inefficient wireless resource utilization. An example is provided in Figure 2 where the system bandwidth is divided into three sub-bands with synchronization signals being transmitted in sub-band2. If the gNB decides to utilize a subcarrier spacing of 30 kHz for data transmission but the default subcarrier spacing for the synchronization signals is 15 kHz, the subcarrier spacing for sub-band2 would need to be set to 15 kHz. However, if the synchronization signal is only transmitted on a fraction of the time resources (as in LTE), the specification should be designed to handle the remaining time resources of sub-band2. One way could be to have the gNB change the subcarrier spacing for sub-band2 right after the transmission of synchronization signals so that the wireless resources can be used for UEs expecting data transmission with 30 kHz. This approach would require the gNB to periodically switch subcarrier spacing in sub-band2. Another way could be to maintain the subcarrier spacing of sub-band2 as 15 kHz but have the UE switch its data reception so that it can handle 15 kHz for sub-band2 and 30 kHz for sub-band1 and sub-band3.
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Figure 2. An example of synchronization signals in multiple sub-bands
One key issue that needs to be considered for Alt 1 is how the default subcarrier spacings are mapped to different frequency ranges. A simple example of doing this would be to use the following:

· For carrier frequency of 6 GHz or lower: 15 kHz

· For carrier frequency of higher than 6 GHz: 60 kHz

The problem with the simple approach shown above is that coarse allocation of default subcarrier spacing to carrier frequency range might lead to suboptimal performance. For example, if we assume the maximum frequency offsets of TRP and UE as +/- 0.05 ppm and +/- 10 ppm, respectively, the absolute maximum frequency offset at 2 GHz is 20 kHz but it increases to 50 kHz at 5GHz. Obviously, even with the same subcarrier spacing, the impact of frequency offset will be different for different carrier frequencies. In order to tackle this issue, the default subcarrier spacings of synchronization signals should be specified with sufficient resolution in carrier frequency range (ex: 15 kHz for fc < 2 GHz, 30 kHz for 2 GHz < fc < 6 GHz, 60 kHz for 6 GHz < fc < 15 GHz, 120 kHz for 15 GHz < fc < 30 GHz, etc).
2.1 Alternative 2: Subcarrier spacing as determined by gNB
In Alt 2, gNB determines which subcarrier spacing should be used for synchronization signal depending on its deployment scenario, frequency band, target services, and resource utilization strategy. If gNB wants to avoid FDM of different subcarrier spacing values in a carrier bandwidth, it can select same subcarrier spacing values for both data and synchronization signals regardless of the carrier frequency. If gNB operates on higher frequency band, larger subcarrier spacing values can be selected for synchronization signal considering the impact of frequency offset and Doppler spread. 

The main drawback of Alt 2 can be listed as below.

· UE complexity increase due to blind detection on the subcarrier spacing values for synchronization signals

· Detection performance losses if the number of hypothesis testing is increases
Further studies are required to analyze the exact amount of complexity increase and performance losses due to the additional blind detections. Regarding the blind detection the specification could be designed to control the complexity and performance issues. Instead of making all subcarrier spacings applicable for any carrier frequency range, RAN1 could introduce some restrictions. For example, for below 6 GHz, the candidate values for subcarrier spacing of synchronization channels would be limited to 15 kHz, 30 kHz, and 60 kHz. On the other hand, for above 6 GHz, the candidate values for subcarrier spacing of synchronization channels would be limited to 60 kHz, 120 kHz, and 240 kHz. One thing to emphasize is that although the blind detection of subcarrier spacing of synchronization channels is a new thing, it is quite similar to the blind detection of CP duration when an UE is searching for synchronization signals in LTE.

Observation 1: For alternative 1, main drawback is at the gNB implementation side and careful design of default subcarrier spacing for synchronization signals with sufficient resolution in carrier frequency range is necessary.
Observation 2: For alternative 2, main drawback is at the UE implementation side and the candidate subcarrier spacing values would have to be carefully designed to take into account gNB flexibility and UE complexity.

3 Design of synchronization signal

In this section, basic design principle of synchronization signals is discussed based on Alt 2. As discussed in the previous section, one way to reduce the UE complexity would be to limit the candidate values for subcarrier spacing of synchronization channels. For example, for below 6 GHz, this candidate set can be {15 kHz, 30 kHz and 60 kHz}. In designing the actual synchronization signals, the subcarrier spacing value, sequence length, and bandwidth of the synchronization signals would have to be considered together. In following, three alternatives are summarized for design of synchronization channel based on Alt 2.
· Alt 2-1: Fixed sequence length regardless of subcarrier spacing value. In this case, synchronization signal bandwidth is different depending on subcarrier spacing value. 
· Alt 2-2: Fixed bandwidth regardless of subcarrier spacing value. In this case, sequence length used for synchronization signal is different depending on subcarrier spacing value.

· Alt 2-3: Fixed bandwidth and sequence length regardless of subcarrier spacing value 

Figure 3 depicts the three alternatives when the candidate set for subcarrier spacing of synchronization signals is {15 kHz, 30 kHz}.
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(a) Alt 2-1                                       (b) Alt 2-2                                             (c) Alt 2-3
Figure 3. Three alternatives for synchronization signal design based on Alt 2
The difference between Alt 2-1 and 2-2 is which design parameter should be fixed independently to the subcarrier spacing values for synchronization signals. Alt 2-1 uses fixed sequence length. Therefore bandwidth for synchronization signals can be different. Of course, the bandwidths for synchronization signals should be no more than minimum carrier bandwidth regardless of subcarrier spacing values. On the other hand, Alt 2-2 uses a fixed bandwidth for synchronization signals regardless of the subcarrier spacing. Since the bandwidth is fixed regardless of the subcarrier spacing, the available RE for transmission of synchronization signal is different leading to different sequence lengths. For Alt 2-1 and 2-2, different time domain correlators corresponding to subcarrier spacing values are required to detect nrPSS. It would increase required time for synchronization and cell search, but by reducing the number of frequencies the UE has to search, the total search times can be kept to similar level. 
Alt 2-3 can maintain same bandwidth and sequence length regardless of the subcarrier spacing value by inserting zeros for synchronization signals which use lower subcarrier spacing. Such an approach could be beneficial to UE complexity since the same time domain correlator can be used regardless of the subcarrier spacing. 
4 Conclusion

This contribution discussed subcarrier spacing values for synchronization signals with comparison of pros and cons of each alternative from the various perspectives and made following observations.
Observation 1: For alternative 1, main drawback is at the gNB implementation side and careful design of default subcarrier spacing for synchronization signals with sufficient resolution in carrier frequency range is necessary.

Observation 2: For alternative 2, main drawback is at the UE implementation side and the candidate subcarrier spacing values would have to be carefully designed to take into account gNB flexibility and UE complexity.

Also, it discussed some alternatives of synchronization signal design based on Alt 2.
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