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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In previous RAN1 meetings, several agreements regarding the frequency raster for NR carrier frequency and synchronization signal (SS) have been made (cf. Appendix A). A set of candidate bandwidths for the synchronization signals as well as minimum NR carrier bandwidths were also agreed. It has also been agreed that the UE may assume that the transmit DC subcarrier at the transmitter (gNB) side is modulated, i.e., data is neither rate-matched nor punctured. All these agreements relate to the discussion on NR frequency rasters, which is discussed in this contribution along with some consequences of SS frequency locations not being at the central carrier frequency.  
[bookmark: _Ref129681832] NR frequency rasters
Motivations for sparse SS frequency raster
In LTE, the center frequency of the carrier is required to be an integer multiple of 100 kHz, and the SS center frequency is the same as the center frequency of the carrier. In NR, for the sake of decreasing the synchronization complexity, the frequency locations of the SS(s) could be sparser than the NR carrier frequency raster. Therefore, the SS(s) center frequency may not be the center frequency of the NR carrier.  In the following, we investigate several features which make the assumption of a fixed frequency separation between SS center frequency and NR carrier frequency not always appropriate, which include:
· The frequency location of SS and NR carrier frequency is decoupled due to sparser frequency location of SS. If the gNB can select any channel number (the selection may be related with sub-carrier spacing) to be the center frequency of the NR carrier, the UE should no longer assume a fixed frequency separation between the frequency location of SS(s) and the NR carrier frequency. An example is illustrated in Fig. 1, in which two possible relations between carrier center and frequency location of SS are considered. 
[image: ]
Figure 1.  Example of the frequency location for synchronization signal and for the center of the carrier.

· Forward compatibility. It is agreed in the SID of NR [1] that the new RAT shall be inherently forward compatible. Therefore, it is desirable to reduce always-on signals in fixed locations. In order to guarantee flexible blank time/frequency resource for forward compatibility, it is not preferable that the SS is always at the center of a carrier.
· For the case that UE bandwidth capability is smaller than the carrier bandwidth. If the UE bandwidth capability is smaller than carrier bandwidth, transmitting SSs on different sub-bands within the carrier bandwidth simultaneously can help reduce the cell search latency. For this case, UE cannot assume a fixed relation between SS and carrier frequency.
Therefore, we propose that the working assumption from previous meeting is confirmed and that the existing agreement is made more precise.
Proposal 1. RAN1 agrees on the following:
i) Confirm the Working Assumption from RAN1#87: For a NR cell, the center frequency for the synchronization signal can be different from the center frequency of the NR carrier.
ii) Make the agreement from RAN1 NR AdHoc meeting more precise: When the sync bandwidth is smaller than the minimum system bandwidth for a given frequency band, the synchronization signal frequency raster can be sparser compared to channel raster.
NR carrier frequency raster and SS frequency raster
The carrier center frequency is determined by a channel number (e.g., the EARFCN in LTE). In the RAN1 NR AdHoc meeting, it was a common understanding that defining NR carrier frequency raster may require RAN4 involvement, while it is up to RAN1 to decide on the placement of synchronization signals. A few related high level observations could still be made:
· If the SS frequency raster is sparser than the NR carrier frequency raster; 
· the SS cannot be located around the carrier center frequency for some NR channel numbers, or 
· certain NR channel numbers cannot be used for NR carrier frequency, if it is required that it should always be possible to locate the SS around the carrier center frequency.
· Keeping the LTE 100 kHz carrier frequency raster for NR may predominantly only be needed in bands where the UE searches for both LTE and NR carriers.
· The cell selection process in LTE is defined in [2] as cited below. That is, in case the UE has no stored information, the UE behavior on how to search is not specified and all carrier frequencies have the same priority in that sense. The same principle should be the default also for an NR UE, i.e., searching is up to UE implementation and there are no priorities assigned to certain carrier frequencies in the specification.
· The UE shall use one of the following two cell selection procedures:
a)	Initial Cell Selection
This procedure requires no prior knowledge of which RF channels are E-UTRA or NB-IoT carriers. The UE shall scan all RF channels in the E-UTRA bands according to its capabilities to find a suitable cell. On each carrier frequency, the UE need only search for the strongest cell. Once a suitable cell is found this cell shall be selected.
b)	Stored Information Cell Selection
This procedure requires stored information of carrier frequencies and optionally also information on cell parameters, from previously received measurement control information elements or from previously detected cells. Once the UE has found a suitable cell the UE shall select it. If no suitable cell is found the Initial Cell Selection procedure shall be started.

NR carrier frequency raster
For LTE-NR coexistence scenario, it is beneficial if the NR carrier frequencies are aligned with those of LTE. For example, a 100 kHz frequency raster as in LTE is desirable. At least in frequency bands not defined for LTE, it should be considered to make the NR carrier frequency spacing larger than 100 kHz. In particular, it is beneficial if the NR carrier frequency could be a multiple of a NR subcarrier spacing (SCS), see Sec. 2.2.2, since this will make the overhead of the SS smaller (i.e., SS occupies as few PRBs as possible). Moreover, using an NR carrier frequency spacing smaller than the SCS may not be needed. Hence, the RAN1 specific impact of the NR carrier frequency raster should at least be liaised to RAN4. 
Proposal 2. Inform RAN4 that it is beneficial: 
· if the NR carrier frequencies could be on a raster which is a multiple of an NR subcarrier spacing, and
· if the NR carrier frequencies are aligned with the LTE carrier frequencies.
Note: Both these properties may or may not be applicable simultaneously.
In LTE downlink, the carrier frequency is located through the middle of the DC subcarrier. In NR, there may not be a dedicated DC central subcarrier. Thus, the NR carrier frequency could be defined either through the middle of a NR subcarrier, or between two NR subcarriers. This relates to the definition of the OFDM signal generation described by the RAN1 specifications but it could be considered to seek further input from RAN4 if there are any practical constraints.  
Proposal 3. Seek further input from RAN4 on any constraints for the definition of the NR carrier frequency, i.e., whether it is defined in the middle  of a subcarrier or in between two subcarriers.
SS frequency raster
There are two main properties which should be considered for the selection of a SS frequency raster.
Property 1: Maintain orthogonality among the subcarriers. The SS frequency raster should result in the center frequency of the SS being aligned with one of the subcarriers in the NR carrier.
Property 2: Minimize the number of PRBs for the SS. The SS center frequency should be located on a raster which is a multiple of the predefined numerology PRB size.
The first property allows using the same FFT for the SS as the other NR channels/signals and therefore maintains orthogonality. The SS center frequency should therefore be a multiple of the NR carrier frequency, which would be achieved if the SS center frequencies are a subset of the NR carrier frequencies. For example, if the NR carrier frequency spacing would be the same as for LTE, i.e., 100 kHz, the SS frequency spacing should be a multiple of 100 kHz while also fulfilling being a multiple of the SCS, e.g., a SS frequency spacing of 300 kHz for 15, 30 or 60 kHz SCS. However, if the NR carrier frequency spacing could be defined as a multiple of the SCS only, e.g., a multiple of 15, 30 or 60 kHz, it is sufficient that the SS frequency spacing is a multiple of the SCS.
For example, with 12 subcarriers per PRB, a given frequency band starting at frequency  and channel numbers for the NR carrier frequency and the SS frequency, respectively, , a carrier configuration could be:
· Reference SCS for a given frequency band:  kHz
· NR carrier frequency:  kHz
· NR SS frequency:  kHz, where  and are positive pre-defined integers.
The second property makes the multiplexing of the SS and other NR channels more simple and avoids that a small fraction of a PRB is used for the SS. 
The SS frequency could be determined in a predefined way or it could be configured by another carrier, e.g., low frequency cell assisted by a high frequency cell.
Proposal 4. The SS center frequencies should be: 
· a multiple of an NR subcarrier spacing, and
· a subset of the NR carrier frequencies. 
Note: The RAN1 decision on SS center frequencies should depend on the RAN4’s response.
Impact on minimum carrier bandwidth 
A sparse SS frequency raster could imply that the SS cannot be located around the center frequency of the NR carrier. Hence, the minimum NR carrier bandwidth will become larger than the SS bandwidth. Considering an SS bandwidth of  and a carrier transmission bandwidth (excluding guard bands) of , there needs to be at least one  value (it is not strictly necessary that the SS could be located on every possible value of ) for a given carrier frequency , for which the following holds:

Considering the example in Sec. 2.2.2, with two different SS bandwidths,  and  kHz, Table 1 gives the minimum carrier bandwidth  for different values of . The assumption is that any carrier frequency  should be able to be used as the center frequency of an NR carrier containing at least one frequency  around which a synchronization signal of bandwidth  is located. Thus, from Table 1 it would be possible to find parameter settings allowing a minimum NR carrier bandwidth of 5 MHz. More discussion on the SS bandwidth is contained in [4].
Table 1. Example of minimum carrier bandwidth (w/o guardband) according to the example in Sec. 2.2.2 for different SS bandwidths ,  and  kHz.
	Parameter 
	Minimum carrier bandwidth [MHz]

	
	 MHz
	 MHz

	1
	1.08
	2.16

	2
	1.80
	2.88

	3
	2.16
	3.24

	4
	2.52
	3.60

	5
	2.88
	3.96

	6
	3.24
	4.32



Intra-frequency measurements
After initial access, intra-frequency measurement within the same band is required, e.g., detecting SS from other cells. According to the features 2~4 of NR discussed in Sec. 2.1, it may no longer be possible to assume that frequency location of SSs for NR are fixed for one operation in one band in one country. Therefore, for intra-frequency measurement, the NR UE would have to search the for the SS from other cells over the entire raster. In order to save UE power consumption, to further reduce the UE complexity and to speed up the UE cell search (compared to a full search on a dense frequency location of SS), it is possible that the network can signal to the UE that it could assume SSs of other cells are on a further reduced raster. One example is that the serving cell configures UE to assume the same frequency location as the UE’s serving cell SSs.
Proposal 5. If intra frequency measurement is specified, a UE can assume that synchronization signals of other cells are on a reduced frequency location signaled by the network, e.g., multiple or single SS frequency location(s). 
Primary synchronization signal properties
The LTE SSs are located symmetrically around the DC subcarrier (i.e., the carrier center frequency). In particular the PSS, which uses a symmetric ZC sequence of length 63, with central element punctured, is a centrally symmetric time-domain signal. Mapping a centrally-symmetric sequence symmetrically around the DC subcarrier is a prerequisite for two key properties which reduce the implementation complexity of the matched filter receiver [3]:
· Symmetric samples can be added prior to multiplication with the replica sample. This reduces the multiplication complexity with ~50% compared to a direct implementation where each received sample is multiplied with a replica sample.
· Complex conjugate pair sequences form complex conjugate time domain signals. This reduces the multiplication complexity with 50% since it allows detecting two signals in parallel.
These properties can be straightforwardly retained for NR PSS being mapped around a DC subcarrier located at the carrier center frequency. If the NR PSS can additionally be mapped around a frequency not being the carrier center frequency, it is still possible to benefit from the symmetry properties, which is shown in Appendix B. This is due to that the NR PSS being mapped around subcarrier , can be expressed as the NR PSS being mapped around subcarrier  multiplied with a phase shift (cf. Eq. (4) and the term ). Two kinds of receiver structures could be envisaged:
Detector with local oscillator frequency  corresponding to a NR synchronization signal frequency
In this case, the DC subcarrier ends up at subcarrier m although that is not the center frequency of the carrier. Hence, the signal appears in the receiver exactly as if it would have been mapped around subcarrier frequency . The detector could be reused for any SS frequency and all low-complex receiver properties inherited from the LTE PSS could be applied.
Detector with local oscillator frequency corresponding to a NR carrier frequency
In this case, if  does not coincide with a frequency around which the PSS is mapped (e.g.,  may be set to the carrier center frequency), the phase shift (), can be straightforwardly cancelled in baseband (e.g., by a phase correction) before the correlator producing the output ρ[k], see Fig. 2, thereby making the signal input  to the correlator equivalent to a signal being mapped around subcarrier freqeuncy . It should be noted that a receiver may typically anyway need to perform hypothesis testing of frequency offsets, i.e., every sample of the received signal is multiplied with an exponential function, thus the phase shift could be compensated in the integer frequency offset estimation.
Therefore, it is sufficient that the sequence is centrally-symmetric when mapped around an arbitrary SS center frequency . The length of the sequence may depend on how the SS frequencies are defined, i.e., whether i) they coincide with the subcarriers or,  ii) if there is any additional frequency offset (e.g., half-subcarrier shift as in LTE UL or NB-IoT DL). Fig. 3 shows one example of mapping symmetric sequences  for the two cases i) and ii). The choice between the location of  in terms of i) or ii) may depend on whether the carrier frequency location will coincide with the subcarriers or if it will be located in between subcarriers.
 (
Correlator
NB-LPF
)
Figure 2. Example of receiver for a PSS mapped around subcarrier frequency m, where the phase modulation is cancelled prior to a narrowband low-pass filter (NB-LPF). 
[image: ]
Figure 3. Example of mapping a symmetric length-7 sequence where the SS frequency is aligned with the subacrriers (top), and mapping of a symmetric length-6 sequence where the SS frequency is shifted half a subcarrier spacing (bottom).

Thus, the following proposal is made, which makes it possible to benefit from PSS detector complexity reductions:
Proposal 6. The NR PSS sequence should be centrally-symmetric and should be mapped symmetrically around the SS center freqeuncy. 
Conclusions 
Considering synchronization signals which may not have frequency locations around the center frequency of the carrier, the following proposals are made. 
Proposal 1. RAN1 agrees on the following:
i) Confirm the Working Assumption from RAN1#87: For a NR cell, the center frequency for the synchronization signal can be different from the center frequency of the NR carrier.
ii) Make the agreement from RAN1 NR AdHoc meeting more precise: When the sync bandwidth is smaller than the minimum system bandwidth for a given frequency band, the synchronization signal frequency raster can be sparser compared to channel raster.
Proposal 2. Inform RAN4 that it is beneficial: 
· if the NR carrier frequencies could be on a raster which is a multiple of an NR subcarrier spacing, and
· if the NR carrier frequencies are aligned with the LTE carrier frequencies.
Note: Both these properties may or may not be applicable simultaneously.
Proposal 3. Seek further input from RAN4 on any constraints for the definition of the NR carrier frequency, i.e., whether it is defined in the middle  of a subcarrier or in between two subcarriers.
Proposal 4. The SS center frequencies should be: 
· a multiple of an NR subcarrier spacing, and
· a subset of the NR carrier frequencies. 
Note: The RAN1 decision on SS center frequencies should depend on the RAN4’s response.
Proposal 5. If intra frequency measurement is specified, a UE can assume that synchronization signals of other cells are on a reduced frequency location signaled by the network, e.g., multiple or single SS frequency location(s). 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 6. The NR PSS sequence should be centrally-symmetric and should be mapped symmetrically around the SS center freqeuncy. 
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Appendix A
Agreements on frequency raster
Agreements: 
· The raster for NR synchronization signals can be different per frequency range. At least for frequency ranges where NR supports a wider carrier bandwidth and operation in a wider frequency spectrum (e.g. above 6 GHz), the NR synchronization signals raster can be larger than the 100 kHz raster of LTE. 
· A joint decision should be made on:
· the supported minimum carrier bandwidth for a NR carrier
· the supported bandwidths of synchronization signals for NR
· the frequency raster for synchronization signals for NR
· the frequency raster for the center of NR carrier (if applicable) 

Working assumptions:
· For a NR cell, the center frequency for the synchronization signal can be different from the center frequency of the NR carrier
· FFS: Relationship between the center frequency of the NR carrier and the center frequency of synchronization signals and investigate tradeoff between UE complexity and flexibility

Agreements:
· When the sync bandwidth is smaller than the minimum system bandwidth for a given frequency band, RAN1 strives to make the synchronization signal frequency raster sparser compared to channel raster to reduce UE initial cell selection burden without limiting the NR deployment flexibility 
· FFS If UE is required to search for all the possible synchronization signal frequency locations defined by the synchronization signal frequency raster 
· When the sync bandwidth is the same as the minimum system bandwidth for a given frequency band that UE searches, synchronization signal frequency raster is the same as the channel raster
· FFS If UE is required to search for all the possible synchronization signal frequency locations defined by the synchronization signal frequency raster  

Agreements on bandwidths
Working assumption:
· Wider transmission bandwidth for NR-PSS/SSS and/or PBCH than that for LTE-PSS/SSS/PBCH is supported at least for a subcarrier spacing larger than 15kHz
· Below 6 GHz, transmission bandwidth containing NR-PSS/SSS/PBCH is not more than [5 or 20] MHz
· Below 40 GHz, transmission bandwidth containing NR-PSS/SSS/PBCH is not more than [40 or 80] MHz

Agreements:
· For frequency range category #1 (below 6 GHz) where [15 kHz, 30 kHz, 60 kHz] are candidate subcarrier spacing values:
· Candidate minimum NR carrier bandwidth are [5 MHz, 10 MHz, 20 MHz]
· Candidate transmission bandwidth of each synchronization signal are about [1.08 MHz, 2.16 MHz, 4.32 MHz, 8.64 MHz]
· For frequency range category #2 (above 6 GHz) where [120 kHz, 240 kHz] are candidate subcarrier spacing values:
· Candidate minimum NR carrier bandwidth are [20 MHz, 40 MHz, 80 MHz]
· Candidate transmission bandwidth of each synchronization signal are about [8.64 MHz, 17.28 MHz, 34.56 MHz, 69.12 MHz]
· The above frequency range categories may be further divided into different categories with different parameters
· FFS on bandwidth of additional synchronization signal(s) if defined
· NR minimum carrier bandwidth for carrier which does not support initial access is FFS
· FFS: UE bandwidth

Appendix B 
Suppose an OFDM signal on the following form 

for a set of Fourier frequency coefficients Consider an odd-length sequence, which is centrally symmetric around the element , i.e., , e.g., this applies to the LTE PSS sequences. The sequence is mapped to the Fourier frequency coefficients according to 



where 

and is a subcarrier index. When , the mapping is made around the discrete frequency , i.e., the DC subcarrier as in LTE. It has been shown [3] that the LTE PSS is centrally-symmetric, i.e.:

It can further be shown from the property of the discrete Fourier transform that 
		    

Thus, from (4), when the frequency location is around subcarrier , the synchronization signal is a centrally symmetric signal modulated by a complex-valued exponential function . It can also be shown using (4) and the central symmetry of that  is a phase-modulated centrally symmetric signal

Furthermore, for a complex conjugated sequence pair  and , where , it was shown [3] that . Hence, using (4) we obtain
		  
From (4)-(6), we can further obtain

Equation (6) and (7) show that the sequence with index  can be detected with a filter matched to  while the sequence with index  can be detected with a filter matched to . This can be used in an implementation to reduce complexity, since no new complex multiplications may be needed to for matching the signal to  once it has been matched to .
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