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1	Introduction
In RAN1#91 meeting the issue resulting from the ambiguity between the used centre frequency to generate the OFDM signal and the centre frequency used by the receiver was discussed. As described in [1][2][3], this would result a phase ramp in the received signal, which is also described in the next section of this contribution. The following section deals with considerations on the constraints that must be satisfied to solve the problem. Then, an update of the specification 38.211 is proposed to address the issue. Finally, a section dealing with implementation considerations is provided.  
2	Description of the issue
In this section we briefly recap the issue presented in [2]. As mentioned in the introduction, the issue originates from the fact that the centre frequencies of the gNB and the UE device are not necessarily aligned as in LTE which is illustrated in figure 1 below.
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Figure 1

With denoting the center tone used for baseband signal generation, the baseband signal can be expressed as


Note that the formula is slightly simplified compared to 38.211, without loss of generality or pertinence. 

Similarly, with  denoting the center tone used at the receiver, the signal received is expected to be of the form:









At the transmitter, the baseband signal is shifted to high frequency  i.e. multiplied by the exponential . On the receiver side, the signal is down-converted from high frequency  to baseband i.e. multiplied by the exponential  (with and  being linked to the initial phase of the RF upconverter/downconverter located in the gNB/UE). As a whole the signal is, thus, multiplied by the exponential  where:
· 
 is a constant term until the gNB and UE RF remain active,
· 
 with p denoting the Dc offset between the transmitter and the receiver expressed in number of tones,
· 
denotes the time when the OFDM symbol starts relative to the beginning of the slot.
For the sake of clarity, the effects caused by fading or any other distortion due to the transmitter/receiver imperfections are neglected in this study. The signal received is, hence, expressed as

 
The signal can be further rewritten:



 



The DC of the transmitter and the receiver are offset by the same delta as the frequency and  i.e. .
Neglecting the term A which remains constant across symbols:



Observation: The OFDM signal is scaled by the term  that is dependent on the OFDM symbol and that must be compensated to get a consistent fading channel observed by the receiver across the slot.


3	Constraints for the resolution of the issue
3.1	Orthogonality in multi-users scenarios
For example, two UEs having overlapping BWP and not having the same center frequency (e.g. due to implementation choice or different BWP size) can be multiplexed in UL MU-MIMO on the same RB resources. To increase the number of DMRS ports, 2 front-loaded DMRS symbols can be used. In that case, DMRS orthogonality is insured by time domain Orthogonal Cover Codes (OCC) across symbols. A prerequisite to maintain the orthogonality is to have approximately the same phase across the two symbols. This typically means consistent fading channel e.g. low velocity. But phase rotation/ramp due to center frequency must have been compensated by both UEs according to a common reference to maintain the orthogonality. This cannot be the Dc of each UE even if the network was informed of each UEs Dc position. Note that also in DL, in similar manner in case of DL MU-MIMO operation of UEs, the DL signal would need to be compensated in common manner (instead of UE specific manner) to maintain the orthogonality.
The same concerns are valid for PUCCH formats 1 and 4 where time domain OCC are used as well.
Observation: Phase compensation of OFDM symbols should be carried out, at least partially, by UE device for UL signals and channels. 
3.2	Phase continuity across slots
CSI-RS for tracking (formerly defined as TRS) may be transmitted on 2 OFDM symbol pairs in two consecutive slots and the time domain location is selected among the sets {4,8}, {5,9}, or {6,10}.
Frequency offset estimations can be obtained by measuring the angle of the cross-correlation of the CSI-RS channel across 2 symbols. Different time spacing can be chosen as depicted by figure 1; each fulfilling a different purpose:
- intra-slot correlation: Higher frequency offset range but giving a rough estimation of the frequency offset,
- inter-slot correlation: Higher frequency offset resolution but ambiguity in the frequency offset range.
In the end, a combination of the metrics above can be used to meet both high range and good resolution for frequency offset estimation.
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Figure 1: cross-correlation of CSI-RS across OFDM symbols
Phase continuity across slots is mandatory to get a valid frequency offset estimate from the second correlation. It is up to the UE implementation to take advantage of this second metric to refine its estimation. In any case, it appears that the 3GPP specification must be built such that phase continuity of the DL signal across slots can be assumed by UE devices having no proprietary limitation in that respect.

Eventually, the phase rotation coefficients are periodical with a minimum periodicity of 1 subframe irrespective of the numerology used. Indeed, numerology inherits a property of LTE design where the total duration of the 14 CP of one subframe equals one OFDM symbol such that the duration of a subframe equals 14+1=15 OFDM symbols. Thus, the phase rotation coefficient computed with a time offset of 1 ms is written as:




Using  and , we get:


Observations: Phase compensation must be done in such a way that the phase remains continuous across slots. It is however sufficient to compute the phase coefficients over 1 subframe to insure phase continuity across subframes.
3.3	PRACH signal multiplexing
PRACH was designed such that orthogonality of PRACH and PUSCH/PUCCH OFDM signals can be kept irrespective of the CP duration of PRACH. When the same subcarrier spacing is used but the CP of PRACH is longer than the CP of PUSCH/PUCCH, PRACH symbol is repeated multiple times such that each preceding PRACH symbol acts as a CP for the next symbol. At the receiver, the signal acquired in the boundaries of the PUSCH OFDM symbol contains orthogonal PUSCH and PRACH signals that can simply be separated by RE de-mapping. This case is illustrated by Figure 2. For this principle to hold, the phase of PRACH OFDM symbols should not be compensated
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Figure 2: PUSCH and PRACH frequency domain multiplexing

Observation: Phase compensation should not be applied to PRACH.
3.4	Other DL channels and signals
It has been shown in the previous sections that the phase compensation of UL physical signals should at least be performed by UE devices in order to insure orthogonality for multi user transmission on the same Resource Elements. 
Avoiding the compensation on the network side would require the UE to know where the actual center frequency of the network is located. In SA mode, the UE could still decode the SS block without actual knowledge of the center frequency (each PBCH symbol contains its own DMRS) although this removes the possibility for PBCH decoding optimization. To ensure good RMSI PDSCH detection performance, however, the phase compensation of each OFDM symbol is required. The gNB would thus need to inform the UE of the actual center frequency in the PBCH. Because the PBCH payload is limited (32 bits) and not many spare bits are available, this possibility does not appear to be realistic. To provide the flexibility for the location of the center frequency on the gNB side, it turns out that the network has to pre-compensate the phase of the OFDM symbols carrying the RMSI according to a common reference known by both the gNB and the UE. As PBCH can provide a first estimate of frequency offset to be compensated for RMSI correct demodulation and this estimate is typically obtained from cross-correlating the PBCH DMRS estimates across symbols, phase compensation of SS block is needed as well. It is thus seen necessary that the gNB at least pre-compensates OFDM signals carrying SS blocks and RMSI.
Observation: To ensure good detection performance it seems necessary that gNB at least pre-compensates the OFDM signals carrying SS block and RMSI. 
Like raised in Section 3.1 to maintain the orthogonality for DL MU-MIMO operation with multiple used (e.g. with different BWP sizes) there is a need to have a common reference in the signal generation to maintain the orthogonality (in DMRS). In addition, there are also other DL reference signals where it would merit to have common reference from the perspective of all UEs when the signal is generated. For example, while CSI-RS resources are configured in UE-specific manner, the actual physical resources could be shared by multiple UEs for example to limit the resource overhead e.g. for beam management purposes. Also when considering CSI-RS for mobility purposes, it would be expected that while these resources are informed for the UE individually, they could (when active) be used by multiple different UEs (e.g. for both, intra and inter-frequency purposes). In a similar manner, PDCCH DMRS, there could be configuration where the DMRS are present on all resource-element groups (i.e. WB-RS). In a scenario when multiple users are multiplexed to same CORESET, it would of course be natural to have common reference for the phase compensation, to deem WB-RS usable.
Observation: From DL RS perspective, having a common reference for the phase compensation would seem mandatory.
Thus based on the discussion presented, there is need to apply phase compensation to certain UL and DL channels and signals to ensure orthogonality and performance. While it would be possible to split the procedure so that different references are used for the phase compensation of different signals/channels, it would seem most straight forward and most simple to consider a common reference for all the signals for which the phase compensation is applied.
Proposal: It is proposed that a generic method of phase compensation is applied to both the DL and UL signals and channels (apart PRACH), both compensating the phase relative to a reference center frequency. This reference frequency does not need to be signalled and can be explicitly defined in the 3GPP specifications.
3.5	Reference centre frequency


The choice of the reference center frequency can be seen as purely arbitrary. A natural solution could be to choose the null frequency. As the frequency carrier  determined by the ARFCN is not necessarily a multiple of the subcarrier spacing, it is rather proposed that the reference center frequency is chosen as:.
Observation: Common reference frequency for the phase compensation could be the positive or null frequency that is closest to 0 Hertz and that is spaced by an integer multiple of subcarriers relative to the tones used for actual transmission/reception.
Again, there is no best choice for the reference center frequency and other solutions could also be considered. For example the reference could be defined in a frequency band specific manner. E.g. in RAN4 specification, in conjunction with the sub-carrier spacing assumptions (for SS/PBCH block) the reference frequency could be defined. Also it could be defined in terms of wider frequency range e.g. using similar frequency range granularity as for maximum number of SS/PBCH blocks, Lmax.
Observation: Reference frequency could also be determined in frequency band or frequency range specific manner.






4	Proposed update
It is proposed that the text in section 5.3 of 38.211 specification is modified as follows:




The time-continuous signal  on antenna port  and subcarrier spacing configuration  for OFDM symbol  in a subframe for any physical channel or signal except PRACH is defined by



	



where ,  is given by clause 4.2, and  is the subcarrier spacing configuration.



The value of  is obtained from the higher-layer parameter k0 and is such that the lowest numbered subcarrier in a common resource block for subcarrier spacing configuration  coincides with the lowest numbered subcarrier in a common resource block for any subcarrier spacing configuration less than .


The starting position of OFDM symbol  for subcarrier spacing configuration in a subframe is given by

	
where

,



The phase compensation coefficient is dependent on the OFDM symbol  for subcarrier spacing configuration and given by




Where the constant accounts for the number of subcarriers between the reference frequency  and the center frequency of the baseband signal.

The definition of  needs to be added (i.e. the exact reference frequency).
Note: in this section, the text related to PRACH baseband signal generation is kept in its original version.
5	Implementation considerations
In this section we look at the aspects related to the implementation of the afore discussed phase compensation, mainly looking at the size of the look-up table required to have continuous phase compensation. 
The phase compensation coefficients can be written as

 with

					(1)

			(2)


and


It can be easily shown that 

 			(3)



where is an integer number specific to the OFDM symbol  and to the numerology . Using equations (1), (2) and (3), the coefficients can be written under the form:




With  and , the coefficients eventually become


where  is an integer in the range [0;4095]
A straightforward implementation of the compensation coefficients is twofold:

- storing a complex look up table of coefficients that is independent of the numerology (note that due to typical trigonometric symmetries, the number of coefficients can be reduced by at least a factor of 4),

- computing an integer look up table  of indexes in the complex look up table. This table is dependent on the numerology and on the actual center frequency chosen by the transmitter/receiver. 
The Look Up Tables are summarized in table 1.

Table 1 compensation coefficients tables
	table
	Usage
	dimension
	type
	comment

	

	Generic compensation coefficients table
	4096 (can be reduced to 1024)
	complex
	Static table independent of numerology

	

	Index of compensation coefficients in previous table according to OFDM symbol number within subframe
	

	integer
	Dynamically computed, e.g., at BWP configuration.
Dependent on numerology and actual center frequency.




Observations: A straightforward implementation of phase compensation coefficients consists of storing a generic table of 4096 complex coefficients (that can be reduced to 1024 entries) that applies to all numerologies and is independent of the center frequency of the transmitter/receiver and a dynamic table of integer values. For each OFDM symbol within a subframe, the second table provides the index of the complex coefficient within the generic table.
6	Conclusions
In this contribution, we discussed about some aspects of OFDM signal generation and made the following observations and proposals:

Observation: The OFDM signal is scaled by the term  that is dependent on the OFDM symbol and that must be compensated to get a consistent fading channel observed by the receiver across the slot.
Observation: Phase compensation of OFDM symbols should be carried out, at least partially, by UE device for UL signals and channels. 
Observation: Phase compensation must be done in such a way that the phase remains continuous across slots. It is however sufficient to compute the phase coefficients over 1 subframe to insure phase continuity across subframes.
Observation: Phase compensation should not be applied to PRACH.
Observation: To ensure good detection performance it seems necessary that gNB at least pre-compensates the OFDM signals carrying SS block and RMSI.
Observation: From DL RS perspective, having a common reference for the phase compensation would seem mandatory.
Proposal: It is proposed that a generic method of phase compensation is applied to both the DL and UL signals and channels (apart RACH), both compensating the phase relative to a reference center frequency. This reference frequency does not need to be signaled and can be explicitly defined in the 3GPP specifications.
Observation: Common reference frequency for the phase compensation could be the positive or null frequency that is closest to 0 Hertz and that is spaced by an integer multiple of subcarriers relative to the tones used for actual transmission/reception.
Observation: Reference frequency could also be determined in frequency band or frequency range specific manner.
In section 4 we presented a proposal for the update to section 5.3 of 38.211 to introduce the phase compensation for both UL and DL signals (excluding RACH).
Furthermore in section 5 we carry out some evaluation of the complexity associated with the phase compensation.

Observations: A straightforward implementation of phase compensation coefficients consists in storing a generic table of 4096 complex coefficients (that can be reduced to 1024 entries) that applies to all numerologies and is independent of the center frequency of the transmitter/receiver and a dynamic table of integer values. For each OFDM symbol within a subframe, the second table provides the index of the complex coefficient within the generic table.
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