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Introduction
[bookmark: _Ref494215420]This contribution discusses some remaining issues on OFDM signal generation in DL, such as phase compensation of SS/PBCH block (SSB) and other channels except PRACH. Finally the contribution provides the text proposals based on 38.211 v15.0.0 [1] and 38.213 v15.0.0 [2].

Discussion
The terminologies of the paper are listed as follows:
· “DL Tx DC” is direct current of DL transmission, which equivalent to “BS Tx DC”;
· “DL Rx DC” is direct current of DL Rx, which is equivalent to “UE Rx DC”;
·  “Resource grid size” is the number of contiguous PRBs of resource grid, which is equivalent the bandwidth of carrier.

DL Tx DC
RF reference frequency
DL Tx DC is related to the center frequency of RF. RF reference frequency is defined in [3], which represent the center frequency of RF.
	The channel raster defines a set of RF reference frequencies that are used to identify the RF channel position. The RF reference frequency for an RF channel maps to a resource element on the carrier.



Considering the flexibility of implementation of gNB, the RF reference frequency can be virtualized as the center of a carrier, but may be not the actual center of the carrier.


Figure 1: Example of location of the RF reference frequency implemented at gNB

Due to virtualization of the RF reference frequency, it can be mapped to a single fixed subcarrier in resource grid. In fact, it is specified in [3] that the RF reference frequency is mapped to the center of resource grid, shown as below.
	The mapping between the RF reference frequency on the channel raster and the corresponding resource element is given in Table 5.4.2.2-1. The mapping depends on the total number of RBs that are allocated in the channel and applies to both UL and DL.
Table 5.4.2.2-1: Channel Raster to Resource Element Mapping
	

	

	


	
Resource element index 
	0
	6

	
Physical resource block number 

	

	







,  ,  are as defined in TS 38.211[6].



DL Tx DC
Regarding the DL Tx DC, it was agreed in RAN1#86bis that the receiver should know the location of DC subcarrier in transmission side. The purpose of knowledge of the DL Tx DC at UE may be enabling of algorithm, such as cancellation of interference caused by DC impairment.
	Agreements:
· Regarding DC present within the transmitter,
· DC Handling of DC subcarrier in transmitter side is specified
· Receiver knows where DC subcarrier is or is informed (e.g., by specification or signaling) of where DC subcarrier is or if DC subcarrier is not present within receiver bandwidth
· When receiver is informed DC subcarrier is present, FFS: transmitter DC subcarrier is punctured, rate matched, modulated, or EVM is not specified
· When DC subcarrier is not present, all subcarriers within the receiver bandwidth are transmitted



The location of the DL Tx DC is implied in OFDM signal generation formula in [1], i.e. zero tone in the formula. The formula is shown as below.



It can be observed that the DL Tx DC locates at . Therefore, the DL Tx DC can be determined through the resource grid size (higher layers signaling BW) and the value of k0 (higher layers signaling k0), which is shown in the following figure.


Figure 2: Example of location of DL Tx DC
Observation 1: The DL Tx DC is indicated in OFDM signal generation formula.

The usage of k0 in the formula is not so obvious. The next two sections will give the usage of k0 in our understanding.

k0 for other channels than SSB and RMSI
It can be observed that the RF reference frequency is aligned to the DL Tx DC, if k0 is equal to 0. However, the non-zero value of k0 is still useful. In [4], an issue was reported, with different subcarrier spacing, the RF reference frequency may be mapped to different REs in a carrier. The following figure shows the issue.
[image: ]
Figure 2: Illustration of mis-alignment of the reference frequency issue [4] 
It was proposed to introduce a subcarrier spacing dependent offset to solve the above issue [5].
	Huawei: In our understanding, the channel raster is used to place RB mapping. We only define the channel raster based on referenece SCS. For other SCS, we can use offset to indicate where is the channel.



It can be found that the value of k0 can be used to indicate this subcarrier spacing dependent offset to align the RF reference frequency for different subcarrier spacing.
Proposal 1: For other channels than SSB and RMSI, k0 is indicated by higher layer parameter, which at least can indicate the subcarrier spacing dependent offset.

k0 for SSB 
It is noted that “SSB grid” has a subcarrier-level offset relative to “carrier grid”, which is caused by mis-alignment between SS raster and channel raster. The subcarrier-level offset is defined in [1] as follows.
	


Subcarrier 0 in an SS/PBCH block corresponds to subcarrier  in common resource block  , where  is obtained from the higher-layer parameter offset-ref-low-scs-ref-PRB.



Thus, the value of k0 for SSB and RMSI PDCCH/PDSCH should take the subcarrier-level offset into account. The most straightforward way to solve the subcarrier-level offset is make k0 equal to the subcarrier-level offset.
Proposal 2: For SSB and RMSI, k0 is equal to the subcarrier-level offset defined for SSB.

Phase compensation 
Phase compensation is as important as the DL Tx DC. Phase compensation implies the mis-alignment between the DL Tx DC and the DL Rx DC. There are two type of phase compensation:
· gNB pre-compensates phase of OFDM symbols using a frequency as phase reference, where the phase reference means the DL Rx DC expected by gNB, or equivalently the DL Rx DC to enable zero compensation at UE;
· UE compensate phase of OFDM symbols according the offset between the DL Tx DC and the DL Rx DC.
Three options for phase compensation
Phase compensation issue related to OFDM signal generation was reported in [6] in RAN1#91, and further discussed in email “[91-NR-03] OFDM symbol generation” after RAN1#91. There are three options summarized in discussion, which are listed as follows.
	Option 1)
         gNB pre-compensates phase of OFDM symbols of SS/PBCH using center frequency of SS/PBCH as phase reference
         gNB pre-compensates phase of OFDM symbols of RMSI PDCCH and PDSCH using center frequency of SS/PBCH as phase reference
         For all other signals/channels, gNB does not pre-compensate phase
         Note: UE will utilize channel bandwidth and k0 signaling in RMSI for any needed compensation at the Rx side

Option 2)
         gNB pre-compensates phase of OFDM symbols of SS/PBCH using center frequency of SS/PBCH as phase reference
         gNB pre-compensates phase of OFDM symbols of RMSI PDCCH and PDSCH using center frequency of RMSI CORESET as phase reference
         For all other signals/channels, gNB does not pre-compensate phase.
         Note: UE will utilize channel bandwidth and k0 signaling in RMSI for any needed compensation at the Rx side

Option 3)
         gNB pre-compensates all OFDM symbols using Tx center frequency as phase reference
         It is expected that UE compensates phase of OFDM symbols at the Rx side using Rx center frequency as phase reference



Options 1~3 for phase compensation can be captured in specification through OFDM signal generation formula. The different formulas for Options 1~3 were proposed in [6], which are listed as follows.
Option 1:
	For SS/PBCH block, and PDCCH of RMSI and PDSCH of RMSI



where  , and fSSB is the frequency location of the center of the SS/PBCH PRB minus the frequency location of the center of the NR signal.
For other channels (except PRACH)





Option 2:
	For SS/PBCH block



where  , and fSSB is the frequency location of the center of the SS/PBCH PRB minus the frequency location of the center of the NR signal.
For PDCCH of RMSI and PDSCH of RMSI



where , and fRMSI is the frequency location of the center of the RMSI CORESET PRB minus the frequency location of the center of the NR signal.
For other channels (except PRACH)





Option 3:
	1) Change up-conversion equation from:


to:


2) State that this represent signal waveform of symbol l after the up-conversion



It should be noted that if the UE is wideband UE and always open RF bandwidth covering the resource grid size, the phase compensation issue is not present since the UE can always align the DL Rx DC to the DL Tx DC. So, the discussion in the remaining paper assumes the UE will only open BWP-wide bandwidth for sake of power saving, and the phase compensation issue has to be solved.

For SSB and RMSI
For SSB and RMSI, Option 1/2/3 all imply that gNB pre-compensates phase of OFDM symbols of SS/PBCH, but the phase reference is different. In our view, if the phase reference is kept as the center of SSB, UE does not need to change the DL Rx DC in Idle-mode, which simplifies UE operation. Thus, we prefer Option 1 for SSB and RMSI.
Proposal 3: For SSB and RMSI, gNB pre-compensates phase of OFDM symbols of SS/PBCH using center frequency of SS/PBCH as phase reference.

For other channels than SSB, RMSI
The comparison among Option 1/2/3 is illustrated in the following table.
Table 1: Comparison among Option 1/2/3
	
	gNB complexity
	UE complexity
	Performance

	Option 1/2
	Low
	High
	Slightly lower

	Option 3
	High
	Low
	Slightly higher, due to high precise phase pre-compensation at gNB



From perspective of UE complexity, we prefer Option 3.
Since the UE is assumed to only open the BWP-wide bandwidth (otherwise the phase compensation issue is not present), the DL Rx DC used by the UE is limited within the frequency resource of BWP. For the location of the DL Rx DC, there could be two solutions as follows. 
· Solution 1: The most straightforward solution is that the UE uses center frequency of a given BWP as the DL Rx DC, and gNB pre-compensates phase of OFDM symbols using center frequency of the BWP as phase reference.
· Solution 2: The more complicated solution is that the gNB indicates a location of the DL Rx DC within a given BWP, and gNB pre-compensates phase of OFDM symbols using the indicated location within the BWP as phase reference.
For sake of low UE complexity (one of main motivations of the UE operating in BWP is power saving), we prefer Solution 1. 
Proposal 4: For other channels than SSB, RMSI and PRACH, gNB pre-compensates phase of OFDM symbols of SS/PBCH using center frequency of center of the BWP as phase reference.

OFDM signal generation formula
As summary of above discussion on the DL Tx DC and phase compensation, we prefer the following rules for the formula:
· The value k0 represents the offset between the DL Tx DC and the center of resource grid
· For SSB and RMSI, k0 is equal to the subcarrier-level offset defined for SSB;
· For other channels than SSB and RMSI, k0 is indicated by higher layer parameter, which at least can indicate the subcarrier spacing dependent offset;
· gNB pre-compensates phase of OFDM symbols of all physical channels and signals using phase reference, and the phase reference represents the UE Rx DC assumed by gNB;
· For SSB and RMSI, the phase reference is center frequency of SSB;
· For other channels than SSB, RMSI and PRACH, the phase reference is center frequency of the BWP;
According the above rules, the formula can be written as:


where:
· 
The DL Tx DC locates at ;
· 
is offset of the DL Tx DC relative to the center of resource grid;
· 
For SSB and RMSI,  is equal to the subcarrier-level offset defined for SSB
· 
For other channels than SSB and RMSI,  is provided by higher layer parameter
· 
 is use to compensate the phase offset due to mis-alignment between the DL Tx DC and the DL Rx DC;
· For SSB and RMSI, DL Rx DC is center frequency of SS/PBCH;
· For other channels than SSB and RMSI, DL Rx DC is center of the BWP;

Text Proposals

TP for 38.211
/************************ Start of Text Proposal **************************/
[bookmark: _Toc500952640]5.3	OFDM baseband signal generation




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

	



[bookmark: _GoBack]where ,  is given by clause 4.2, and  is the subcarrier spacing configuration, and 
· 

.For SS/PBCH block, RMSI PDCCH and RMSI PDSCH,  is the offset defined in clause 7.4.3.1; For other channels than SS/PBCH block, RMSI PDCCH and RMSI PDSCH,  is provided by higher layer parameter k0;
· 


 is used to pre-compensate phase offset of symbol  caused by frequency offset between the DL transmission direct current and the DL reception direct current; Subcarrier of the DL transmission direct current is numbered as  in resource grid; For SS/PBCH block, RMSI PDCCH and RMSI PDSCH, subcarrier of the DL reception is the center subcarrier of SS/PBCH block; For other channels than SS/PBCH block, RMSI PDCCH and PDSCH, subcarrier of the DL reception direct current is the center subcarrier of a carrier bandwidth part.
 /************************ Unchanged parts omitted**************************/
[bookmark: _Toc500952617]4.4.2	Resource grid







For each numerology and carrier, a resource grid of  subcarriers and  OFDM symbols is defined, starting at common resource block  indicated by higher-layer signalling.The subscript is DL or UL for downlink and uplink, respectively. When there is no risk for confusion, the subscript  may be dropped. There is one resource grid per antenna port , per subcarrier spacing configuration , and per transmission direction (downlink or uplink). 
/************************ End of Text Proposal **************************/
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Appendix
Agreements on Direct Current in RAN1 discussion:
RAN1#86bis:
R1-1610622         WF on DC subcarrier         Ericsson
Agreements:
· Regarding DC present within the transmitter,
· DC Handling of DC subcarrier in transmitter side is specified
· Receiver knows where DC subcarrier is or is informed (e.g., by specification or signaling) of where DC subcarrier is or if DC subcarrier is not present within receiver bandwidth
· When receiver is informed DC subcarrier is present, FFS: transmitter DC subcarrier is punctured, rate matched, modulated, or EVM is not specified
· When DC subcarrier is not present, all subcarriers within the receiver bandwidth are transmitted

RAN1_AH_1701：
Agreements:
· Handling of transmitter DC subcarrier at the transmitter
· DL
· 
· UE may assume transmit DC subcarrier at the transmitter (gNB) side is modulated i.e., data is neither rate-matched nor punctured.
· Signal quality requirement (e.g., EVM) corresponding to DC subcarriers is up to RAN4.
· UL
· Transmit DC subcarrier at the transmitter (UE) side is modulated i.e., data is neither rate-matched nor punctured.
· Signal quality requirement (e.g., EVM) corresponding to DC subcarriers is up to RAN4.
· The transmitter DC subcarrier at the transmitter (UE) side should avoid collisions at least with DMRS if possible
· The specification should define at least one particular subcarrier as the candidate position of DC subcarrier, e.g., DC subcarrier is located at the boundary of PRBs
· This should be considered in the RS design for NR
· Specify means for the receiver to determine DC subcarrier location
· This involves semi-static signalling from UE and also standard specified DC subcarrier location
· FFS how to determine and how to indicate DC subcarrier location in the case of bandwidth adaptation
· Note that above DC subcarrier can be interpreted as DC subcarrier candidate

R1-1701525         WF on DC handling             Panasonic, Intel, Huawei, HiSilicon
Agreements:
· RAN1 should consider the impact of the potential receiver DC subcarrier collision with RS used by that receiver, and whether NR design would offer the possibility of collision free operation
· Note that this does not create the requirement for receiver on receiver DC subcarrier handling
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