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1. 	Introduction
This contribution discusses aspects related to OFDM symbol generation.

2. Background




[bookmark: _GoBack]According to 38.211-200, “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 ,” ….and “the starting position of OFDM symbol  for subcarrier spacing configuration in a subframe is given by

	”
Using the OFDM symbol generation equation shown above, each resource element component can be described with a pair of parameters: 1) resource element (tone) index relative to a zero tone location and 2) absolute frequency of the zero tone location.

However, in NR, due to the use of bandwidth part, the center frequency of different UEs might be different. Hence, it is possible that two UEs receiving the same signal may make different assumption on the parameter pair. For example, one UE may assume that a given resource element is described by the parameter pair {tone index = 10 (with 30 kHz subcarrier spacing) and zero tone at 1 GHz} and another UE may assume that the same tone is described by parameter pair {tone index = 110 (with 30 kHz subcarrier spacing), and zero tone at 0.997 GHz}. 

This leads to issues when common signals need to be transmitted or received by multiple UEs. For example, if UE and gNB assume different zero tone locations, the phase of received signals will rotate from symbol to symbol in a noiseless channel with zero fading. The contributions in [1] and [2] show the impact of this phase rotation during the communication of synchronization signal and remaining minimum system information.
Observation 1: Assumption of different center frequencies at gNB and UE, lead to phase rotation across different symbols of received signal.
The contribution in [3] started an email discussion on this and showed that Gnb and/or UE would have to compensate for this phase rotation to tackle this issue. Using [1] and [2], [3] provided several solutions for phase compensation and Gnb and UE. Before describing the individual solutions, let us first fit phase compensation into a common framework to describe the overall solution.

3. Phase Compensation Model at Transmitter and/or Receiver
[image: ]
Figure 1: Phase compensation model at transmitter and receiver where transmitter and receiver assume different center frequencies (zero tone locations)
Figure 1 shows phase compensation at transmitter and receiver where transmitter and receiver assume different center frequencies, i.e., zero tone locations. We don’t assume any noise and fading in this scenario. Now, the receiver signal before FFT can be written as,


Where, window function w(t) is defined as,


Now, y(t) can be written as,



If, , in order to avoid phase rotation across different symbols of the received signal, following needs to be satisfied,


In other words, if phase pre-compensation at transmitter and post-compensation at receiver satisfies following equation, phase across different symbols of the received signal will not be rotated.



4. Options for phase compensation values at transmitter and receiver
Several options have been proposed regarding the phase compensation values. [3] and [4] have listed those options and summarized the corresponding required phase values. These options are copied from [3] and shown below:
Option 1:
· gNB pre-compensates phase of OFDM symbols of SS/PBCH using center frequency of SS/PBCH
· gNB pre-compensates phase of OFDM symbols of RMSI PDCCH and PDSCH using center frequency of SS/PBCH
· For all other signals/channels, Gnb does not pre-compensate phase
· Note: UE will utilize channel bandwidth and k0 signalling in RMSI for any needed compensation

Option 2:
· gNB pre-compensates phase of OFDM symbols of SS/PBCH using center frequency of SS/PBCH
· gNB pre-compensates phase of OFDM symbols of RMSI PDCCH and PDSCH using center frequency of RMSI CORESET
· 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
Option 3:
· gNB pre-compensates all OFDM symbols using center frequency of its own center frequency

As [4] showed, the phase pre-compensation and post-compensation terms with option 1 and 2 depend on the transmitted signal. For example, in option 1, UE does not have to post compensate phase during SS block reception. However, it has to post-compensate phase based on the difference between the center frequency of SS/PBCH and that of RMSI while receiving RMSI signal. Similarly, UE has to post-compensate phase based on the difference between the center frequency of transmit carrier frequency and receive carrier frequency while receiving signals other than SS/PBCH and RMSI.
Similarly, in option 2, Gnb has to pre-compensate phase using the center frequency of SS/PBCH and RMSI while transmitting SS/PBCH and RMSI respectively. UE does not have to post-compensate phase terms while receiving these signals. However, UE will have to post compensate phase based on the difference between the center frequency of transmit carrier frequency and receive carrier frequency while receiving signals other than SS/PBCH and RMSI.
Using different phase pre-compensation and post-compensation terms for different channels do not lead to a unified design. 38.211 has to describe OFDM symbol generation method differently for different channels to handle these scenarios. Besides, gNB will have to simultaneously transmit different channels. Both option 1 and option 2 will enforce gNB to use different phase compensation terms simultaneously across different channels. Hence, NR should support pre-compensation and post-compensation phase terms that are invariant across different channels.
Observation 2: In option 1 and 2, phase pre-compensation and post-compensation terms vary among different channels (e.g. SS/PBCH, RMSI, other signals, etc.), which don’t allow for a unified OFDM symbol generation method.
· gNB will have to simultaneously transmit different channels. Both option 1 and option 2 will enforce gNB to use different phase compensation terms simultaneously across different channels.
Proposal 1: NR supports phase compensation terms at transmitter and receiver that do not depend on individual channels.
This leads us to option 3 where phase compensation terms only depend on transmitter and receiver carrier frequencies. Basically, option 3 assumes the zero tone for signal generation to be 0 Hz and satisfies equation (1) through the following relationship:


Hence, we can define option 3 as the phase compensation method where the zero tone assumed for phase compensation is absolute 0 Hz.
Observation 3: Option 3, proposed in (3) and (4), can be defined as the method where the zero tone assumed for phase compensation is absolute 0 Hz.
Let’s define this option as option 3-A during the rest of the document.


Note that, other choices of phase compensation could still satisfy equation (1). For example, as long as  , where is the smallest commonly used subcarrier spacing, i.e., 15 kHz, equation (1) could have been satisfied with following method as well:


And, 


Where, 




As long as, ,  
The phase compensation methods shown above can be defined as the method where the zero tone assumed for phase compensation is the closest point to 0 Hz in a particular frequency raster. 


For example, if transmit carrier frequency is 1 GHz and reference subcarrier spacing is 15 kHz, = 66,667 and  .
Observation 4: The phase compensation methods shown through equation (4)-(8) can be defined as the method where the zero tone assumed for phase compensation is the closest point to 0 Hz in a particular frequency raster.
[bookmark: _Hlk503397987]Let’s define this option as option 3-B during the rest of the document. We now compare the pros and cons of these two options.
4.1 Comparison between option 3-A (the use of absolute 0 Hz as the zero tone) and option 3-B (the use of the closest point to 0 Hz on a particular frequency raster as the zero tone)

4.1.1 Number of phase compensation hypothesis at the receiver

Option 3-B can reduce the number of phase compensation hypothesis during frequency offset estimation in some frequency bands. 
38.104 shows the following frequency positions of SS blocks in different frequency bands.

Table 5.4.3.1-1: GSCN parameters for the global frequency raster [5]
	Frequency range
	SS block frequency position SSREF
	Range of GSCN

	0 – 2650 MHz
	N*900kHz+ M*5kHz, N=1:[2944], M=-1:1
	1 – [8832]

	2400 – 24250 MHz
	2400MHz+N*1.44MHz,N= 0:[15173]
	[8833-24006]

	24250 – 100000 MHz
	[24250.08] MHz+N*[17.28]MHz, N= 0:[4383]
	[24007 – 28390]



In 0-2.65 GHz band, the raster points come in nests each having three close raster points. The nests are 900 kHz apart and the smallest distance between the raster points is 5 kHz. Assuming 10 ppm frequency offset at 2.65 GHz leads to 26.5 kHz offset. Hence, while estimating frequency offset based on SSS and DMRS of PBCH, UE will have to test three hypothesis for the three close raster points (M = -1:1). 

With option 3a, where , the phase post-compensation terms at the receiver would vary among three close raster points. Hence, UE will have to try three phase compensation hypothesis for frequency offset estimation. If UE uses only one phase compensation term, it will lead to phase rotation jumps across symbol boundaries, which might be problematic for PBCH and RMSI decoding.

With option 3b, where , the phase post-compensation terms at the receiver would be same for all three raster points.
Hence, in 0-2.65 GHz range, the number of phase compensation hypothesis for frequency offset estimation in option 3-a will be greater than that in option 3-b. 
Observation 5: In 0-2.65 GHz range, the number of phase compensation hypothesis during frequency offset estimation in option 3-a is greater than that in option 3-b.

4.1.2 Repetition of phase terms after a time period

While evaluating option 3, one should consider another desirable property of the phase compensation terms: the phase terms should repeat after a certain time period. This ensures that the transmitters and the receiver don’t have to store a large/infinite number of phase compensation terms. 
As long as the transmit and receiver carrier frequencies are integer multiples of 1 kHz, option 3-A ensures that the phase pre-compensation and post-compensation terms repeat after 1 ms [4]. However, if the carrier frequencies are not integer multiples of 1 kHz, which occurs when UL is shared with LTE, option 3 cannot guarantee the repetition of these phase terms after ever 1 ms.
On the other hand, since the assume zero tone in option 3-B occur in a frequency raster and the raster step is 15 kHz, , the phase compensation terms repeat after 1 ms even if the carrier frequencies are not integer multiple of 1 GHz.
Observation 6: If phase compensation terms do not repeat after a short time period, transmitter and receiver may have to store a large/infinite number of phase compensation terms.
Observation 7: If the carrier frequencies are not integer multiples of 1 kHz, which can occur when NR UL is shared with LTE UL [7], the phase compensation terms in option 3-A don’t repeat after 1 ms. However, the phase compensation terms in option 3-B repeat after every 1 ms irrespective of the carrier frequencies.
Proposal 2: NR uses option 3-B, i.e., the use of the closest point to 0 Hz on a particular frequency raster as the zero tone, while generating phase compensation terms at transmitter and receiver. 
Proposal 3: The OFDM symbol generation in NR is described as,


· 
Where, . 
· 
denotes carrier frequency of the transmitter.
· 
is the smallest commonly used subcarrier spacing, i.e., 15 kHz,



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

	



Observation 8: With the OFDM symbol generation equation shown in proposal 3, receiver can post-compensate receive signal with  phase at symbol l where, . 

denotes carrier frequency of the receiver.

6. Conclusion
Observation 1: Assumption of different zero tone location, i.e., center frequencies, at gNB and UE, lead to phase rotation across different symbols of received signal.
Observation 2: In option 1 and 2, phase pre-compensation and post-compensation terms vary among different channels (e.g. SS/PBCH, RMSI, other signals, etc.), which don’t allow for a unified OFDM symbol generation method.
· gNB will have to simultaneously transmit different channels. Both option 1 and option 2 will enforce gNB to use different phase compensation terms simultaneously across different channels.
 Observation 3: Option 3, proposed in (3) and (4), can be defined as the method where the zero tone assumed for phase compensation is absolute 0 Hz.
Observation 4: The phase compensation methods shown through equation (4)-(8) can be defined as the method where the zero tone assumed for phase compensation is the closest point to 0 Hz in a particular frequency raster.
Observation 5: In 0-2.65 GHz range, the number of phase compensation hypothesis during frequency offset estimation in option 3-a is greater than that in option 3-b.
Observation 6: If phase compensation terms do not repeat after a short time period, transmitter and receiver may have to store a large/infinite number of phase compensation terms.
Observation 7: If the carrier frequencies are not integer multiples of 1 kHz, which can occur when NR UL is shared with LTE UL [7], the phase compensation terms in option 3-A don’t repeat after 1 ms. However, the phase compensation terms in option 3-B repeat after every 1 ms irrespective of the carrier frequencies.


 Observation 8: With the OFDM symbol generation equation shown in proposal 3, receiver can post-compensate receive signal with  phase at symbol l where, . 

denotes carrier frequency of the receiver.

Proposal 1: NR supports pre-compensation and post-compensation phase terms at transmitter and receiver respectively that do not depend on individual channels.
Proposal 2: NR uses option 3-B, i.e., the use of the closest point to 0 Hz on a particular frequency raster as the zero tone, while generating phase compensation terms at transmitter and receiver. 
Proposal 3: The OFDM symbol generation in NR is described as,


· 
Where, . 
· 
denotes carrier frequency of the transmitter.
· 
is the smallest commonly used subcarrier spacing, i.e., 15 kHz,



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