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1. Introduction
This contribution discusses remaining aspects on synchronization signal design.
2. Power Spectral Density Offset between SSB and PDCCH 
In NR, the sync signals are the only always-ON downlink signals that are broadcast periodically. UE uses the sync signals for Rx-AGC loops when receiving PDCCH. Thus, UE should know the power spectral density (PSD) offset between SSB and PDCCH, or the limitation of such PSD offset. The purpose of this offset is to let UE know how to relate RX-AGC setting of something that UE can measure (SSB) and something that it needs to process subsequently but cannot measure (PDCCH). In the absence of such offset signalling or limitation, UE might assume the nominal power offset of 0dB i.e., uncertainty on the measured per-tone energy, which results in a wrong scaling applied in the Rx-AGC loops and hence either reducing SQNR or reducing headroom for signal power variations, or UE might need to be designed against an infinite power offset which is not practical.
Observation 1: The PSD offset between SSB and PDCCH allows UE to relate Rx-AGC setting of something that UE can measure (SSB) and something that it needs to process subsequently but cannot measure (PDCCH).
Observation 2: In the absence of PSD offset between SSB and PDCCH, UE might translate SSB measurement to a wrong Rx-AGC setting; hence degrading UE performance or UE might need to be designed against infinite power offset which is not practical. 
From some discussion during last meeting, some companies mentioned that this PSD offset is only useful if SSB & PDCCH are QCLed. Our view is that this offset is irrespective to whether SSB & PDCCH are QCLed or not. In particular, this offset is merely an indication to the UE on how it should translate SSB based measurement into Rx-AGC gain. Whether SSB and PDCCH have the same beam and/or power offset, or they use a different beam with “average expected gain” is something that eNB may be able to gauge but immaterial to the UE. Furthermore, if SSB & PDCCH are not QCLed, the uncertainty of translating SSB measurement to Rx-AGC setting could be high. Without PSD offset signaling or limitation, the uncertainty becomes much worse when SSB is power-boosted at an arbitrary non-trivial level; hence could significantly degrade UE performance.    
Observation 3: When SSB & PDCCH are not QCLed, the uncertainty of PSD offset between SSB and PDCCH could be already high. Without PSD offset signaling or limitation, such uncertainty becomes much worse especially when SSB is power-boosted by an arbitrary nontrivial level. 
Based on above discussions and observations, we could have the following alternatives:
· Alt.1: The range of power spectral density offset between SSS and PDCCH is signalled in RMSI.
· Alt.2: UE assumes power spectral density offset between SSS and PDCCH is not larger than 6dB.
[bookmark: _Hlk503551157]Signaling the range of power offset between SSB and PDCCH in RMSI (Alt.1) provides the deployment flexibility to the network. The values for power offset between SSB and PDCCH might be signalled in ranges e.g., [-5dB, +5dB], [+5dB, +10dB], [+10dB, +15dB], etc. On the other hand, Alt. 2 could make the system work without a PSD offset signalling, but SSB power boosting at a nontrivial level may not be possible. Here, 6dB represents 1 bit of ADC dynamic range. Hence, by limiting the PSD uncertainty less than 6dB, 1 bit of the ADC budget is sacrificed towards PSD uncertainty, in addition to other factors (e.g., power variations due to fading and waveform PAPR) budgeted in ADC dynamic range.
Proposal 1: RAN1 selects one of the following options: 
· Alt. 1: The range of power spectral density offset between SSS and PDCCH is signalled in RMSI. UE assumes power spectral density offset between SSS and RMSI PDCCH is in the range (-6dB, 6dB). 
· Alt. 2: UE assumes power spectral density offset between SSS and PDCCH is in the range (-6dB, 6dB).

3. [bookmark: _Hlk506291569]OFDM symbol generation
RAN1 201801 AH made the following agreement [1].
	R1-1801205	Summary of 7.1.1 Synchronization signal	Ericsson
Agreements:
· Send an LS to RAN4 regarding the following working assumption. Note that there are also other alternative(s) discussed in RAN1. 
· RAN1 asks RAN4 would especially appreciate if RAN4 can progress on the frequency offset associated with the value of M. RAN1 aims to make a decision in the early week of the next Feb. meeting. 
· (Working assumption) For signal generation:
· Agree to option 3a (unquantized)
· Baseband signal generation remains unchanged
· Change upconversion formula for all channels/signals expect PRACH to:
· 

 where 
· Upconversion formula for PRACH remains unchanged
· Draft LS to be prepared in R1-1801245, which is approved and final LS in R1-1801279



In what follows, we compare unquantized and quantized version of OFDM symbol generation by focusing on the compensation methods in baseband.






3.1 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
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. 
The received signal before the FFT block, y(t), can be written as:


Where, 

Now, received signal at the l-th symbol can be expressed as,
 where                   							(1).

3.2 Comparison between Quantized and Unquantized phase compensation methods during initial access

In this section, we use the analysis of [2] and use that to compare quantized and unquantized phase compensation methods. 
Let us focus on the following scenario [2],
· Transmitter frequency, 
· Quantized Transmitter frequency, 
· Receiver frequency, 
· Quantized Receiver frequency, 
· Initial frequency offset, 
· Receiver frequency with initial frequency offset, = 

Similar to the analysis of [2], let us consider the frequency range 0-2.65 GHz, where the synchronization signals are located at [3], . Although, RAN4 made a working agreement in the last meeting to change the offset within the ‘raster net’ to >= 70 kHz, it’s not a full agreement yet and RAN4 will further discuss this issue in the upcoming meeting.
Observation 4:  Although, RAN4 made a working agreement in the last meeting to change the offset within the ‘raster net’ to >= 70 kHz, it’s not a full agreement yet and RAN4 will further discuss this issue in the upcoming meeting.
Following [2], we also assume that the receiver does not use the exact value of  for down-conversion. Since the 3 synchronization signal raster points are very close to each other, the receiver uses,
 								(2)
In the presence of initial frequency offset, the actual receiver frequency is, 
							(3)
The transmitter, on the other hand, uses, 
, where   			(4)
The phase compensation terms for quantized and unquantized methods can be written as [4]:
Unquantized method:
									(5)
									(6)
Quantized method:
									(7)
									(8)

3.2.1 Received signal with quantized phase compensation

Following the analysis of [8], we, at first, apply (7) and (8) in (1) and investigate the received signal with quantized phase compensation. Note that, we plug receiver frequency plus initial frequency offset , instead of the receiver frequency , in (1) since we are focusing on initial access.

(9) where 
The above equation suggests that the quantized signal method sees a continuous phase ramp across symbols in time domain due to frequency offset of  between transmitted and received signals.
Observation 5: In 0-2.65 GHz with GSCN 1- [8832], where synchronization signal raster points are located at , during initial access based on quantized phase compensation method, received signal experiences a continuous phase ramp across symbols in time domain due to frequency offset of , where  is the initial frequency offset and  is equal to M * 5 kHz.
Note that, if transmit and receive frequencies were equal and if no phase compensation methods were applied, received signal would have still experienced a continuous phase ramp across symbols in time domain due to initial frequency offset . UE could have estimated a portion of this initial frequency offset by looking at different phase ramp values within the PSS symbol. The remaining part of the initial frequency offset could have been compensated by looking at the rotation across PBCH symbols, e.g., using DMRS of PBCH symbols.
The same procedure could be used to estimate with quantized phase compensation method. 
The phase compensation terms to decode PDCCH or PDSCH of RMSI do not depend on  in quantized phase compensation methods. Hence, UE does not need to estimate  in quantized phase compensation methods.
Observation 6: In quantized phase compensation method, UE can estimate the frequency offset   through the combination of estimation within OFDM symbol, e.g., PSS, and estimation across two OFDM symbols, e.g., using PBCH DMRS.
Observation 7: The phase compensation terms to decode PDCCH or PDSCH of RMSI do not depend on  in quantized phase compensation methods. Hence, UE does not need to estimate  in quantized phase compensation methods.
3.2.2 Received signal with unquantized phase compensation

We now apply (5) and (6) in (1) and investigate the received signal with unquantized phase compensation. Note that, similar to the last section, we plug receiver frequency plus initial frequency offset , instead of the receiver frequency , in (1) since we are focusing on initial access.

(10) where 
Above equation suggests that UE observes a continuous phase ramp due to frequency offset of  within each symbol and a discrete phase jump due to frequency offset of  across symbols.
Note that, phase compensation at the receiver during RMSI PDCCH and PDSCH decoding depend on  in unquantized phase compensation methods. Hence, UE needs to estimate  in unquantized phase compensation method.
Observation 8: In 0-2.65 GHz with GSCN 1-[8832], where synchronization signal raster points are located at , during initial access based on unquantized phase compensation method, received signal experiences a continuous phase ramp due to frequency offset of  within each symbol and a discrete phase discontinuity due to frequency offset of  at symbol boundaries, where  is the initial frequency offset and  is equal to M * 5 kHz.
Observation 9: The phase compensation terms to decode PDCCH or PDSCH of RMSI depend on  in unquantized phase compensation methods. Hence, UE needs to estimate  in unquantized phase compensation method.
The authors of [2] claim that the frequency offset of  within each symbol, or at least a portion of it, can be estimated as any regular initial frequency offset, and the frequency offset , which leads to a discrete phase discontinuity across symbols, can be estimated using PBCH DMRS symbols.
Let  and  be respectively the estimates of  and ; and and  are the associated estimation errors.  can be estimated as , where
 . 
One can observe the estimation of raster offset  is impaired by the error term , and in case , will be wrongly estimated. In what follows, we examine the estimation errors and and show the effective error  can be sufficiently large to lead to a wrong  estimation. 

 -- error of frequency offset estimation within a symbol: 
The accuracy of frequency offset estimation within a symbol (e.g. PSS) depends on the operating SNR. In other words, SNR determines the granularity of frequency offset that we can estimate (i.e. distinguish). A noiseless estimation can virtually provide infinitely small granularity. However, at lower SNR we lose granularity and accuracy. 
To investigate frequency estimation granularity, we can check the sensitivity of correlation (e.g. PSS correlation) to the frequency offset (note: the maximum likelihood (ML) estimator finds a frequency offset hypothesis that gives the highest correlation). 
Consider a time domain (TD) signal  for , where  is the base signal (e.g. TD PSS signal) and is the phase ramp due to the frequency offset . We would like to investigate the sensitivity of correlation value  to frequency offset :

for . Figure 2 shows  for various values of  (assuming ).
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Figure 2: sensitivity of frequency offset estimation within a symbol

We observe the correlation metric function is very flat around zero. In fact, in the presence of 2.5kHz frequency offset and assuming subcarrier spacing =15kHz,  and the correlation metric degrades by only less than 0.42 dB. It shows the insensitivity of correlation to small frequency offsets (in the order of 0.1 to 0.2 of subcarrier spacing). Now it should be clear that at low operating SNR, the magnitude of frequency offset estimation error () can be simply in the order of a couple of kilo Hertz. 
Observation 10: the estimation of the frequency offset within a symbol can be prone to an error in the order of a few kHz (e.g. 0.1 to 0.2 of subcarrier spacing).

 -- error of frequency offset estimation across PBCH symbols: 
We use the same methodology, as above, to evaluate the accuracy of frequency offset estimation across multiple adjacent symbols through investigating the sensitivity of the correlation metric to frequency offset.
To formulate the correlation metric, we assume DMRS signal is already successfully detected (1 out of 8 candidates), and we also use the detected SSS tones, along with DMRS, to improve the estimation accuracy. Therefore, our reference sequence comprises the DMRS tones (spread across 3 PBCH symbols) and SSS tones in the middle symbol. Let ,  and  indicate the DMRS sequence in the 1st, 2nd and 3rd symbol respectively, and  indicate the SSS sequence. The reference sequence  can be defined as

We discussed initial frequency offset  results in a phase jump () at the beginning of each symbol . Assuming normal CP, the amount of phase jump over two consecutive symbols can be shown to be equal to , where . With this phase offset, the received (noiseless) reference sequence will be 

Note that for simplicity, we assumed zero phase offset for the first symbol. The correlation metric  can now be defined as

Figure 3 shows the sensitivity of this correlation to frequency offset – i.e.,  versus various values of :
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Figure 3: sensitivity of frequency offset estimation, across 3 PBCH symbols, using DMRS and SSS

We can observe although the estimation (of the phase offset) across [PBCH] symbols is more sensitive to the frequency offset  (more accurately to the resulting phase offset ) – i.e.  function is less flat around 0 than  – the accuracy of this estimation is still limited. For example, 1kHz offset (1kHz/15kHz = 0.067) degrades the correlation by only about 0.4dB  at low operating SNR the magnitude of frequency offset estimation error () can be simply in the order of 1 kHz.
Observation 11: the estimation of the phase offset (resulting from the initial frequency offset) across consecutive symbols can be prone to an error in the order of 1 kHz (e.g. up to 0.1 of subcarrier spacing).
Based on the previous two observations, we conclude the raster offset  may not be reliably estimated using the SS block. In the following sub-section, we focus on the probability of miss-detection of   
3.2.2.1 Probability of miss-detection of M in unquantized phase compensation

We focus on the joint detection of SSB index (i.e. DMRS sequence) and M to investigate the performance of option 3a. That means, we use the algorithm 3 of [2], where detection metric is computed for each SSB raster shift () and DMRS sequence pair hypothesis. Overall, we take the following approach.
· Detect PSS
· Estimate continuous phase ramp, arising from , within the PSS symbol. 
· De-rotate received signal, i.e., PSS and PBCH DMRS, with the estimated value of  and perform joint detection of PBCH DMRS sequence and SSB raster shift (M) using the algorithm of [2].
· For each SSB raster shift and DMRS sequence pair hypothesis, UE computes detection metric
· Total 24 detection hypothesis pairs are performed.
· Select the pair with the strongest metric 
The simulation is conducted with flat Rayleigh fading channel with 15 kHz SCS for SSB. An initial carrier frequency offset of 5 ppm was injected on top of the unknown  or  shifts of the SSB to perform this simulation.
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Figure 4: Probability of error for M detection and SSB index detection

Figure 4 shows that, at -6 dB SNR, the unquantized phase compensation method leads to 6.3% detection error in M although the SSB index detection error is less than 1%. This suggests that the unquantized phase compensation error cannot reliably estimate the raster offset , i.e., the value of M in 0-2.65 GHz.
Note that, the authors of [2] used a CDL-C channel to generate the SSB detection curve, whereas, we used a flat Rayleigh fading channel in our simulations. We think that this is probably why the SSB index detection error curves are different between our simulations and that of [2].
3.2.2.2 Impact of miss-detection of M in RMSI performance

If UE miss-detects M, it will estimate the phase discontinuity across different RMSI symbols incorrectly. Unlike PBCH, RMSI PDSCH does not have DMRS in every symbol. Hence, RMSI PDSCH performance suffers severely in the present of phase discontinuity. In this section, we show simulation results to justify the claim.
Following parameters were used to generate the simulation results of this sections.
· 928 information bits
· MCS = 0 (QPSK, 0.12 CR), NR LDPC
· 8 symbol PDSCH, 48 PRBs
· 3 symbol DMRS (RMSI DMRS pattern)
· 4 Tx, 4 Rx
[image: ]
Figure 5: Comparison of RMSI PDSCH performance between the scenarios involving correct M estimation and wrong M correlation.
Figure 8 shows the PDSCH BLER of RMSI for correct and miss-detection of M. If M is miss-detected, as mentioned before, UE experiences a 5 kHz phase discontinuity in symbol boundaries. This leads to 100% BLER even at -3 dB CINR. In appendix section, we show how phase discontinuity, resulting from smaller frequency difference, can still lead to large BLERs 
3.2.2.3 Summary of comparison between unquantized and quantized phase compensation methods

Miss-detection of raster offset will cause performance and complexity issues with RMSI processing for unquantized phase compensation method. 
We note that the above argument only focused on a fundamental issue with the accuracy of raster offset estimation, while there are yet other problems with the unquantized phase compensation method including:
· Frequency pulling range across consecutive symbols: as shown in Figure 3, the detection (pulling) range of frequency offset across two adjacent symbols is  =  (for kHz), while the initial frequency offset can be in the range of  ppm, which leads to  kHz at 2.65 GHz   cannot be immediately estimated via the suggested method, it will require extra processing at the cost of more complexity and higher chance of wrong estimation.
While the unquantized phase compensation method does not provide any specific benefit compared to the quantized method, the latter does not have any of the mentioned performance or complexity issues.
Observation 12: The unquantized phase compensation method is subject to a number of issues:
· UE may not be able to reliably estimate .
· RMSI processing: processing the PDCCH and PDSCH of RMSI will be more complex and the performance will be degraded, when  is not reliably estimated.
· This method does not have any benefit compared to the quantized phase compensation method, while the latter is not subject to any of the above issues. 
We notice that in the quantized phase compensation method, the UE cannot detect the raster offset , using the SS block and before acquiring RMSI. In fact, the UE initially estimates a frequency offset that comprises two components: the raster offset (if any) and its initial frequency offset (of its local oscillator), and cannot differentiate between the two. This may be thought of as a potential issue, that is the UE cannot accurately adjust its oscillator frequency based on the estimated frequency offset since there may be -/+ 5kHz ambiguity. This would imply an inaccurate sampling frequency (assuming the same oscillator is used for synthesizing the sampling frequency) that could eventually result in some unknown timing offset at RMSI processing. However, considering the SS burst set periodicity of 20msec, the time separation between the RMSI and a corresponding SS block is at most 20 msec. At the carrier frequency of 1GHz, 5kHz frequency ambiguity is 5ppm, which in turn corresponds to 0.1 usec timing drift over 20 msec interval. This maximum timing offset is well within the CP (NCP for 30kHz subcarrier spacing is 2.3 usec), and should not cause any issue for RMSI processing. 
Observation 13: With quantized phase compensation method, in 0-2.65 GHz band, UE cannot accurately adjust its oscillator frequency based on the estimated frequency offset since there may be -/+ 5kHz ambiguity. At the carrier frequency of 1GHz, however, 5kHz frequency ambiguity is 5ppm, which in turn corresponds to 0.1 usec timing drift over 20 msec interval. This maximum timing offset is well within the CP (NCP for 30kHz subcarrier spacing is 2.3 usec), and should not cause any issue for RMSI processing. 
Proposal 2: RAN1 adopts the quantized phase compensation method for OFDM symbol generation.
· Signal generation formula in baseband is changed to
· 
· where, ,  =15 kHz, and 

· Up-conversion signal generation formula is unchanged.
4. Conclusion
In this contribution, the following observations and proposal has been made:
Observation 1: The PSD offset between SSB and PDCCH allows UE to relate RX-AGC setting of something that UE can measure (SSB) and something that it needs to process subsequently but cannot measure (PDCCH).
Observation 2: In the absence of PSD offset between SSB and PDCCH, UE might translate SSB measurement to a wrong Rx-AGC setting; hence degrading UE performance or UE might need to be designed against infinite power offset which is not practical. 
Observation 3: When SSB & PDCCH are not QCLed, the uncertainty of PSD offset between SSB and PDCCH could be already high. Without PSD offset signaling or limitation, such uncertainty becomes much worse especially when SSB is power-boosted by an arbitrary nontrivial level. 
Observation 4:  Although, RAN4 made a working agreement in the last meeting to change the offset ‘within the raster net’ to >= 70 kHz, it’s not a full agreement yet and RAN4 will further discuss this issue in the upcoming meeting.
Observation 5: In 0-2.65 GHz with GSCN 1- [8832], where synchronization signal raster points are located at , during initial access based on quantized phase compensation method, received signal experiences a continuous phase ramp across symbols in time domain due to frequency offset of , where  is the initial frequency offset and  is equal to M * 5 kHz.
Observation 6: In quantized phase compensation method, UE can estimate the frequency offset   through the combination of estimation within OFDM symbol, e.g., PSS, and estimation across two OFDM symbols, e.g., using PBCH DMRS.
Observation 7: The phase compensation terms to decode PDCCH or PDSCH of RMSI do not depend on  in quantized phase compensation methods. Hence, UE does not need to estimate  in quantized phase compensation methods.
Observation 8: In 0-2.65 GHz with GSCN 1-[8832], where synchronization signal raster points are located at , during initial access based on unquantized phase compensation method, received signal experiences a continuous phase ramp due to frequency offset of  within each symbol and a discrete phase discontinuity due to frequency offset of  at symbol boundaries, where  is the initial frequency offset and  is equal to M * 5 kHz.
Observation 9: The phase compensation terms to decode PDCCH or PDSCH of RMSI depend on  in unquantized phase compensation methods. Hence, UE needs to estimate  in unquantized phase compensation method.
Observation 10: the estimation of the frequency offset within a symbol can be prone to an error in the order of a few kHz (e.g. 0.1 to 0.2 of subcarrier spacing).
Observation 11: the estimation of the phase offset (resulting from the initial frequency offset) across consecutive symbols can be prone to an error in the order of 1 kHz (e.g. up to 0.1 of subcarrier spacing).
Observation 12: The unquantized phase compensation method is subject to a number of issues:
· UE may not be able to reliably estimate .
· RMSI processing: processing the PDCCH and PDSCH of RMSI will be more complex and the performance will be degraded, when  is not reliably estimated.
· This method does not have any benefit compared to the quantized phase compensation method, while the latter is not subject to any of the above issues. 
Observation 13: With quantized phase compensation method, in 0-2.65 GHz band, UE cannot accurately adjust its oscillator frequency based on the estimated frequency offset since there may be -/+ 5kHz ambiguity. At the carrier frequency of 1GHz, however, 5kHz frequency ambiguity is 5ppm, which in turn corresponds to 0.1 usec timing drift over 20 msec interval. This maximum timing offset is well within the CP (NCP for 30kHz subcarrier spacing is 2.3 usec), and should not cause any issue for RMSI processing. 
Proposal 1: RAN1 selects one of the following options: 
· Alt. 1: The range of power spectral density offset between SSS and PDCCH is signalled in RMSI. UE assumes power spectral density offset between SSS and RMSI PDCCH is in the range (-6dB, 6dB). 
· Alt. 2: UE assumes power spectral density offset between SSS and PDCCH is in the range (-6dB, 6dB).
Proposal 2: RAN1 adopts the quantized phase compensation method for OFDM symbol generation.
· Signal generation formula in baseband is changed to
· 
· where, ,  =15 kHz, and 

· Up-conversion signal generation formula is unchanged.
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6. Appendix: Impact of phase discontinuity in RMSI PDSCH performance

[image: ]
Figure 6: RMSI PDSCH BLER performance with different levels of phase discontinuity across symbols
In Figure 5, we showed how wrong detection of M can lead to 5 kHz phase discontinuity across symbols, which in turn, leads to 100% BLER of RMSI PDSCH. This figure shows how even phase discontinuity arising from smaller frequencies can also severely degrade performance. The figure shows that even with 1.25 kHz phase discontinuity, RMSI PDSCH BLER can be 100% at -2 dB CINR.
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