
Page 4
Draft prETS 300 ???: Month YYYY

[bookmark: _Hlk492831382]

3GPP TSG-RAN WG1 Meeting #NR3	R1-1716375
Nagoya, Japan, 18th – 21st, September 2017
Agenda Item:	6.2.3.6
Source:	Ericsson
Title:	Details on TRS design  
Document for:	Discussion

Introduction
In this contribution, we address the remaining open issues regarding the TRS.
In particular, we investigate the TRS burst periodicity and give strong arguments showing that the periodicity values 20ms, 40ms and 80ms are sufficient. See section 2.3.
We study the impact of the TRS bandwidth on performance and conclude that 24RB is sufficient. There are no real arguments for the use of a TRS bandwidth of 50RB and going beyond 50RB would clearly be a waste of resources. See section 2.1.
We show that a two slot TRS format is sufficient and that there is no need for a four slot TRS pattern. We also give detailed proposals regarding the TRS burst slot format taking into account potential collisions with other signals as well as performance. See section 2.1.
We also show that DMRS can be used for time and frequency synchronization for initial time offsets up to two CP lengths and for initial frequency offsets up to 1.2kHz for 15kHz subcarrier spacing at 2GHz carrier frequency. Even for small allocations time and frequency synchronization is good enough to support robust modulation and coding schemes. This is very useful for e.g. initial access procedures and for DRX wake up. For larger allocations (12 RB or more) time and frequency synchronization based on DMRS is very good as might be expected since DMRS is very TRS like, just twice as dense in frequency and always there during downlink transmissions. See section 2.2.1.
Below we summarize the agreements and working assumptions from the 3GPP TSG-RAN WG1 Meeting #90.
Agreements:
· Consider further supporting the bandwidth of TRS to be configured up to the bandwidth of the BWP in addition to ~24, ~50 RBs, and make decision in next meeting
· Sf=4 
· Y>=160ms is not supported. Consider further down-selection on other values agreed in RAN1AdHoc2 
Agreements:
· A UE can be configured multiple TRS at least if the UE supports multi-TRP/multi-panel deployment
· Details FFS
· TRS can be QCLed with PDSCH DMRS, regarding at least delay spread, average delay, Doppler shift and Doppler spread. 
· Configuration / signalling details FFS
· Note: The QCL assumption may be implicit via QCL assumption with other RS
· FFS for other QCL parameters
· TRS sequence is based on PN generator
· Study whether TRS is needed in idle mode
· For example, paging, RMSI, RAR demodulation performance by considering without TRS for Doppler spread estimation
· Study whether TRS needs to be configured on a BWP/carrier without SS block
· Study the relationship between SS burst, TRS, and DRX ON duration especially with longer DRX cycle
· The slots with TRS can be immediately after SS burst before the starting point of DRX ON duration. The DRX ON timing is aligned with SS burst within a number of slots
· There is timing offset between TRS and SS burst. The DRX ON timing is aligned with SS burst, or with TRS within a number of slots 
· Configure aperiodic TRS before the starting point of DRX ON duration, so that DRX ON timing is independent of SS burst appearance 
· Other solutions are not precluded
Agreements:
· For a connected mode UE, UE is expected to receive UE-specific RRC configuration of TRS at least for sub-6 GHz
· Before receiving the RRC configuration of TRS, FFS



Working assumptions:
· At least X=2 is supported
· FFS on X= 1 and 4
· Check whether X=1 can provide sufficient Doppler spread estimation performance
· Total symbol number summed over X=2 slots is 4 (Consider further 2+2 and 3+1, support one or both (FFS)). 
· Consider further the positions, taking into account DMRS




[bookmark: _Ref178064866]Discussion
[bookmark: _Ref492931741]TRS burst symbol pattern 
From the analysis on frequency and time tracking performance based on TRS burst patterns we reach the following main design criteria for the TRS symbol positions in a burst:
· The distance between at least two symbols in the TRS burst should not be larger than four OFDM symbols in order to support estimation of large frequency offsets.
· A large time span of the TRS burst is necessary to achieve sufficiently good frequency estimation accuracy.
· Keep the total number of symbols used for the TRS burst down to limit the amount of interference created, to save energy and to simplify the combination of TRS with other reference signals.
At the last meeting, RAN WG1 #90, [1] it was agreed that:
· For PDSCH, when one additional DMRS symbol is configured for the 1-symbol front-load DMRS in a 14-symbol slot with front-load DMRS on the 3rd or 4th symbol, the additional DMRS symbol can be configured in the 12th, 10th, 8th symbol, 

Thus, symbol index 2,3 7,9, and 11 can be occupied by additional DMRS for the case of 1-symbol front-loaded. Earlier it was decided that the 2-symbol front-loaded DMRS can occupy symbol index 2, and 3 or 3 and 4.
[bookmark: _Toc492935445]To avoid potential DMRS symbols and potential PDCCH symbols in the slot, the options for TRS symbol positions are limited to symbol-index 5, 6, 8, 10 and 13. 
We note that PDCCH use at maximum the three first symbols (symbol index 0, 1 and 2) in the slot. In addition, DMRS (and especially the one-symbol front loaded DMRS) are allowed to occupy the first two symbols after PDCCH. In order to maximize the total span in time of the TRS symbols within the slot without colliding with PDCCH or DMRS we propose to have the first TRS symbol at index 5 (the first symbol in the slot has index 0) and the last TRS symbol in the slot at index 13. 
In order to handle large frequency errors, we need at least one additional symbol in between symbol index 5 and 13. Symbol index 9 and 11 should be avoided as they may be used for DMRS “when one additional DMRS symbol is configured for the 1-symbol front-load DMRS in a 14-symbol slot with front-load DMRS” [1]. In a scenario with limited frequency errors less than a 1-2 kHz (with sub carrier spacing of 15 kHz) an inter TRS symbol distance of 3 symbols is to prefer compared to an inter-symbol distance of 1 one symbol. Thus, symbol index 8 is better than symbol index 6 for TRS. Finally, symbol-index 10 may be used for down-link in some scenarios with self-contained slot. Therefor we propose to use symbol index 8 for TRS, in addition to 5 and 13.
With TRS symbol indexes = {5,8,13} the total span in time of the TRS symbols within one slot would be 8 which is a bit short to give good frequency estimation accuracy. We therefore propose to support a two slot TRS burst, but due to overhead reasons using only symbol index 13 for the TRS burst in the second slot, maximizing the timespan within two slots while keeping overhead and the total number of symbols down.  
Performance evaluations comparing performance of frequency synchronization and throughput can be found in Appendix XXX for the following TRS burst formats all avoiding potential PDCCH symbols potential DMRS symbol positions:
· TRS burst Format 1b: X=1 slot with TRS in symbol index 5 and 8
· TRS burst Format 1c: X=1 slot with TRS in symbol index 5, 8, and 13
· TRS burst Format 2a: X=2 slots with TRS in symbol index 5, 8, 13 and 13 respectively
· TRS burst Format 2b: X=2 slots with TRS in symbol index 5, 8 and 5, 8 respectively
· TRS burst Format 4a: X=4 slots with TRS in symbol index 5, 8, 13, 13 and 5, 8, 13, 13, respectively  
· TRS burst Format 4b: X=4 slots with TRS in symbol index 5, 8, 13, 13 and 13, 13, respectively  
· TRS burst Format 4c: X=4 slots with TRS in symbol index 5, 8, 5, 8 and 5, 8, 5, 8 respectively
The TRS burst formats are also illustrated in Figure 1.
      [image: ]
[bookmark: _Ref490148467]Figure 1 The evaluated TRS burst formats. 
[image: Z:\Sync folder\Projects\STAR_NSA\RS team\Fine frequency-time tracking\Nagoya 2017-09-18\figures\throughput_bps_trs_20ms_TDL-A,_300ns_delayspread,_3km_per_hour,_BW=24RB,__284053_283948_283946_283950zoom.jpg]
[bookmark: _Ref492913720]Figure 2 Throughput versus SNR for different TRS patterns for B=BW=24RB for TDL-A, 300ns delay spread, Jakes 3km/h.
[bookmark: _GoBack]Evaluations comparing throughput between the different TRS burst formats can be found in Figure 2 and for more scenarios also in the figures in section  5.1.2. The evaluation results show that all formats are similar in throughput for SNR > 3dB. For low SNR, the one slot (X=1) TRS burst format performance is worse in performance compared to two slot (X=2) and four slot (X=4) TRS burst formats. Especially the TRS burst format 1b (X=1 slot with TRS symbols 5 and 8) sticks out for B = 50 and 24 RBs having significantly worse performance at low SNR loosing up to 1.5 dB in sensitivity for B = 24 RBs. However, the TRS burst format 1c (X=1 slot with TRS symbols 5, 8 and 13) performs very well, similar to the two and four slot TRS burst formats. The difference between two slot (X=2) and four slot (X=4) TRS burst formats is hardly noticeable except for B=24 where a small performance advantage of four slot (X=4) TRS burst formats can be observed at low SNR. 
[bookmark: _Toc492935446]The one-slot TRS burst format 1c (X=1 slots with TRS symbols 5, 8, and 13) is superior to the one-slot TRS burst format 1b (X=1 slots with TRS symbols 5, and 8)

[bookmark: _Toc492935447]The two-slot TRS burst format 2a (X=2 slots with TRS symbols 5, 8,13, and 13) is sufficient for achieving a good balance between overhead and performance, adding more overhead does not improve the throughput.
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[bookmark: _Ref492913875]Figure 3 Frequency estimation accuracy rms in percent of the subcarrier spacing (15kHz) versus SNR for different TRS patterns for B=BW=24RB for TDL-A, 300ns delay spread, Jakes 3km/h.
Evaluations comparing frequency synchronization performance between the different TRS burst formats can be found in Figure 3 and for more scenarios also in the figures in section 5.1.1. Assuming similar requirements as LTE on the UE frequency synchronization, the error should be less than 0.1ppm of the carrier frequency when UE RX SNR > -6dB. Thus, assuming a carrier frequency of 2GHz the error should be less than 200 Hz or 1.3% of the 15kHz subcarrier spacing. All TRS formats provide better than 200Hz rms frequency error at -6dB.  However, at lower carrier frequencies the requirement gets tougher. At 1GHz carrier frequency the error should be less than 100Hz or 0.67% of the SCS. This can only be achieved with the two and four slot patterns. The conclusion is that a two slot TRS is sufficient for achieving a good balance between overhead and performance, adding more overhead does not improve the throughput.
The two-slot TRS burst format 2a (TRS symbol indices 5, 8,13, and 13) give better frequency synchronization performance than the TRS burst format 2b (TRS symbol indices 5, 8, and 5, 8).
The four-slot TRS burst formats 4a (TRS symbol indices 5, 8,13, and 13, and 5, 8, 13, and 13) and 4b (TRS symbol indices 5, 8,13, and 13, and 13, and 13) perform on par with each other but outperform TRS burst format 4c (TRS symbol indices 5, 8, and 5, 8 and 5, 8, and 5, 8) in terms of frequency estimation. The TRS burst formats 4b utilizes only 6 symbols per TRS burst while the TRS burst formats 4a utilizes only 8 symbols. The TRS burst formats 4b is thus more energy efficient and creates 25% less interference than TRS format 4a.
[bookmark: _Toc492935448]The two-slot TRS burst format 2a (X=2 slots with TRS symbol indices 5, 8,13, and 13) gives the best frequency synchronization performance of the two slot burst formats studied and is sufficient for achieving a frequency estimation accuracy below 0.1 ppm of the carrier frequency.
[bookmark: _Toc492935449]The four-slot TRS burst format 4b (X=4 slots with TRS symbol indices 5, 8,13, and 13, and 13, and 13) gives the best performance of the four slot burst formats studied in terms of frequency estimation accuracy, energy efficiency and interference. It is sufficient for achieving a frequency estimation accuracy below 0.1 ppm of the carrier frequency.

For self-contained operation, where a short PUCCH is transmitted in the same slot as the PDSCH, the two or three last symbols in the slot are used for guard and uplink and the symbol with index 13 can’t be used for the TRS in any of the slots. In this case, we propose to use the symbols with index 5 and 8 in both slots in the TRS burst (TRS Burst format 2b).
[bookmark: _Toc492935465]For the two slot TRS burst, two TRS configurations are supported: The OFDM symbols with index 5 and 8 in both slots and the OFDM symbols with index 5, 8 and 13 in the first slot and index 13 in the second slot.
At high frequencies PTRS can be used for frequency estimation if agreements are made so that PTRS can be configured as always on (depends on the outcome of the default PTRS table discussions). TRS is thus needed for time synchronization only. A single symbol TRS is sufficient in this case. In this case, we propose to use the symbol with index 5 for the TRS allowing for early time synch.
[bookmark: _Toc492935466]Configuration of the TRS burst to a single slot (X=1) is supported and TRS is mapped to OFDM symbol index 5.
[bookmark: _Toc492935467]The proposed TRS burst formats can be summarized as (See also Figure 4)
· TRS burst Format 1a: X=1 slot with TRS in symbol index 8
· TRS burst Format 2a: X=2 slots with TRS in symbol index 5, 8, 13 and 13 respectively
· TRS burst Format 2b: X=2 slots with TRS in symbol index 5, 8 and 5, 8 respectively
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[bookmark: _Ref492714194]Figure 4 Proposed TRS burst formats.
In the 3GPP WG1 #90 it was agreed to “Consider further supporting the bandwidth of TRS to be configured up to the bandwidth of the BWP in addition to ~24, ~50 RBs, and make decision in next meeting”. In simulations we see, however, no significant improvement in throughput in increasing the TRS bandwidth from 50RB to 100RB (see Figure 5). In fact, we see no significant improvement in throughput in going from 24RB to 50RB either. We do see an effect in frequency estimation accuracy (see Figure 6). The UE uplink transmission requirement (0.1ppm of the carrier frequency) is however reached already with a 24RB TRS and we don’t see any benefit of a further improved frequency estimation if it doesn’t impact throughput. One may also note that increasing the length of the TRS burst would be a more efficient way to improve the frequency estimation accuracy if that was needed. We note also that increasing the TRS bandwidth create more interference (a factor 2 for going from 50RB to 100RB) and increase energy consumption. In conclusion, we see absolutely no reason to support larger TRS bandwidths than 50RB.
[bookmark: _Toc492935450]Increasing the TRS Bandwidth (B) beyond 50RB give no significant improvement in terms of link level throughput while it creates more interference and consumes more energy. The UE uplink transmission requirement (0.1ppm of the carrier frequency) can be reached without increasing the TRS Bandwidth (B) beyond 50RB.
[bookmark: _Toc492935468]Limit the TRS bandwidth to a maximum of 50RB.
[bookmark: _Toc492935469][image: X:\Documents\TRSstudies2017\eperern_ran1_nr3_0918\throughput_bps_trs_20ms_TDL-A,_300ns_delayspread,_3km_per_hour,_BW=100RB,__283817zoom1.jpg]
[bookmark: _Ref492928571]Figure 5 Throughput versus SNR for different two slot TRS patterns for TRS bandwidths B=24RB, 50RB and 100RB for a system bandwidth of 100RB. The channel used was TDL-A with 300ns delay spread, Jakes 3km/h. The carrier frequency was 2GHz and the subcarrier spacing was 15kHz.
[bookmark: _Toc492935470][image: X:\Documents\TRSstudies2017\eperern_ran1_nr3_0918\f_est_error_rms_TDL-A,_300ns_delayspread,_3km_per_hour,_BW=100RB,__283817zoom.jpg]
[bookmark: _Ref492928590]Figure 6 Frequency estimation accuracy rms in percent of the subcarrier spacing (15kHz) versus SNR for different two slot TRS patterns for TRS bandwidths B=24RB, 50RB and 100RB for a system bandwidth of 100RB. The channel used was TDL-A with 300ns delay spread, Jakes 3km/h. The carrier frequency was 2GHz.

Synchronization in idle mode
In RAN WG1 #90 [1] it was agreed to 
· Study whether TRS is needed in idle mode
· For example, paging, RMSI, RAR demodulation performance by considering without TRS for Doppler spread estimation

For synchronization in ideal mode we need to understand the deployment scenarios to be supported and the corresponding synchronization requirements.
In Figure 7, the initial access procedure is described and can be outlined as follows; 
(1) UE is synchronizing to the SSBlock and reading system information. (2) UE is transmitting PRACH in UL. (3) gNB is transmitting a random-access response (RAR) in DL.  After RAR transmission and some hand shaking, further higher layer configurations should take place, including configuration of a user specific TRS. 
This is performed by transmitting a set of RRC parameters to the UE using one or multiple slots with PDSCH, scheduled using PDCCH. These RRC messages are typically done using robust modulation and coding, i.e. QPSK with low code rate and possible with specification transparent spatial transmit diversity transmission across the multiple trans antennas, or across the polarizations in case of beamforming.    
[image: ]
[bookmark: _Ref490159380]Figure 7 Typical Initial access procedure followed by configuration of user specific TRS
It is generally accepted that the synchronization using SSBlock is sufficient for the UE to transmit PRACH in the UL. The transmission and demodulation of RAR is much more intricate and it is important to consider all relevant deployment scenarios in understanding the synchronization needs and settling corresponding synchronization requirements.
The most straight forward deployment is the case when RAR and SSBlock are transmitted from the same transmission points using the same pre-coders. It can then be claimed that SSBlock and DMRSs in RAR are QCL w.r.t. delay and frequency offset.  This type of deployment/configuration corresponds to what may be assumed for LTE although in LTE it is not specified that PSS/SSS and RAR have any QCL relation. 
For this deployment, the residual synchronization error is well understood from the evaluation of synchronization performance using SSBlock [6]; and it can be concluded that the SSBlock can provide very accurate delay synchronization, but the accuracy of the frequency synchronization need further synchronization to enable efficient demodulate of RAR DL configuration messages. 
It is easy to believe that this LTE deployment use case is the only relevant use case also for 5G. However, there are additional highly relevant deployments for NR as NR will rely more on the use of hidden nodes and more advanced network deployments to improve system throughput in complex geometries and indoor/outdoor scenarios. Additionally, the use of mmwave introduces additional new deployment cases to support. As an example of one of these deployments which will be more common in NR compared to LTE is based on single frequency network transmission (SFN) of SSBlock from multiple transmission points such as remote radio heads or lightweight remote radios defined as TRPs. 
When SFN transmission of SSblock is used, then it is important for capacity reason to allow RAR transmission from a subset of TRPs, or even a different TRP, then the TRPs used to send the SSblock. The UE will then first synchronize to the signal SSBlock from the SFN transmission. The outcome of the synchronization procedure will depend on the instantaneous fading, the positions or TRPs relative to UE and the relative velocity of the UE. This implies that the RAR cannot be assumed by the UE to be QCL, w.r.t delay and frequency synchronization, with the detected SSBlock. In fact, the timing and the frequency differences between SSBlock and RAR can be quite large. In [4] a deployment example such as this is discussed showing that a ±1.2 kHz frequency error and a ±2CP delay difference can occur.
[bookmark: _Toc492935451]Synchronization (in ideal mode) must be able to handle ±1.2kHz frequency error and ±2CP delay error to allow for SFN transmission of SSblock for SCS equal to 15 kHz.
[bookmark: _Hlk490256921]A commonly configured and “always on” signal is not suitable for fine synchronization of RAR because it would have to be common for all UEs in the “SFN area” and, at the same time be QCL with RAR.  This is a conflicting requirement as RAR timing and frequency offset will be RAR specific and thus UE specific for each UE.
[bookmark: _Toc492935452]Using a ”common TRS”, i.e. configured by a common configuration message for fine time and frequency synchronization of initial access would prohibit the attractive NR deployments where SSBlock is transmitted in SFN manner. 
[bookmark: _Ref492931838]DMRS based synchronization
As an alternative to use TRS for synchronization in ideal mode, we here consider using the DMRS in the PDSCH for synchronization. As we will show this is useful for enabling efficient provisioning of paging, RMSI, and RAR without an “idle mode TRS”. This is also useful for relaxing the periodicity of the TRS as it could help in demodulating the PDSCH after long UE DRX. However, all this requires that PDCCH can be received with large frequency and time error, which is further elaborated on later in this section.
RAN WG1 #90 [1] it was agreed that:
Agreements:

· For PDSCH, when one additional DMRS symbol is configured for the 1-symbol front-load DMRS in a 14-symbol slot with front-load DMRS on the 3rd or 4th symbol, the additional DMRS symbol can be configured in the 12th, 10th, 8th symbol, 
· FFS the applicability of each additional DMRS location depending on slot format or last PDSCH symbol, etc. 
· Note: See the agreed positions in the figure. 
· The yellow region in the figure below does not contain PDSCH.

Agreements:
· For 14-symbol slot and 1-symbol front-load DMRS
· At least two 1-symbol additional DMRS may be configured
· FFS whether or not to additionally support three 1-symbol additional DMRS may be configured
· Companies are encouraged to perform additional evaluations and design analysis

Working assumption:
· For 14-symbol slot and 2-symbol front-load DMRS
· One 2-symbol additional DMRS can be configured
· Companies are encouraged to perform additional evaluations and design analysis, also taking into account 1-symbol front-load DM-RS

Having multiple DMRS in a slot opens up for the possibility of doing frequency synchronization and Doppler spread estimation using DMRS. Then it is also attractive to consider DMRS also for time synchronization. In this section, we consider the possibility to synchronize using the DMRS only, i.e. self-contained operation for robust PDSCH reception, i.e. QPSK modulation and low code rate. This can be very useful for situations when the TRS is unavailable, or scheduled with a periodicity that could imply a delay if the UE is forced to wait for the TRS to do demodulation. This can be applied to e.g. idle mode operation such as paging, RMSI, or RAR transmission and/or "DRX on” in connected mode and moreover, “DRX on” does not necessary have to be synchronized with the position of a TRS burst nor the SSBlock, as sufficient synchronization could be obtained directly on the slot containing PDSCH. 
In Appendix 5.2.1-5.2.2 the performance of DMRS based synchronization for PDSCH is evaluated. In these evaluations that the frequency and time error compensation can be done on the same slot that is used for receiving PDSCH. 
The receiver works in three steps;
· In the first step the received “antenna data” is stored in a buffer and FFT is applied to calculate the resource elements in the frequency domain. Then frequency and time error are both estimated using DMRS resource elements. 
· In a second step frequency and time error compensation is applied on the “antenna data” in the buffer. 
· In the third step, a new FFT is applied to the frequency and time corrected “antenna data” to obtain the synchronized resource elements for the complete slot, and, demodulation and decoding is applied.
This would imply that “antenna data” for a complete slot must be buffered. This could be considered an expensive solution and there, of course, is a desire to find a more cost-efficient solution. Note that synchronization and buffering is only needed be applied to the first “unsynchronized” slot; the following slots will be synchronized after adjusting the oscillator and the FFT window position. Hence, the gNB can choose a robust MCS for the first slot, which likely is needed anyway since accurate CSI for higher MCS scheduling is unavailable.
The performance of the 2-DMRS per slot PDSCH with 24 RBs allocation of PDSCH performs very similar TRS based synchronization using two burst. One reason why it is so good is that the DMRS density is twice the TRS density.  With a 4-DMRS per slot PDSCH, performance is very good even for 2 kHz frequency error.
The buffering of “antenna data” for the first slot can be avoided by compensating for frequency and time error in the frequency domain. However, this will not remove the inter-symbol interference (ISI) caused by the (initial) mismatch in timing, nor the inter-carrier interference (ICI) caused by the (initial) frequency error. 
In Appendix 5.2.3 the resulting BLER is plotted for different initial frequency errors assuming a fixed MCS (QPSK and code rate 0.05). It can be observed that (1) performance depends on the initial synchronization error that determine the amount of ISI and ICI, (2) performance is excellent up to a frequency error of 1.5 kHz. Thus, if decoding fails in the first slot, performance in coming slots, where synchronization is effective, is very likely to be improved.
[bookmark: _Hlk492908682][bookmark: _Hlk492908573]For all this to work the UE must be able to read PDCCH to be informed about the PDSCH transmission. Thus, the UE must be able to read the PDCCH with large frequency (±1.2 kHz) and time error (±2CP), or there must be some means to perform synchronization for PDCCH demodulation.
Let’s try to understand how sensitive the PDCCH is for timing and frequency errors. To do this we need to have some basic understanding of the proposed PDCCH formats. The PDCCH can be configured in many ways and all details have not yet been decided.  Below is a summary of some important aspects that have been agreed so far in 3GPP, that impact the performance in presence of time and frequency errors for PDCCH demodulation [1-3]. 
· A UE monitors for DL control signaling in one or more control resource set
· A control resource set (CORSET) contains a set of contiguous or non-contiguous PRBs and can span one or multiple OFDM symbols
· A control resource set is located at the beginning of a slot or mini-slot
· A PDCCH is confined to one control resource set and can be one or 
multiple OFDM symbols long
· If PDCCH confined to a single OFDM symbol and required link budget is 
obtained by spreading in frequency
· DMRS is mapped on all REGs on all the OFDM symbols of a given PDCCH candidate
· The DMRS density is the same on all REGs
· DMRS density is to be down-selected from 1/3 and 1/4
Thus, it is possible to have a PDCCH DMRS with at least ¼ density, also it is possible to configure the CORESET to be contained in one symbol only.  A one symbol CORSET is very robust against frequency errors, especially with QPSK and low code rate. Then a frequency error up to ±10% of the sub-carrier spacing should be tolerable with limited degradation (for the same reason as the PDSCH can be decoded with good performance in Appendix 5.2.3). Furthermore, with a DMRS density of ¼ the lock-in range of the delay is about one quarter of the symbol length and a ±2CP delay should not be a problem if we have sufficient PDCCH band width and spreading gain on PDCCH DMRS. 
[bookmark: _Toc492935471]Investigate PDCCH performance in presence of large delay and frequency errors. 
[bookmark: _Toc492935472]Analyze further the possibility to base the time and frequency synchronization for RAR, RMSI, paging and after C-DRX wake-up on DMRS only (self-contained slot)


[bookmark: _Ref492931663]TRS bust periodicity down-selection
In previous meetings, it has been agreed that the TRS burst periodicity (Y) is down-selected to be 5, 20, 40 or 80 ms.
Enabling the TRS more often than needed will add over-head and interference and with a 5ms periodicity the TRS starts to look like an always on CRS.
Link evaluations show that synchronization can be obtained using one-shot TRS burst. Also, as shown in Appendix 5.2, both time and frequency synchronization can be maintained using the DMRS in PDSCH even for quite small allocations. In section 2.3.2 below it is shown that throughput losses are clearly tolerable for TRS burst periodicities of 20ms to 80ms also for the corner case of very small allocations for which it is not possible to maintain time and frequency synchronization using the DMRS in PDSCH. 
TRS over-head analysis
In LTE the overhead and interference from the CRS has been seen to impact energy consumption as well as performance negatively. In NR the TRS will be used for similar purposes as the CRS in LTE and it’s critical that the TRS design avoids the problems seen in LTE.
The TRS overhead per PDSCH can be calculated as 

where  is the number of TRS symbols in the TRS burst and  is the burst periodicity in number of slots.
Large periodicity of the TRS bursts (Y) can be used to efficiently reduce the overhead.  For example, if , then .  For comparison, the overhead of the antenna port 0 CRS in LTE is . The interference generated by the TRS is proportional to the overhead assuming fixed power per subcarrier. 

For energy efficiency, we want to allow for gNB DTX and thus it is important to minimize the proportion of symbols utilized to transmit the TRS. The proportion of symbols utilized to transmit one TRS is N/Y (for comparison, the proportion of symbols utilized to transmit the antenna port 0 CRS in LTE is 2/7). With multiple TRSs the proportion of symbols utilized to transmit the TRSs can be reduced if Frequency Division Multiplexing (FDM) of TRSs is utilized. Energy can also be saved by enabling UEs to share TRSs whenever possible. 
For gNB energy efficiency it could be beneficial to frequency multiplex TRS and SSblock, or co-locate then to be adjacent in time to further increase gNB DTX and UE DTX. In cases with no SSblock transmitted from a transmission point, it could be especially beneficial to have even larger TRS burst periodicity (Y) to achieve larger than 20 ms DTX.

[bookmark: _Ref492470913]Demodulation aspects on TRS burst periodicity
As discussed above, both time and frequency synchronization can be maintained in between TRS bursts based on DMRS in PDSCH even for quite small allocations. Here we discuss the corner case of very small allocations for which this is not possible.
The maximum periodicity that can be achieved depends on the expected frequency drift of the UE oscillator, the performance of the frequency estimator, and what frequency error one can accept. In [5] Mediatek gave a worst-case frequency drift of 0.16 ppm/sec considering the slope in the temperature stability curve (ppm/oC), the temperature drift rate (oC/sec) and the experience learned from LTE. 
Combining this worst-case frequency drift figure from a chipset manufacturer with simulations of the sensitivity of throughput to frequency errors (see Figure 8 and Table 6) we can calculate the worst-case throughput loss due to frequency drift for different TRS burst periodicities (see Table 1, Table 2, Table 3 and Table 4). Note that the average frequency drift will be half the frequency drift over the full TRS burst period.
We note that the throughput loss due to frequency drift is very low at low to medium SNR. It becomes significant only at very high SNRs.
If we accept a worst-case throughput loss of 5% at very high SNRs for the corner case of very small allocations at high SNR then we can use a TRS burst periodicity of 20ms to 80ms for different combinations of subcarrier spacing and frequencies (see Table 1). In fact, we think one could accept even higher throughput losses for such a worst-case corner case.
[bookmark: _Ref490255555]Table 1 TRS burst periodicities that will give an insignificant throughput loss at low to medium SNR and a worst-case throughput loss of less than 5% at high SNRs due to worst-case frequency drift.
	TRS burst periodicity

	15kHz SCS at 2 GHz
	40ms

	30kHz SCS at 2 GHz
	80ms

	15kHz SCS at 5 GHz
	20ms

	30kHz SCS at 5 GHz
	40ms



[bookmark: _Toc492935453][bookmark: _Hlk490256865]The following TRS burst periodicities will give an insignificant throughput loss at low to medium SNR and a worst-case throughput loss of less than 5% due to a worst-case frequency drift of 0.16ppm/s: 40ms periodicity for 30kHz SCS at 5 GHz; 40ms periodicity for 15kHz SCS at 2 GHz; 80ms periodicity for 30kHz SCS at 2 GHz; 20ms periodicity for 15kHz SCS at 5 GHz; 40ms periodicity for 30kHz SCS at 5 GHz;
We note that this is based on LTE numbers on frequency drift. Since LTE was designed, further development is expected and the TCXO, Temperature Controlled Crystal Oscillators have become significantly cheaper. In designing a new radio access technology for the next decade using the TCXO technology should be considered, especially since energy efficiency is a key target for NR. With TCXO significantly longer TRS burst periodicity could be utilized in NR. 
We note also that any TDD structure must fit with the 20ms periodicity of the SS block. A TRS burst periodicity which is a multiple of 20ms will therefore make it easy both to avoid collisions with the SS block and to ensure that the TRS burst will come in downlink slots.
[bookmark: _Toc492935454][bookmark: _Hlk490256882]A TRS burst periodicity which is a multiple of 20ms will make it easy both to avoid collisions with the SS block and to ensure that the TRS burst will come in downlink slots.
Based on the analysis above we propose that the TRS should be configurable with a burst periodicity of 20ms, 40ms and 80ms. 
[bookmark: _Toc492935473]The TRS shall be configurable with a burst periodicity of 20 ms, 40 ms, and 80 ms.
[bookmark: _Ref490255559]Table 2 Worst case throughput loss due to frequency drift with 15kHz SCS at 2 GHz
	Worst case throughput loss due to frequency drift with 15kHz SCS at 2 GHz

	
	TRS Burst Periodicity [ms]

	SNR [dB]
	5
	10
	20
	40
	80

	-7
	0.003%
	0.01%
	0.01%
	0.03%
	0.05%

	-4
	0.04%
	0.07%
	0.14%
	0.28%
	0.56%

	0
	0.02%
	0.04%
	0.09%
	0.18%
	0.35%

	5
	0.03%
	0.07%
	0.13%
	0.26%
	0.53%

	10
	0.09%
	0.18%
	0.36%
	0.72%
	1.45%

	15
	0.19%
	0.39%
	0.78%
	1.56%
	3.11%

	20
	0.30%
	0.60%
	1.20%
	2.40%
	4.79%

	25
	0.49%
	0.98%
	1.97%
	3.94%
	7.87%



[bookmark: _Ref490255560]Table 3 Worst case throughput loss due to frequency drift with 30kHz SCS at 2 GHz
	Worst case throughput loss due to frequency drift with 30kHz SCS at 2 GHz

	TRS Burst Periodicity [ms]

	SNR [dB]
	5
	10
	20
	40
	80

	-7
	0.002%
	0.003%
	0.01%
	0.01%
	0.03%

	-4
	0.02%
	0.04%
	0.07%
	0.14%
	0.28%

	0
	0.01%
	0.02%
	0.04%
	0.09%
	0.18%

	5
	0.02%
	0.03%
	0.07%
	0.13%
	0.26%

	10
	0.05%
	0.09%
	0.18%
	0.36%
	0.72%

	15
	0.10%
	0.19%
	0.39%
	0.78%
	1.56%

	20
	0.15%
	0.30%
	0.60%
	1.20%
	2.40%

	25
	0.25%
	0.49%
	0.98%
	1.97%
	3.94%



[bookmark: _Ref490255569]Table 4 Worst case throughput loss due to frequency drift with 15kHz SCS at 5 GHz
	Worst case throughput loss due to frequency drift with 15kHz SCS at 5 GHz

	
	TRS Burst Periodicity [ms]

	SNR [dB]
	5
	10
	20
	40
	80

	-7
	0.008%
	0.02%
	0.03%
	0.06%
	0.13%

	-4
	0.09%
	0.18%
	0.35%
	0.70%
	1.40%

	0
	0.05%
	0.11%
	0.22%
	0.44%
	0.88%

	5
	0.08%
	0.16%
	0.33%
	0.66%
	1.31%

	10
	0.23%
	0.45%
	0.91%
	1.81%
	3.62%

	15
	0.49%
	0.97%
	1.94%
	3.89%
	7.78%

	20
	0.75%
	1.50%
	2.99%
	5.99%
	11.98%

	25
	1.23%
	2.46%
	4.92%
	9.84%
	19.68%



[bookmark: _Ref490255575]Table 5 Worst case throughput loss due to frequency drift with 30kHz SCS at 5 GHz
	Worst case throughput loss due to frequency drift with 30kHz SCS at 5 GHz

	TRS Burst Periodicity [ms]

	SNR [dB]
	5
	10
	20
	40
	80

	-7
	0.004%
	0.008%
	0.02%
	0.03%
	0.06%

	-4
	0.04%
	0.09%
	0.18%
	0.35%
	0.70%

	0
	0.03%
	0.05%
	0.11%
	0.22%
	0.44%

	5
	0.04%
	0.08%
	0.16%
	0.33%
	0.66%

	10
	0.11%
	0.23%
	0.45%
	0.91%
	1.81%

	15
	0.24%
	0.49%
	0.97%
	1.94%
	3.89%

	20
	0.37%
	0.75%
	1.50%
	2.99%
	5.99%

	25
	0.62%
	1.23%
	2.46%
	4.92%
	9.84%



[image: cid:image001.jpg@01D30BA7.75B0A070]
[bookmark: _Ref490255429]Figure 8   Sensitivity of throughput to a frequency offset for DMRS in symbols with index 3 and 10.
[bookmark: _Ref490255473][bookmark: _Ref490255454]Table 6 Throughput loss due to a small frequency offset
	
Frequency offset
[% of SCS]
	SNR

	
	-12
	-11
	-9
	-7
	-4
	0
	5
	10
	15
	20
	25

	0.25%
	5%
	2%
	2%
	0.1%
	2%
	1%
	2%
	4%
	9%
	14%
	23%

	0.025%
	0.5%
	0.2%
	0.2%
	0.01%
	0.2%
	0.1%
	0.2%
	0.4%
	0.9%
	1.4%
	2.3%




Doppler spread estimation
Doppler spread estimation is used as an inverse measure of coherence time for tuning of the time filter settings in channel estimation. The required accuracy of Doppler estimation is thus given by the sensitivity of throughput to the doppler spread estimation input to channel estimation.
The sensitivity of throughput to the doppler spread estimation input to channel estimation has therefore been studied through simulations (see fig Figure 9, Figure 10 and Figure 11) where the doppler spread estimation input to channel estimation was varied independently of the actual Doppler spread of the channel. DMRS was configured with frequency density ½ in symbol index 3 and 10. Channel estimation was performed based on DMRS signals within the slot only. The simulations were done for a TDL-A channel with a large delay spread of 1000ns corresponding to a coherence distance of 1MHz (5.6RB for 15kHz numerology). Note that for a smaller delay-spread the processing gain from channel estimation filtering in the frequency domain will be larger and thus the sensitivity to time filtering will be smaller.
If fig A B and C we see generally that the sensitivity of throughput to the doppler spread estimation input to channel estimation is small. Quite large errors can be allowed in the doppler spread estimation without risking any significant losses in throughput.
In fig Figure 9 we see that the sensitivity is very small at low SNR (-6dB) for all speeds. This is easy to understand since at low SNR it’s necessary to filter as much as possible to combat noise irrespective of Doppler spread.
In fig Figure 10 we see that for medium SNR (10dB) there is some sensitivity to underestimation of the Doppler spread for the 120km/h case while the sensitivity is low for 3km/h and 30km/h.
In fig Figure 11 we see that for high SNR (25dB) there is strong sensitivity to underestimation of the Doppler spread for the 120km/h case and some sensitivity to underestimation of the Doppler spread for the 30km/h case while the sensitivity is still low for 3km/h.
We note that Doppler estimate is needed only for medium to high SNRs where Doppler estimation is easier to perform.
We note also that there is strong sensitivity to the Doppler spread estimate only for high velocities (120km/h).
For high Doppler spread a more robust DMRS configuration should be used. Such a configuration allows for a good DMRS based estimation of the Doppler spread. We note that a TRS based Doppler estimate need to be good enough to trigger a switch to a robust DMRS configuration but the accuracy doesn’t need to be very good since the accuracy can be improved once robust DMRS has been configured.
[image: X:\Documents\TRSstudies2017\eperern_ran1_nr3_0918\throughput_bps_trs_20ms_Sensitivity_to_Doppler_spread_estimation_error,_TDL-A_delayspread_1000ns,_BW=50RB,_SNR=-6,__282141_282148_282088_282089_282091.jpg]
[bookmark: _Ref492932240]Figure 9 Sensitivity of throughput to the doppler spread estimation input to the channel estimator at low SNR (-6dB)

[image: X:\Documents\TRSstudies2017\eperern_ran1_nr3_0918\throughput_bps_trs_20ms_Sensitivity_to_Doppler_spread_estimation_error,_TDL-A_delayspread_1000ns,_BW=50RB,_SNR=10,__283166_283160_283162.jpg]
[bookmark: _Ref492932248]Figure 10 Sensitivity of throughput to the doppler spread estimation input to the channel estimator at medium SNR (10dB)
 [image: X:\Documents\TRSstudies2017\eperern_ran1_nr3_0918\throughput_bps_trs_20ms_Sensitivity_to_Doppler_spread_estimation_error,_TDL-A_delayspread_1000ns,_BW=50RB,_SNR=25,__283166_283160_283162.jpg]
[bookmark: _Ref492932251]Figure 11 Sensitivity of throughput to the doppler spread estimation input to the channel estimator at high SNR (15dB)
[bookmark: _Toc492935455]The sensitivity of throughput to doppler spread estimation is very small at low SNR for all speeds. The sensitivity of throughput to doppler spread estimation is very small at low speeds for all SNRs. At larger speeds and medium to high SNRs throughput is sensitive to underestimation of the doppler spread.
[bookmark: _Toc492935456]For high Doppler spread a more robust DMRS configuration should be used. Such a configuration allows for a good DMRS based estimation of the Doppler spread. We note that a TRS based Doppler estimate need to be good enough to trigger a switch to a robust DMRS configuration but the accuracy doesn’t need to be very good since the accuracy can be improved once robust DMRS has been configured and it doesn’t need to work at low SNRs.
Multi-TRP transmission
In the case of multi-TRP transmission, the UE need to synchronize to more than one TRPs. In this case, multiple TRSs should be configured for the UE, one for each TRP. 
For both multi-layer and single layer, multi-TRP transmission it is important to consider TRS interference and different means to minimize such interference and the effect thereof.
TRS can interfere on data, control, and signals transmitted in other beams, and from other TRPs. 
To reduce the impact of TRS interference on other TRS signals in multi-point scenarios we propose that TRS signals from different transmission points should be orthogonalized by utilizing the comb structure in frequency and assign different frequency offsets
[bookmark: _Toc492935474]Frequency shifted frequency combs should be considered to support multi-point transmission of TRS.

To further minimize the effect of TRS interference on overlapping TRSs a PN sequence should be used to randomize the phase of each comb in a TRS burst. In RAN WG1 #90 [1] it was agreed that “TRS sequence is based on PN generator”. 
[bookmark: _Toc492935475]Finally, to avoid data transmission and transmission of other signals on TRS resource elements it is useful to assign zero power TRSs.

[bookmark: _Toc492935476]Zero power TRS should be supported to avoid data transmission on TRS resource elements(REs) in case of multi-layer transmission. 
Conclusion
References in the text [1].
Here there are two lists, one listing observations, and one listing proposals. Listing observations are not always needed, but listing proposals are always useful. To update a list, place the cursor inside the list and press F9. 
In section 2 we made the following observations:

Observation 1	To avoid potential DMRS symbols and potential PDCCH symbols in the slot, the options for TRS symbol positions are limited to symbol-index 5, 6, 8, 10 and 13.
Observation 2	The one-slot TRS burst format 1c (X=1 slots with TRS symbols 5, 8, and 13) is superior to the one-slot TRS burst format 1b (X=1 slots with TRS symbols 5, and 8)
Observation 3	The two-slot TRS burst format 2a (X=2 slots with TRS symbols 5, 8,13, and 13) is sufficient for achieving a good balance between overhead and performance, adding more overhead does not improve the throughput.
Observation 4	The two-slot TRS burst format 2a (X=2 slots with TRS symbol indices 5, 8,13, and 13) gives the best frequency synchronization performance of the two slot burst formats studied and is sufficient for achieving a frequency estimation accuracy below 0.1 ppm of the carrier frequency.
Observation 5	The four-slot TRS burst format 4b (X=4 slots with TRS symbol indices 5, 8,13, and 13, and 13, and 13) gives the best performance of the four slot burst formats studied in terms of frequency estimation accuracy, energy efficiency and interference. It is sufficient for achieving a frequency estimation accuracy below 0.1 ppm of the carrier frequency.
Observation 6	Increasing the TRS Bandwidth (B) beyond 50RB give no significant improvement in terms of link level throughput while it creates more interference and consumes more energy. The UE uplink transmission requirement (0.1ppm of the carrier frequency) can be reached without increasing the TRS Bandwidth (B) beyond 50RB.
Observation 7	Synchronization (in ideal mode) must be able to handle ±1.2kHz frequency error and ±2CP delay error to allow for SFN transmission of SSblock for SCS equal to 15 kHz.
Observation 8	Using a ”common TRS”, i.e. configured by a common configuration message for fine time and frequency synchronization of initial access would prohibit the attractive NR deployments where SSBlock is transmitted in SFN manner.
Observation 9	The following TRS burst periodicities will give an insignificant throughput loss at low to medium SNR and a worst-case throughput loss of less than 5% due to a worst-case frequency drift of 0.16ppm/s: 40ms periodicity for 30kHz SCS at 5 GHz; 40ms periodicity for 15kHz SCS at 2 GHz; 80ms periodicity for 30kHz SCS at 2 GHz; 20ms periodicity for 15kHz SCS at 5 GHz; 40ms periodicity for 30kHz SCS at 5 GHz;
Observation 10	A TRS burst periodicity which is a multiple of 20ms will make it easy both to avoid collisions with the SS block and to ensure that the TRS burst will come in downlink slots.
Observation 11	The sensitivity of throughput to doppler spread estimation is very small at low SNR for all speeds. The sensitivity of throughput to doppler spread estimation is very small at low speeds for all SNRs. At larger speeds and medium to high SNRs throughput is sensitive to underestimation of the doppler spread.
Observation 12	For high Doppler spread a more robust DMRS configuration should be used. Such a configuration allows for a good DMRS based estimation of the Doppler spread. We note that a TRS based Doppler estimate need to be good enough to trigger a switch to a robust DMRS configuration but the accuracy doesn’t need to be very good since the accuracy can be improved once robust DMRS has been configured and it doesn’t need to work at low SNRs.

Based on the discussion in section 2 we propose the following:

Proposal 1	For the two slot TRS burst, two TRS configurations are supported: The OFDM symbols with index 5 and 8 in both slots and the OFDM symbols with index 5, 8 and 13 in the first slot and index 13 in the second slot.
Proposal 2	Configuration of the TRS burst to a single slot (X=1) is supported and TRS is mapped to OFDM symbol index 5.
Proposal 3	Limit the TRS bandwidth to a maximum of 50RB.
Proposal 4	Investigate PDCCH performance in presence of large delay and frequency errors.
Proposal 5	Analyse further the possibility to base the time and frequency synchronization for RAR, RMSI, paging and after C-DRX wake-up on DMRS only (self-contained slot)
Proposal 6	The TRS shall be configurable with a burst periodicity of 20 ms, 40 ms, and 80 ms.
Proposal 7	Frequency shifted frequency combs should be considered to support multi-point transmission of TRS.
Proposal 8	Zero power TRS should be supported to avoid data transmission on TRS resource elements(REs) in case of multi-layer transmission.
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Appendix 
TRS based synchronization comparing different TRS bust formats
In this Appendix, the performance of different TRS burst configurations are compared in terms of user throughput and frequency synchronization accuracy. 
The TRS bandwidth and the system bandwidth was varied according to B = BW = {24, 50} RBs, and the TRS subcarrier spacing = {4}, and periodicity Y = 20 (ms).
Frequency and time synchronization for FFT window placement was performed using TRS only and channel estimation was done using DMRS only. In all evaluations only one TRS burst was used to obtain synchronization, no averaging between TRS bursts was used. The true Doppler spread was used to select the time filtering of the channel estimates for interpolations/extrapolation/smoothing.
Link adaptation was used to adjust coding rate and modulation {QPSK, 16QAM, 64QAM, and 256QAM}. The DMRS was configured using symbols index 3 and 10 with comb factor equal to 2. The minimum code rate was 0.16.
PDCCH is not modelled in these simulations, and data occupies all resource elements in the slot, including those in the two first symbols in the slot, that are not occupied by TRS or DMRS. 
The carrier frequency was 2GHz and the sub-carrier spacing was 15 kHz.
The channel model was TDL-A with 300 ns delay spread and traditional Doppler (Jake’s) and AWGN, with Doppler spread corresponding to a UE speed of 3km/h and 30 km/h. One TX and two RX antennas are used in these evaluations to model the deployment.  
[bookmark: _Ref492913898]Frequency estimation accuracy
[image: Z:\Sync folder\Projects\STAR_NSA\RS team\Fine frequency-time tracking\Nagoya 2017-09-18\figures\f_est_error_rms_TDL-A,_300ns_delayspread,_3km_per_hour,_BW=24RB,__283948_283946_283950zoom.jpg]
Figure 12 Frequency estimation accuracy rms in percent of the subcarrier spacing (15kHz) versus SNR for different TRS patterns for B=BW=24RB for TDL-A, 300ns delay spread, Jakes 3km/h.
[image: Z:\Sync folder\Projects\STAR_NSA\RS team\Fine frequency-time tracking\Nagoya 2017-09-18\figures\f_est_error_rms_TDL-A,_300ns_delayspread,_3km_per_hour,_BW=50RB,__283948_283946_283950zoom.jpg]
Figure 13 Frequency estimation accuracy rms in percent of the subcarrier spacing (15kHz) versus SNR for different TRS patterns for B=BW=50RB for TDL-A, 300ns delay spread, Jakes 3km/h.
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Figure 14 Frequency estimation accuracy rms in percent of the subcarrier spacing (15kHz) versus SNR for different TRS patterns for B=BW=24RB for TDL-A, 300ns delay spread, Jakes 30km/h.
[image: Z:\Sync folder\Projects\STAR_NSA\RS team\Fine frequency-time tracking\Nagoya 2017-09-18\figures\f_est_error_rms_TDL-A,_300ns_delayspread,_30km_per_hour,_BW=50RB,__283949_283951zoom.jpg]
Figure 15 Frequency estimation accuracy rms in percent of the subcarrier spacing (15kHz) versus SNR for different TRS patterns for B=BW=50RB for TDL-A, 300ns delay spread, Jakes 30km/h.
[bookmark: _Ref492913781]Throughput
In Figure 16 to Figure 19, PDSCH throughput is plotted versus SNR for TRS based FFT window placement and frequency synchronization for different TRS formats and for two Doppler spread scenarios. As a reference curve throughput is also plotted for ideal FFT window placement and frequency synchronization without any TRS resources assigned.
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[bookmark: _Ref492912182]Figure 16 PDSCH hroughput versus SNR for different TRS patterns for B=BW=24RB for TDL-A, 300ns delay spread, Jakes 3km/h.
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Figure 17 PDSCH hroughput versus SNR for different TRS patterns for B=BW=50RB for TDL-A, 300ns delay spread, Jakes 3km/h.
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Figure 18 PDSCH throughput versus SNR for different TRS patterns for B=BW=24RB for TDL-A, 300ns delay spread, Jakes 30km/h.
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[bookmark: _Ref492912190]Figure 19 PDSCH throughput versus SNR for different TRS patterns for B=BW=50RB for TDL-A, 300ns delay spread, Jakes 30km/h.

[bookmark: _Ref492886288]DMRS based synchronization 
In this Appendix, the performance of using DMRS for Frequency and time synchronization for FFT window placement, frequency synchronization and channel estimation varying are evaluated for PDSCH bandwidths equal to {1,2,6,12,24, 50,100} RBs.
Frequency and time synchronization for FFT window placement, frequency synchronization and channel estimation was done using DMRS only. DMRS in one slot only was used to obtain synchronization and channel estimation, no averaging between slots was applied. The true Doppler spread was used to select the time filtering of the channel estimates for interpolations/extrapolation/smoothing.
PDCCH is not modelled in these simulations, and data occupies all resource elements in the slot, including those in the two first symbols in the slot, that are not occupied by TRS or DMRS. 
The carrier frequency was 2GHz and the sub-carrier spacing was 15 kHz.
Link adaptation was used to adjust coding rate and modulation {QPSK, 16QAM, 64QAM, and 256QAM} and the sub-carrier spacing was 15 kHz. 
The channel model was TDL-A with 300 ns delay spread and traditional Doppler (Jake’s) and AWGN, with Doppler spread corresponding to a UE speed of 3km/h at a carrier frequency of 2GHz. One TX and two RX antennas are used in these evaluations to model the deployment.  


DMRS based synchronization using 2-symbol DMRS
In Figure 20 - Figure 23, the PDSCH throughput, the 95-percentile time synchronization, and the 95-percentile frequency synchronization error are plotted for a 2-symbol DMRS configuration varying the frequency error and the PDSCH bandwidths. The DMRS was configured using symbols index 3 and 10 with comb factor equal to 2. Compensation for time and frequency error is done on time-samples before the FFT.  The minimum code rate used in the link adaptation was 0.16.
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[bookmark: _Ref492921074]Figure 20 PDSCH throughput, time synchronization accuracy and frequency accuracy for DMRS based synchronization with 2-symbol DMRS and PDSCH bandwidth equal to 50 RBs.
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Figure 21 PDSCH throughput, time synchronization accuracy and frequency accuracy for DMRS based synchronization with 2-symbol DMRS and PDSCH bandwidth equal to 24 RBs.
[image: C:\Users\ecshaer\Desktop\FIGS NR3\BB2\Nr3_fig_BB_12_2DMRS_282433_282435_throughput_bps_trs_20ms.jpg]
[image: C:\Users\ecshaer\Desktop\FIGS NR3\BB2\Nr3_fig_BB_12_2DMRS_282433_282435_fine_time_est_error_95percentile_abs.jpg][image: C:\Users\ecshaer\Desktop\FIGS NR3\BB2\Nr3_fig_BB_12_2DMRS_282433_282435_f_est_error_95percentile_abs.jpg]
Figure 22 PDSCH throughput, time synchronization accuracy and frequency accuracy for DMRS based synchronization with 2-symbol DMRS and PDSCH bandwidth equal to 12 RBs.
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[bookmark: _Ref492921086]Figure 23 PDSCH throughput, time synchronization accuracy and frequency accuracy for DMRS based synchronization with 2-symbol DMRS and PDSCH bandwidth equal to 6 RBs.
[bookmark: _Ref492886374]DMRS based synchronization using 4-symbol DMRS
In Figure 24 - Figure 27, the PDSCH throughput, the 95-percentile time synchronization, and the 95-percentile frequency synchronization error are plotted for a 4-symbol DMRS configuration varying frequency error and PDSCH bandwidths. The DMRS was configured using symbols index 2, 5, 8, and 11 with comb factor equal to 2.  Compensation for time and frequency error was done on time-samples before FFT processing.
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[bookmark: _Ref492833708][bookmark: _Ref492832441]Figure 24 PDSCH throughput, time synchronization accuracy and frequency accuracy for DMRS based synchronization with 4-symbol DMRS and PDSCH bandwidth equal to 50 RBs.
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Figure 25 PDSCH throughput, time synchronization accuracy and frequency accuracy for DMRS based synchronization with 4-symbol DMRS and PDSCH bandwidth equal to 24 RBs.
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Figure 26 PDSCH throughput, time synchronization accuracy and frequency accuracy for DMRS based synchronization with 4-symbol DMRS and PDSCH bandwidth equal to 12 RBs.
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[bookmark: _Ref492921300][bookmark: _Ref492832456]Figure 27 PDSCH throughput, time synchronization accuracy and frequency accuracy for DMRS based synchronization with 4-symbol DMRS and PDSCH bandwidth equal to 6 RBs.

[bookmark: _Ref492911965]DMRS based synchronization using 4-symbol DMRS with post FFT frequency and time error compensation.
In Figure 28 - Figure 31, PDSCH BLER is plotted for a 4-symbol DMRS configuration varying frequency error and PDSCH bandwidths. The DMRS was configured using symbols index 2, 5, 8, and 11 with comb factor equal to 2.  For this example, we have used QPSK with code rate 0.05. To save complexity, compensation for time and frequency error was done after FFT processing. As can be seen in the curves, the PDSCH BLER performance is not affected by imperfections (ISI and ICI) introduced by doing frequency and time compensation in the frequency domain for frequency errors less than 1000 Hz (the time and frequency synchronization performance is the same as in Section 5.2.2). For 1500 Hz frequency error the degradation is less than 0.3 dB @ 10% BLER for allocation larger or equal than 6 RBs.
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[bookmark: _Ref492885667]Figure 28 PDSCH BLER for DMRS based synchronization with 4-symbol DMRS and PDSCH bandwidth equal to 50 RBs. Frequency and delay error compensation was done in the frequency domain after FFT.
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Figure 29 PDSCH BLER for DMRS based synchronization with 4-symbol DMRS and PDSCH bandwidth equal to 24 RBs. Frequency and delay error compensation was done in the frequency domain after FFT.
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Figure 30 PDSCH BLER for DMRS based synchronization with 4-symbol DMRS and PDSCH bandwidth equal to 12 RBs. Frequency and delay error compensation was done in the frequency domain after FFT.
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[bookmark: _Ref492885680]Figure 31 PDSCH BLER for DMRS based synchronization with 4-symbol DMRS and PDSCH bandwidth equal to 6 RBs. Frequency and delay error compensation was done in the frequency domain after FFT.
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TRS burst Format 1b: X=1 slot with TRS in symbol 5 and 8

TRS TRS

TRS burst Format 1c: X=1 slot with TRS in symbol 5, 8, and 13

TRS TRS TRS

 TRS burst Format 2a: X=2 slots with TRS in symbol index 5, 8, 13 and 13 respectively

TRS TRS TRS TRS

TRS burst Format 2b: X=2 slots with TRS in symbol index 5, 8 and 5, 8 respectively

TRS TRS TRS TRS

TRS burst Format 4a: X=4 slots with TRS in symbol index 5, 8, 13, 13 and 5, 8, 13, 13, respectively  

TRS TRS TRS TRS TRS TRS TRS TRS

 TRS burst Format 4b: X=4 slots with TRS in symbol index 5, 8, 13, 13 and 13, 13, respectively  

TRS TRS TRS TRS TRS TRS

TRS burst Format 4c: X=4 slots with TRS in symbol index 5, 8, 5, 8 and 5, 8, 5, 8 respectively

TRS TRS TRS TRS TRS TRS TRS TRS


