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Introduction
In RAN1#89, the following agreement was made [1]:
Agreements:
· Fine/time frequency tracking RS (TRS) structure may include burst structure and TRS structure inside a burst
· Whether the term “TRS” appear in specifications is FFS
· RS(s) can be the existing ones, revision of the existing ones, or new ones
· The parameters for burst structure are at least
· X: the length of TRS burst in terms of number of slots
· Y: the TRS burst periodicity in terms of number of slots
· TRS supports a single port
· FFS: Other numbers of TRS ports, resources, etc
· TRS has an equal RE spacing in frequency domain within a TRS bandwidth
· FFS: Whether multiple values are supported
· Note that more than one equal RE spacing can be considered
· FFS on TRS configuration details


In the same meeting, it was also concluded that:
Conclusions:
· All proponents are recommended to evaluate TRS until the next meeting
· Evaluation assumptions for TRS
· The parameters for TRS structure inside a burst are least
· Sf: TRS subcarrier spacing
· St: TRS symbol spacing within a slot
· N: Number of OFDM symbols per TRS within a slot
· B: TRS bandwidth in terms of number of RBs
· The different slots in a TRS burst may have different TRS parameters (N,B, Sf , St )  (FFS)
· FFS: TRS may have a repetition or staggered structure in time domain within a slot
· FFS: Whether symbol spacing is equal or non-equal within slot
· Note that pages 6 – 9 in R1-1706940 are candidate parameters for evaluations
· Note that other candidate parameters are not precluded

In RAN1#89 all proponents were recommended to evaluate TRS until the next meeting. A generic framework for the modelling of the TRS was agreed including parameters and parameter settings for configuration of TRS. In this paper, we present performance evaluation for different TRS configurations including both time and frequency synchronization. Furthermore, basic properties of the TRA and some aspects for how to configure the TRS are discussed. 
Discussions
TRS over-head analysis, interference and energy efficiency
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 

Large periodicity of the TRS bursts (Y) can be used to efficiently reduce the overhead.  For example, if Y = 20 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 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.
Large TRS burst periodicity (Y) is an enabler for low TRS overhead, large gNB DTX       periods and good gNB energy efficiency.

		 
The TSR burst periodicity configuration should allow for at least 20, 40, and 80 ms DTX gNB period.
The configuration of TSR should allow frequency multiplexing with SSblock.

Evaluations - results and discussion
The TRS is primarily envisioned to be used for synchronizing the oscillator of the UE and to adjust the FFT window placement prior to demodulation. Other use cases have also been identified such as Doppler spread estimation and delay spread estimation. In this evaluation exercise, time estimation and frequency estimation, based on TRS, is done in parallel and corrections are applied before channel estimation and demodulation of the PDSCH. Channel estimation for demodulation is based on DMRS only (in the channel estimator we use delay estimates using only DMRS, for determining the delay spread of the channel). 
The channel model used was TDL-A 300 ns with Doppler (Jakes) spread equal to 6 Hz and AWGN, unless anything else is stated. Link adaptation is used to adjust coding rate and modulation {QPSK, 16QAM, 64QAM, and 256QAM}.
Sensitivity of throughput to a frequency offset
An offset in the frequency used for down conversion in the UE impact the performance through inter subcarrier interference and also by impacting interpolation and filtering in channel estimation. In  Figure 1 the sensitivity of throughput to a frequency offset is shown. We can see that the frequency offset should not be larger than ~0.25% of the subcarrier spacing in order to keep the loss in throughput relative to a zero-frequency offset below a couple of percent for low to medium SNR (see Figure 1 and Table 1). For large SNRs the sensitivity to frequency offsets is larger and the frequency offset should not be larger than ~0.025% of the subcarrier spacing in order to keep the loss in throughput relative to a zero offset below a couple of percent.
[image: X:\workspace\eperern_frequency_and_time_tracking_rs\repo\root\results\eperern_TRS_study_QingdaoJune2017\throughput_bps___266417.jpg]
[bookmark: _Ref485410278]Figure 1 Sensitivity of throughput to a frequency offset that is not compensated for. It is seen that for high SNRs there is a significant reduction in throughput even for a frequency offset as small as 37.5Hz or 0.25% of the subcarrier spacing.
[bookmark: _Ref485900041]Table 1 Throughput loss at a frequency offset of 37.5Hz or 0.25% of the sub-carrier spacing.
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Evaluation results - TRS performance with small initial synchronization errors 
The evaluation results showing the impact of UE RX FFT window placement after time synchronization with no frequency error, with and without frequency synchronization. Performance is measured in terms of link throughput and rms of the residual time synchronization error, and rms of the residual frequency synchronization error.
For N= 2 and   symbol 5 and 9 are used for TRS. For N= 4 and   symbol 5,11,15, and 19 are used for TRS. The burst periodicity Y = 20 slots. No averaging over multiple TRS bursts are used. 

Time synchronization with small timing error and perfect frequency synchronization
In the Appendix 6.1, results for the performance of the fine time estimator assuming a small delay error of 10 samples with no frequency error can be found (this is an artificial scenario and it is only useful for the analyse to isolate the performance of the fine time synchronization. In the next Section, we add frequency synchronization). 
With ideal frequency synchronization and fine time synchronization based on TRS, the PDSCH performance is only sensitive to the TRS subcarrier spacing (), the number of TSR symbols in the TRS burst (N), nor the TRS bandwidth (B) above 5 dB. For small small improvements can be found for low SNR by increasing N, and .
The reason is that window placement is very robust against small errors. Also, due to large TRS periodicity Y = 20, the relative TRS overhead is quite similar for the evaluated TRS settings. 
Scenarios with larger delay spread (TDL-A, 1000 ns) have also been evaluated and similar performance have been observed. Also, performance with larger Doppler spread (100 Hz) have been evaluated, and again, similar behaviour was observed. 
Further improvement of performance can be obtained by further improving synchronization algorithms and by averaging over multiple TRS bursts. 
The impact of fine time synchronization on PDSCH performance is not very sensitive to the TRS subcarrier spacing (Sf), nor the number of TSR symbols in the TRS burst (N>1). N=2 is good enough for fine time synchronization.
The fine time synchronization performance is almost as good as genie aided window placement and delay spread estimation. Less than 1 dB difference can be observed in the -10dB – 0dB SNR region.
As long as PDSCH BW > 4 RBs, the TRS bandwidth (B) can be much smaller than PDSCH BW without any noticeable performance degradation in fine time synchronization.
With large TRS periodicity (Y = 20) and small number of TRS symbols (N= 2,4) and TRS bandwidth (B) < PDSCH bandwidth, the TRS over-head can be neglected in many cases. 

Time and frequency synchronization with small time and frequency errors
In the Appendix 6.2, results for the performance of the fine time estimator is evaluated assuming as small delay error (10 samples @ 30.7 MHz) with a small frequency error (150 Hz) can be found (this is a scenario that is very useful to illustrate the UE synchronization behaviour in steady state when initial large synchronization errors have been removed). 
When having a small frequency error (150 Hz) and non-ideal frequency estimation based on TRS and frequency error compensation, the PDSCH performance is still robust and changing TRS subcarrier spacing (), the number of TSR symbols in the TRS burst (N), and the TRS bandwidth (B) does not change performance significantly.
At medium to high SNRs sufficient frequency estimation accuracy (see Figure 1 and Table 1) can be reached based on a quite lean TRS. As an example, a TRS pattern with N=4, B=12 RB, Sf=4, St=4 give a frequency estimation error rms of about 0.025% at an SNR of 24dB (see Figure B6). As can be expected the throughput (see Figure B12) is then very close to the throughput based on ideal time and frequency synchronization. At low SNR there is some minor loss in throughput.
Further improvement of performance can be obtained by further improving synchronization algorithms and by averaging over multiple TRS bursts. 
The residual rms frequency error after frequency synchronization using TRS for small initial time and frequency errors is well below 200 Hz for all tested parameters. Thus, for the channel assumptions considered in this evaluation it is feasible to fulfil the expected RAN4 requirements of 0.01 ppm at 2 GHz.
The PDSCH performance is quite robust towards variations in the TRS subcarrier spacing (), the number of TRS symbols in the TRS burst (N), and the TRS bandwidth (B). A TRS pattern with N=4, B=12 RB, Sf=4, St=4 give a performance which is almost as good as genie aided window placement and delay spread estimation. Less than 1 dB difference can be observed in the -10dB – 0dB SNR region.


The PDSCH performance is not very sensitive to time and frequency synchronization using the TRS for small time and frequency errors. E.g. a TRS with N=4, B=12 RB, and Sf=4 give a performance which is almost as good as genie aided window placement and delay spread estimation. Less than 1 dB difference can be observed in the -10dB – 0dB SNR region.   

[bookmark: _Hlk485387207]The residual frequency error after frequency synchronization using TRS for small time and frequency errors is well below 200 Hz.

As will be seen in Section 3.3, frequency synchronization performance with large initial frequency errors at low SNR is the use case that will drive the number of REs in the TRS burst. As long as the TRS bandwidth is larger than 4 RBs the FFT window placement should perform sufficiently good to not hamper the user throughput significantly. 

Evaluation results - TRS performance with large initial frequency error
At large initial frequency offsets aliasing destroys the frequency estimate if the inter symbol distance St between TRS symbols is too large. For large SNRs the patterns with St=7 frequency estimation breaks down at a frequency offset around 6% of the subcarrier spacing as can be seen in Figure 2.
On the other hand the accuracy of the frequency estimation improves if the TRS symbols are spread over a long period in time. In order to spread TRS symbols over a long period in time without creating a large TRS overhead and still avoiding aliasing a pattern consisting of a number of symbols with a short inter symbol spacing St can be followed by a symbol with large inter symbol spacing. As can be seen in Figure 3 and Figure 4 this gives an improved frequency estimation accuracy while avoiding problems with aliasing at least at large SNRs.
[image: X:\workspace\eperern_frequency_and_time_tracking_rs\repo\root\results\eperern_TRS_study_QingdaoJune2017\f_est_error_rms_SNR=17dB__B=50RB_S_f=4__266455mod.jpg]

[bookmark: _Ref485410308]Figure 2 Impact of large frequency offsets on frequency estimation accuracy at large SNRs. For all curves, Sf=4, B=BPDSCH =50RB and SNR=17dB.
[image: X:\workspace\eperern_frequency_and_time_tracking_rs\repo\root\results\eperern_TRS_study_QingdaoJune2017\f_est_error_rms_SNR=15dB__265877_266134.jpg]
[bookmark: _Ref485410922]Figure 3 Frequency estimation accuracy based on TRS patterns with unequal TRS inter symbol spacing St. For all curves Sf=4, B=BPDSCH =50RB and SNR=15dB.
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[bookmark: _Ref485412091]Figure 4 Frequency estimation accuracy at zero initial frequency offset for TRS patterns with unequal TRS inter symbol spacing St. For all curves, Sf=4 and B=BPDSCH =50RB.
At low SNRs the impact of frequency offsets sets in at quite early and have a big impact also on frequency estimation based on patterns with short TRS inter symbol distance St. as can be seen in Figure 5. This is, however, based on a very simple frequency estimator and it can be improved e.g. through iteratively improved estimations. In Figure 6, Figure 7 (St=3) and in Figure 8, Figure 9 (St=7) the effect of iterative improvements is shown. All iterative estimates are based on one and the same TRS burst but in between iterations the received TRS symbols have been phase rotated to compensate for the previous estimate of the frequency offset. The phase rotation is done in the frequency domain so no FFT is required. Due to the burst structure of the TRS, the UE has a lot of time to make such iteratively improved frequency estimates before the next TRS burst arrives. In LTE the UE would do such iteratively improved estimates based on new CRS symbols arriving in every subframe. As can be seen in  Figure 6, Figure 7, Figure 8 and Figure 9 a lot can, however, be achieved with old data from the last burst. Comparing Figure 6 (St=3) and Figure 8 (St=7) we see an improved frequency estimation accuracy for a larger distance in time between TRS symbols but at the cost of reduced tolerance to large frequency offsets due to aliasing setting at a frequency offset around 6% of the subcarrier spacing.
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[bookmark: _Ref485411690]Figure 5 Impact of large frequency offsets on frequency estimation accuracy at low SNRs for a simple frequency estimator.
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[bookmark: _Ref485823528]Figure 6 Impact of large frequency offsets on frequency estimation accuracy at low SNRs for an iteratively improved frequency estimator for St=3.
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[bookmark: _Ref485823530]Figure 7 Impact of large frequency offsets on Throughput at low SNRs for an iteratively improved frequency estimator for St=3.
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[bookmark: _Ref485900824]Figure 8 Impact of large frequency offsets on frequency estimation accuracy at low SNRs for an iteratively improved frequency estimator for St=7.
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[bookmark: _Ref485900828]Figure 9 Impact of large frequency offsets on Throughput at low SNRs for an iteratively improved frequency estimator for St=7.


A pattern consisting of a number of symbols with a short inter symbol spacing (St) followed by a symbol with large inter symbol spacing gives an improved frequency estimation accuracy compared to a pattern with the same number of symbols and constant (short) inter symbol spacing while avoiding problems with aliasing. 

Large frequency offsets can be effectively handled through iteratively improved frequency estimates based on the last TRS burst.
TRS and multi-point transmission 
Interference on, and from, TRSs in the case of multi-layer transmission and/or multi-point transmission must be considered when designing the TRS format and deciding on how to configure the TRS.
There are different approaches that could be considered for combating TRS interference 
1. Use orthogonal TRS for different layers/transmission points
2. Use zero power TRS to avoid transmitting on resources used to transmit TRS on other layers, and/or layers transmitted from other transmission points.
3. Use scrambled sequences over frequency to randomize TRS interference (this should also help to reduce PAPR, especially in cases with low ) 


The RSs used for time and frequency tracking should support multi-point transmission.
Frequency shifted frequency combs should be considered to support multi-point transmission. 

Zero power TRS should be supported to avoid data transmission on TRS resources in case of multi-layer transmission. 

Scrambling of TRS Comb in frequency should be supported to randomize interference.

Scrambling of TRS Comb in frequency should be considered to minimize PAPR impact.

The specification supports more than one possible TRS configurations as to cope with different deployments with different degrees of TRP synchronization. At least one TRS configuration is confined within a single slot. 


TRS configuration
A number of configuration related properties are desired for tracking RS:

· To ensure that QCL properties between the tracking RS and PDSCH allow fine tracking of time, delay spread, frequency and Doppler spread with user specific beam forming the TRS configuration should be UE specific. 

· To save overhead it is advantageous to configure multiple UEs with the same tracking RS.

· In order to protect the tracking RS from interference from data transmissions, it should be considered to allow for allocate zero power tracking RSs.

· In order to support synchronization of connected users that are not receiving data and to save overhead, semi persistent configuration of a periodic tracking RS should be considered.

Semi persistent configuration of the TRS should be possible.
The TRS configuration should be UE specific.




Conclusions
In this contribution, we made the following observations  
1. Large TRS burst periodicity (Y) is an enabler for low TRS overhead, large gNB DTX       periods and good gNB energy efficiency.
1. The impact of fine time synchronization on PDSCH performance is not very sensitive to the TRS subcarrier spacing (Sf), nor the number of TSR symbols in the TRS burst (N>1). N=2 is good enough for fine time synchronization.
1. The fine time synchronization performance is almost as good as genie aided window placement and delay spread estimation. Less than 1 dB difference can be observed in the -10dB – 0dB SNR region.
1. As long as PDSCH BW > 4 RBs, the TRS bandwidth (B) can be much smaller than PDSCH BW without any noticeable performance degradation in fine time synchronization.
1. With large TRS periodicity (Y = 20) and small number of TRS symbols (N= 2,4) and TRS bandwidth (B) < PDSCH bandwidth, the TRS over-head can be neglected in many cases. 
1. The residual rms frequency error after frequency synchronization using TRS for small initial time and frequency errors is well below 200 Hz for all tested parameters. Thus, for the channel assumptions considered in this evaluation it is feasible to fulfil the expected RAN4 requirements of 0.01 ppm at 2 GHz.
1. The PDSCH performance is quite robust towards variations in the TRS subcarrier spacing (), the number of TRS symbols in the TRS burst (N), and the TRS bandwidth (B). A TRS pattern with N=4, B=12 RB, Sf=4, St=4 give a performance which is almost as good as genie aided window placement and delay spread estimation. Less than 1 dB difference can be observed in the -10dB – 0dB SNR region.
1. The PDSCH performance is not very sensitive to time and frequency synchronization using the TRS for small time and frequency errors. E.g. a TRS with N=4, B=12 RB, and Sf=4 give a performance which is almost as good as genie aided window placement and delay spread estimation. Less than 1 dB difference can be observed in the -10dB – 0dB SNR region.   
1. The residual frequency error after frequency synchronization using TRS for small time and frequency errors is well below 200 Hz.
1. A pattern consisting of a number of symbols with a short inter symbol spacing (St) followed by a symbol with large inter symbol spacing gives an improved frequency estimation accuracy compared to a pattern with the same number of symbols and constant (short) inter symbol spacing while avoiding problems with aliasing. 
Large frequency offsets can be effectively handled through iteratively improved frequency estimates based on the last TRS burst.

		 

Based on the discussion in this contribution we propose the following 
		 
1. The TSR burst periodicity configuration should allow for at least 20, 40, and 80 ms DTX gNB period.
The configuration of TSR should allow frequency multiplexing with SSblock.
The RSs used for time and frequency tracking should support multi-point transmission.
Frequency shifted frequency combs should be considered to support multi-point transmission. 
Zero power TRS should be supported to avoid data transmission on TRS resources in case of multi-layer transmission. 
Scrambling of TRS Comb in frequency should be supported to randomize interference.
Scrambling of TRS Comb in frequency should be considered to minimize PAPR impact.
The specification supports more than one possible TRS configurations as to cope with different deployments with different degrees of TRP synchronization. At least one TRS configuration is confined within a single slot. 
Semi persistent configuration of the TRS should be possible.
The TRS configuration should be UE specific.
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Appendix 
[bookmark: _Hlk485400708]Time synchronization with small timing error and perfect frequency synchronization
In this section, we present evaluation the impact of time synchronization assuming small timing errors (10 samples @ 30.7 MHz) and perfect frequency synchronization.
The channel model was TDL-A 300 ns with Doppler (Jakes) and AWGN. Link adaptation was used to adjust coding rate and modulation {QPSK, 16QAM, 64QAM, and 256QAM}. The Doppler spread was 6 Hz and the sub-carrier spacing was 15 kHz.
For N= 2 and   symbol 5 and 9 were used for TRS. For N= 4 and   symbol 5, 11, 15, and 19 were used for TRS. The length of the TRS burst X = 2 and the burst periodicity is Y = 20 slots. The DMRSs were positioned in OFDM symbol 4 and 11 with a frequency comb with a comb factor equal to two.

[image: C:\Users\ecshaer\Desktop\NR2 evaluations\Nr2_fig_A2_throughput_bps_trs_20ms.jpg]
Figure A1: Throughput versus SNR for ideal FFT window placement and TRS based FFT window placement with small timing error and perfect frequency synchronization The PDSCH bandwidth was 50 RBs and the bandwidth of the TRS was 4 RBs. The black dashed line is the Shannon bound for AWGN considering the DMRS overhead and the CP overhead. The black line with circle use a genie window placement (GWP) method for positioning the FFT window. 
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Figure A2: Throughput versus SNR for ideal FFT window placement and TRS based FFT window placement with small timing error and perfect frequency synchronization. The PDSCH bandwidth was 50 RBs and the bandwidth of the TRS was 12 RBs. The black dashed line is the Shannon bound for AWGN considering the DMRS overhead and the CP overhead. The black line with circle use a genie window placement (GWP) method for positioning the FFT window and optimizing filtering in channel estimator.
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Figure A3: Throughput versus SNR for ideal FFT window placement and TRS based FFT window placement with small timing error and perfect frequency synchronization. The PDSCH bandwidth was 50 RBs and the bandwidth of the TRS was 24 RBs. The black dashed line is the Shannon bound for AWGN considering the DMRS overhead and the CP overhead. The black line with circle use a genie window placement (GWP) method for positioning the FFT window and optimizing filtering in channel estimator.
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Figure A4: Throughput versus SNR for ideal FFT window placement and TRS based FFT window placement with small timing error and perfect frequency synchronization. The PDSCH bandwidth was 50 RBs and the bandwidth of the TRS was 50 RBs. The black dashed line is the Shannon bound for AWGN considering the DMRS overhead and the CP overhead. The black line with circle use a genie window placement (GWP) method for positioning the FFT window and optimizing filtering in channel estimator.
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Figure A5: Throughput versus SNR for ideal FFT window placement and TRS based FFT window placement with small timing error and perfect frequency synchronization. The PDSCH bandwidth was 4 RBs and the bandwidth of the TRS was 4 RBs. The black dashed line is the Shannon bound for AWGN considering the DMRS overhead and the CP overhead. The black line with circle use a genie window placement (GWP) method for positioning the FFT window and optimizing filtering in channel estimator.
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Figure A6: Fine time estimation error versus SNR varying N and with small timing error and perfect frequency synchronization. The TRS band width was 4 RBs.

Time and frequency synchronization with small to medium size time and small frequency errors

In this section, the performance is evaluated assuming medium sized timing errors ({0, 10, 50} samples @ 30.7 MHz) and an initial frequency error of 150 Hz. Frequency and time synchronization was performed using TRS. 
The channel model was TDL-A 300 ns with Doppler (Jakes) and AWGN. Link adaptation was used to adjust coding rate and modulation {QPSK, 16QAM, 64QAM, and 256QAM}. The Doppler spread was 6 Hz and the sub-carrier spacing was 15 kHz.
For N= 2 and   symbol 5 and 9 were used for TRS. For N= 4 and   symbol 5, 11, 15, and 19 were used for TRS. The length of the TRS burst X = 2 and the burst periodicity is Y = 20 slots. The DMRSs were positioned in OFDM symbol 4 and 11 with a frequency comb with a comb factor equal to two.
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Figure C1: Throughput versus SNR with ideal FFT window placement and TRS based FFT window placement and frequency synchronization. The PDSCH bandwidth was 50 RBs and the bandwidth of the TRS was 4 RBs. The black dashed line is the Shannon bound for AWGN considering the DMRS overhead and the CP overhead. The black line with circle use a genie window placement (GWP) method for positioning the FFT window and perfect frequency synchronization.
[image: C:\Users\ecshaer\Desktop\NR2 evaluations\Nr2_fig_B2_fine_time_est_error_rms.jpg]

Figure C2: Fine time rms estimation error versus SNR with TRS based FFT window placement and frequency synchronization. The TRS band width was 4 RBs.
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Figure C3: Frequency rms estimation error versus SNR with TRS based FFT window placement and frequency synchronization. The TRS band width was 4 RBs.
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Figure C4: Throughput versus SNR with ideal FFT window placement and TRS based FFT window placement and frequency synchronization The PDSCH bandwidth was 50 RBs and the bandwidth of the TRS was 12 RBs. The black dashed line is the Shannon bound for AWGN considering the DMRS overhead and the CP overhead. The black line with circle use a genie window placement (GWP) method for positioning the FFT window and perfect frequency synchronization.
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Figure C5: Fine time rms estimation error versus SNR with TRS based FFT window placement and frequency synchronization. The TRS band width was 12 RBs.


[image: C:\Users\ecshaer\Desktop\NR2 evaluations\Nr2_fig_B3_f_est_error_rms.jpg]

Figure C6: Frequency rms estimation error versus SNR with TRS based FFT window placement and frequency synchronization. The TRS band width was 12 RBs.
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Figure C7: Throughput versus SNR with ideal FFT window placement and TRS based FFT window placement and frequency synchronization The PDSCH bandwidth was 4 RBs and the bandwidth of the TRS was 4 RBs. The black dashed line is the Shannon bound for AWGN considering the DMRS overhead and the CP overhead. The black line with circle use a genie window placement (GWP) method for positioning the FFT window and perfect frequency synchronization.
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