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Introduction
In this contribution, we address many of the open issues regarding the TRS.
[bookmark: _GoBack]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 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).
In the TSG RAN WG1 #AH_NR2 the following agreements were made
Agreements:
· For TRS framework, the considered values for the 6 parameters for further down-selection are
· X (the length of TRS burst in terms of number of 14-symbol slots)
· {1} or {2} or {1, 2}
· Note: 2 may be needed at least for cold start
· Y (the TRS burst periodicity in ms)
· Consider further at least these values: 5, 10, 20, 40, 80 ms
· Consider less than 5ms for e.g. HST scenario, etc.
· N (Number of OFDM symbols per TRS within a slot)
· 1,2 and 4
· B (TRS bandwidth in terms of number of RBs)
· ~24 RBs, 50 RBs assuming SCS=15KHz (FFS, for other SCS values)
· FFS for WB operation with multiple BWPs
· Sf (TRS subcarrier spacing)
· 2,4,6
· Note: not all the combinations of values for N, B and Sf are supported. Down selection in next meeting
· St (TRS symbol spacing within a slot)
· Non-uniformly spaced
· Uniformly spaced
· FFS on the values
Agreements:
· TRS is UE-specifically managed
· NR supports TRS for multi-TRP transmission
· Details FFS
· FFS how to handle the case of initial access and idle mode (e.g., the necessity of TRS or not, default value if TRS is necessary, etc)
· FFS how to handle multi-beam transmission
· FFS: whether the tracking performance enhancement is needed for long DRX
· 



In this contribution, we propose down-selection according to the agreement mentioned above, and discuss TRS support for multi-TRP transmission, DRX, and synchronization needs for initial access.

 Discussions



[bookmark: _Ref490242227]TRS positions within a TRS burst
From the analysis on frequency and time tracking based on TRS burst patterns we have the following main design criteria for the TRS symbol positions:
· The minimum inter-symbol distance in the TRS burst should not be larger than four symbols in order to support estimation of large frequency offsets.
· The total span in time of the TRS burst should be large to give good frequency estimation accuracy.
· Keep the total number of symbols used for the TRS burst down for energy efficiency reasons and to simplify the combination of TRS with other reference signals.
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 front loaded DMRS) is likely to require 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 one additional symbol in between. Symbol index 9 and 10 are suitable for DMRS usage [3] and therefore we propose to use symbol index 8. This corresponds to inter symbol distances 3 and 5 which allows for compensating large frequency offsets.
The total span in time of the TRS symbols within the slot would be 8 which is a bit short to give good frequency estimation accuracy (see section 2.2 and 6.3). 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.
[bookmark: _Ref490242204]The TRS burst length in one TRS configuration is 2 slots (X=2).
In the first slot of the TRS burst the OFDM symbols with index 5, 8 and 13 shall be used for the TRS. In the second slot of the TRS burst the symbol with index 13 shall be used for the TRS.
For self-contained operation, where HARQ-ACK is transmitted in the same slot as the PDSCH, the 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.
For cells where self-contained operation is utilized, only the symbols with index 5 and 8 shall be used for the TRS, and the same in both slots of the TRS burst.
At high frequencies PTRS can be used for frequency estimation and TRS is thus needed for time synchronization only. A single symbol TRS is sufficient. In this case, we propose to use the symbol with index 5 for the TRS allowing for early time synch.
At high frequencies, the TRS burst shall be one slot long. Hence, in one TRS configuration, the TRS burst length is one (X=1). In this case, the OFDM symbol with index 5 shall be used for the TRS.
To summarize, for the 14 symbol slot format we have three TRS burst formats to be supported:
· TRS burst Format 1: X=2 slots with TRS in symbol index 5,8,13 and 13 respectively
· TRS burst Format 2: X=2 slots with TRS in symbol index 5,8 and 5,8 respectively
· TRS burst Format 3: X=1 slot with TRS in symbol 8
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[bookmark: _Ref490148467]Figure 1 The proposed TRS burst formats for the 14 symbol slot format. 

[bookmark: _Ref490241973]Performance comparison of one and two-slot TRS formats
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[bookmark: _Ref490238402]Figure 2 Frequency estimation rms plotted versus SNR. Two and one slot TRS burst formats and 6Hz Doppler spread (Jake’s). The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs.
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[bookmark: _Ref490255028][bookmark: _Ref490255018]Figure 3 A one-slot, three TRS symbol TRS burst format selected for good frequency synchronization properties, considering co-existance with other RSs and PDCCH

In Figure 2 we show the frequency estimation accuracy for the one-slot (Figure 3) and two-slot (TRS burst format 1 in Figure 1) TRS burst formats for a system and TRS bandwidth of 50RB and in Table 1 we give the amount of resource elements utilized for different burst formats. Note that the two slot TRS with Sf=2 (1200 RE/burst) is roughly on par with the one slot TRS with Sf=1 (1800 RE/burst) which creates 50% more TRS interference.
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[bookmark: _Ref490239020]Figure 4 Throughput plotted versus SNR. Two and one slot TRS burst formats and 6Hz Doppler spread (Jake’s). The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs. The TRS burst periodicity was 20ms. For the genie frequency estimation a two slot TRS burst with Sf=4 was transmitted.
In Figure 4 we show the throughput for the one slot and two slot TRS burst formats (the TRS format in Figure 3 and TRS format a in Figure 1) for a system and TRS bandwidth of 50RB. In order to visualize the differences in a better way we show in Figure 5 the same results in terms of the throughput loss as compared to genie frequency estimation. We note that the two slot TRS with Sf=2 (1200 RE/burst) is roughly on par with the one slot TRS with Sf=1 (1800 RE/burst) at low SNRs. At medium and high SNRs the two slot TRS with Sf=2 is slightly better than the one slot TRS with Sf=1.
Additional simulation results for different bandwidths and Doppler can be found in section 6.4. We note also that although most of our simulations have been based on 15kHz subcarrier spacing frequency synchronization based on similar TRS patterns can be expected to work also in a system with 30kHz subcarrier spacing as explained in section 7.
The results on frequency estimation accuracy and throughput clearly support proposal 2 in section 2.1 to use the two-slot format for the TRS. For a good understanding of the benefits with unequal TRS burst inter symbol distances, see also section 6.3 where the comparison is simplified by being done at a fixed number of resource elements.
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[bookmark: _Ref490239022]Figure 5 Throughput loss compared to genie frequency estimation plotted versus SNR. Two and one slot TRS burst formats and 6Hz Doppler spread (Jake’s). The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs. For the genie frequency estimation, a two slot TRS burst with Sf=4 was transmitted.

[bookmark: _Ref490238566]Table 1 TRS burst Resource Element usage and TRS overhead for BW=B=50RB
	TRS burst
pattern
	Nr of symbols
per TRS burst
	Sf
	Nr of TRS REs
per TRS burst
	TRS OH 5ms
	TRS OH 10ms
	TRS OH 20ms
	TRS OH 40ms
	TRS OH 80ms

	Two slot
	4
	1
	2400
	5.7%
	2.9%
	1.4%
	0.7%
	0.4%

	Two slot
	4
	2
	1200
	2.9%
	1.4%
	0.7%
	0.4%
	0.2%

	Two slot
	4
	4
	600
	1.4%
	0.7%
	0.4%
	0.2%
	0.1%

	Two slot
	4
	6
	400
	1.0%
	0.5%
	0.2%
	0.1%
	0.1%

	One slot
	3
	1
	1800
	4.3%
	2.1%
	1.1%
	0.5%
	0.3%

	One slot
	3
	2
	900
	2.1%
	1.1%
	0.5%
	0.3%
	0.1%

	One slot
	3
	4
	450
	1.1%
	0.5%
	0.3%
	0.1%
	0.1%

	One slot
	3
	6
	300
	0.7%
	0.4%
	0.2%
	0.1%
	0.0%



[bookmark: _Ref490257570]TRS burst periodicity
One open issue is the required TRS burst periodicity where it was agreed in the last meeting that 5, 10, 20, 40, 80 ms should be considered. 
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 [4] Mediatek gave a worst-case frequency drift of 1.16 ppm/sec considering the slope in the temperature stability curve (ppm/oC), the temperature drift rate (oC/sec) and the experience learned from LTE. 
Demodulation aspects on TRS burst periodicity
Combining this worst-case frequency drift figure from a chipset manufacturer with simulations of the sensitivity of throughput to frequency errors (see Figure 6 and Table 7) we can calculate the worst-case throughput loss due to frequency drift for different TRS burst periodicities (see Table 2, Table 3, Table 4 and Table 5). 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 then we can use a TRS burst periodicity of 20ms to 80ms for different combinations of subcarrier spacing and frequencies (see Table 2).

[bookmark: _Ref490255555]Table 2 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: _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: _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. 
The TRS shall be configurable with a burst periodicity of 20 ms, 40 ms, and 80 ms.
[bookmark: _Ref490255559]Table 3 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 4 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 5 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 6 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%
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[bookmark: _Ref490255429]Figure 6   Sensitivity of throughput to a frequency offset for DMRS in symbols with index 3 and 10.
[bookmark: _Ref490255473][bookmark: _Ref490255454]Table 7 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%




DRX aspects on TRS burst periodicity
In R1-1710832 Mediatek gave a worst-case frequency drift of 1.16 ppm/sec considering the slope in the temperature stability curve (ppm/oC), the temperature drift rate (oC/sec) and the experience learned from LTE. Based on the worst-case drift Mediatek noted that the worst-case frequency offset is 0.16ppm x 2.56s x 5GHz = 2048Hz before waking up in DRX for a DRX cycle length of 2.56 seconds and carrier frequency 5GHz. Mediatek furthermore noted that with St=3 frequency offsets up to 2.33KHz can be handled without running into aliasing problems.
We note that for the TRS patterns proposed in this contribution the smallest inter TRS symbol distance is three symbols, allowing for simple estimation of frequency offsets up to 2.33KHz and thus supporting a DRX cycle length up to 2.56 seconds at 5GHz carrier frequency. Note that the TRS symbols with inter symbol distance three can be used for a first rough frequency estimate which can then be improved by using also the other TRS symbols, utilizing the rough estimate to resolve the phase ambiguity.
We note also that the frequency offset estimation range can be extended by making a number of hypothesis, for this case e.g:
· Hypothesis 1:  -2.3 kHz < frequency offset < 2.3 kHz
· Hypothesis 2:   2.3 kHz < frequency offset < 6.9 kHz
· Hypothesis 3:   -6.9 kHz < frequency offset < -2.3 kHz
By making a frequency estimation for each hypothesis using the hypothesis to resolve the phase ambiguity and then selecting the best fit, the frequency offset estimation range can be extended with a factor equal to the number of hypothesis you are prepared to make.
Wake up after DRX is not very time critical and making multiple frequency estimates is clearly acceptable. The UE can wake up for the last TRS burst before the end of the DRX period, perform the estimate and then go back to sleep until the end of the DRX period.
In this way, even longer DRX cycles than 2.56s can be supported.

TRS bandwidth considerations

[bookmark: _Ref490242573]Clearly the TRS must support both the minimum UE band width and the smallest carrier bandwidth to be supported by NR.
[bookmark: _Hlk490256903]At least one TRS configuration must comply with the minimum UE band width and the smallest carrier bandwidth to be supported by NR.
TRS bandwidth (B) equal to 24 RBs should be allowed to enable NR to operate in 5 MHz deployments.
[bookmark: _Ref490241998]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
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
Scrambling of TRS Comb in frequency using a PN sequence should be considered to randomize TRS interference.

Finally, to avoid data transmission and transmission of other signals on TRS resource elements it is useful to assign zero power TRSs.

Zero power TRS should be supported to avoid data transmission on TRS resource elements(REs) in case of multi-layer transmission. 

Fine synchronization for initial access

In the agreements from the RAN WG1 AH NR2 meeting it was agreed that how to handle the case of initial access and idle mode is FFS [1].  In this section, we discuss synchronization requirements for initial access.
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 subframes 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 [5]; 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 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 [2] a deployment example such as this is discussed showing that a 1.2 kHz frequency error and a ±2CP delay difference can occur.
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: _Hlk490256921]
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. 

A RAR transmission format with self-contained RSs to enable self-contained fine time and frequency synchronization is supported.
With this proposal, the network has the freedom to transmit the RAR from an arbitrary TRP and need not follow the same transmission strategy as the SSBlock, which may be using SFN. 

Conclusions
In this contribution, we made the following observations  
1. 	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;
1. 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.
At least one TRS configuration must comply with the minimum UE band width and the smallest carrier bandwidth to be supported by NR.
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. 
	 



Based on the discussion in this contribution we propose the following 
		 
1. The TRS burst length in one TRS configuration is 2 slots (X=2).
1. In the first slot of the TRS burst the OFDM symbols with index 5, 8 and 13 shall be used for the TRS. In the second slot of the TRS burst the symbol with index 13 shall be used for the TRS.
1. For cells where self-contained operation is utilized, only the symbols with index 5 and 8 shall be used for the TRS, and the same in both slots of the TRS burst.
1. At high frequencies, the TRS burst shall be one slot long. Hence, in one TRS configuration, the TRS burst length is one (X=1). In this case, the OFDM symbol with index 5 shall be used for the TRS.
1. The TRS shall be configurable with a burst periodicity of 20 ms, 40 ms, and 80 ms.
1. TRS bandwidth (B) equal to 24 RBs should be allowed to enable NR to operate in 5 MHz deployments.
1. Frequency shifted frequency combs should be considered to support multi-point transmission of TRS.
1. Scrambling of TRS Comb in frequency using a PN sequence should be considered to randomize TRS interference.
1. Zero power TRS should be supported to avoid data transmission on TRS resource elements(REs) in case of multi-layer transmission. 
1. A RAR transmission format with self-contained RSs to enable self-contained fine time and frequency synchronization is supported.
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Appendix 
[bookmark: _Hlk485400708]Iterative frequency estimation
As was discussed in [4] one way to handle large initial frequency offsets is to utilize iterative frequency estimation techniques.
Iterative techniques can be utilized when the TRS symbol distances are unequal. A first rough frequency estimate can be performed based on the TRS symbols with short inter symbol distances allowing for large initial frequency offsets without getting into problems with aliasing. A second refined estimate can next be performed based on all TRS symbols, using the rough estimate to resolve phase ambiguities.
As an example the iterative frequency estimation technique could be utilized for the two slot TRS burst pattern b) in Figure 1. The first two symbols in the burst could be used for the first rough estimate while all four symbols in the TRS burst could be used for the refined frequency estimate. The three symbol distance between the first two symbols in the TRS burst would allow for an initial frequency offset up to 2.33kHz for 15kHz subcarrier spacing.
Iterative methods can also be used to achieve consecutive refinements using the same set of TRS symbols in each iteration. This can be done both for TRS symbols with equal and unequal inter symbol spacing. Also here, the improvement comes from a reduction of phase ambiguity problems but in this case not related to the fundamental aliasing limit but rather to phase ambiguities related to the presence of noise.		
We have received some questions regarding how the iterative frequency estimation method works. Below we therefore give some more details.
High level description
Iterative estimation of the frequency can be performed in the following way
1. Down conversion of the received signal based on initial frequency estimate
2. OFDM demodulation (FFT)
3. Estimation of the frequency-offset based on a subset S1 of the TRS symbols in the TRS burst. This gives a first frequency offset estimate f1.
4. Resolve the phase ambiguity based on the first frequency estimate
5. Estimation of the frequency-offset based on a subset S2 of the TRS symbols using the resolved phases from step 4.

For the frequency estimation in step 3 and step 5 any method can be used. The key step is clearly step 4 which will be explained below.
In the case of unequal symbol spacing S1 would typically contain symbols that are closely spaced while S2 would be the full set of TRS symbols including large symbol spacings. In the case of equal symbol spacing S1 and S2 would typically both be equal to the full set of TRS symbols.
The iteration can obviously be continued an arbitrary number of steps.
The resolution of the phase ambiguity in Step 4 can be performed in the following explicit way:
The expected phase difference based on the first frequency estimate f1 between two consecutive TRS symbols is  where  is the time difference between the two TRS symbols. Calculate the phase difference  between the two symbols based on the received signals resolving the  ambiguity by selecting the phase   in the interval . Do this for all pairs of consecutive TRS symbols. Partial cumulative sums of  now give global phase information for all TRS symbols.
Alternatively, the resolution of the phase ambiguity in Step 4 can be performed implicitly by phase rotating the received TRS fourier coefficients:
Rotate the received TRS fourier coefficients with a phase by multiplying with  where  is the time of the start of the OFDM symbol (not the start of the CP).
If the implicit phase rotation method is used the frequency estimation in step 5 will give an estimate  of the residuary frequency offset relative to the first frequency offset estimate . The final estimate of the frequency offset is thus in this case 
Detailed example
Below we give a more detailed example for how iterative frequency estimation can be performed. 
Let the TRS burst be sent in symbols  counting symbols from the start of the TRS burst. Let  and Assume that in each TRS symbol the same subcarriers  are used to carry the TRS. Denote the TRS OFDM symbol in subcarrier  in symbol  by  and let be the received OFDM symbol in subcarrier  in symbol  (after down conversion and OFDM demodulation of the received signal).
De-rotate the received OFDM symbols to compensate for the TRS signal design (this step can be omitted if  is independent of i, i.e. if the TRS is the same for each symbol i).
 
Calculate the phase between consecutive received TRS symbols in S1 for each subcarrier k used for the TRS as
 
where the complex argument function arg gives a phase in the interval . Note that as an alternative implementation you could here filter or average over i before taking the complex argument.
If your favorite frequency estimation algorithm requires a global phase then calculate the global phase of each received OFDM symbol in S1 as a partial sum of the phase differences
 
Use your favorite frequency estimation algorithm (as an example you could simply average over  or perform linear regression of  as a function of t) to calculate the first frequency offset estimate  .


De-rotate all received OFDM symbols to help resolve the phase ambiguity in the second step of the iterative frequency estimation.
 
Note that the exponential is the same for all subcarriers in a given symbol. Note also that ti is a multiple of the symbol length and thus that only one exponential need to be calculated (or looked up in a table) in real time. The slightly longer CP length when crossing a slot border is less than one permille of the slot length and could be safely ignored in the phase rotation.
Calculate the phase between consecutive received TRS symbols for each subcarrier k used for the TRS as
 
Note that as an alternative implementation you could here filter or average over i before taking the complex argument.
If your favorite frequency estimation algorithm requires a global phase then calculate the global phase of each received OFDM symbol in S2 as a partial sum of the phase differences
 
Use your favorite frequency estimation algorithm (As an example you could simply average over  or perform linear regression of  as a function of t) to calculate the second frequency offset estimate  relative to the first frequency offset . The final frequency estimate is given by .

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 subframes.
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 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: _Ref490242935]Evaluation results - fixed number of TRS Resource Elements per TRS burst
In order to simplify the comparison of different types of TRS patterns all simulations in this section have the same number of TRS Resource elements per TRS burst, i.e. 384 RE. Thus, they all have the same overhead and create the same amount of interference. In all but three of the simulations an equal symbol spacing St=4 is used. In the remaining three simulations, an unequal spacing of four TRS symbols is used. The distance between the four TRS symbols in the unequal case is 4-4-19, where the short inter symbol spacing between the first three symbols ensures that aliasing effects can be avoided.
[bookmark: _Ref490256343]Varying Sf and the number of TRS symbols per TRS burst with fixed B=32 RB
From the results in Figure 8 and Figure 9 we note that frequency estimation accuracy and throughput improve with increasing number of TRS symbols per TRS burst and with increasing Sf for equal symbol spacing St=4. The largest differences in throughput are seen for an SNR of -4dB where the frequency estimation error rms is 23% lower and the throughput is 14% higher for 6 TRS symbols per TRS burst and Sf=6 compared with 2 TRS symbols per TRS burst and Sf=2.
We note that the unequal symbol spacing case outperforms all equal symbol spacing patterns. For an SNR of -4dB the frequency estimation error rms is 57% lower and the throughput is 7% higher for the unequal symbol spacing case compared with the best equal symbol spacing case (6 TRS symbols per TRS burst and Sf=6).
[image: X:\workspace\eperern_frequency_and_time_tracking_rs\repo\root\results\eperern_TRS_study_PragAugust2017\f_est_error_rms_384_TRS_RE_per_TRS_burst,_B=32,_St=4_+_unequal,_274996_275697.jpg]
[bookmark: _Ref490249305]Figure 8 Frequency estimation error rms plotted versus SNR. 384 Resource Elements were used for each TRS burst. The TRS bandwidth was fixed at B =32. The TRS periodicity was 20ms. The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs. 6Hz Doppler spread (Jake’s).
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[bookmark: _Ref490249311]Figure 9 Throughput plotted versus SNR. 384 Resource Elements were used for each TRS burst. The TRS bandwidth was fixed at SB =32. The TRS periodicity was 20ms. The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs. 6Hz Doppler spread (Jake’s).
[bookmark: _Ref490256387]Varying B and the number of TRS symbols per TRS burst with fixed Sf=3
From the results in Figure 10 and Figure 11 we note that frequency estimation accuracy and throughput improve with increasing number of TRS symbols per TRS burst and with decreasing TRS bandwidth B for equal symbol spacing St=4. For an SNR of -4dB the frequency estimation error rms is 13% lower and the throughput is 13% higher for 6 TRS symbols per TRS burst and B=16 RB compared with 2 TRS symbols per TRS burst and B=48 RB.
We note that the unequal symbol spacing case outperforms all equal symbol spacing patterns.
For an SNR of -4dB the frequency estimation error rms is 61% lower and the throughput is 12% higher for the unequal symbol spacing case compared with the best equal symbol spacing case (6 TRS symbols per TRS burst and B=16 RB).
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[bookmark: _Ref490249413]Figure 10 Frequency estimation error rms plotted versus SNR. 384 Resource Elements were used for each TRS burst. The TRS subcarrier spacing was fixed at Sf =3. The TRS periodicity was 20ms. The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs. 6Hz Doppler spread (Jake’s).
[image: X:\workspace\eperern_frequency_and_time_tracking_rs\repo\root\results\eperern_TRS_study_PragAugust2017\throughput_bps_trs_20ms_384_TRS_RE_per_TRS_burst,_Sf=3,_St=4_+_unequal,_274997_275702.jpg]
[bookmark: _Ref490249420]Figure 11 Throughput plotted versus SNR. 384 Resource Elements were used for each TRS burst. The TRS subcarrier spacing was fixed at Sf =3. The TRS periodicity was 20ms. The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs. 6Hz Doppler spread (Jake’s).
[bookmark: _Ref490256430]Varying B and Sf with a fixed number (4) of TRS symbols per TRS burst
From the results in Figure 12 and Figure 13 we note that frequency estimation accuracy improves slightly with increasing TRS bandwidth B and decreasing Sf for equal symbol spacing St=4. For an SNR of -4dB the frequency estimation error rms is 13% lower for B=48 RB, Sf=6 compared with B=8RB, Sf=1. The impact on throughput is, however, not significant.
We note that the unequal symbol spacing case outperforms all equal symbol spacing patterns. For an SNR of -4dB the frequency estimation error rms is 57% lower and the throughput is 10% higher for the unequal symbol spacing case compared with the best equal symbol spacing case (B=48 RB, Sf=6.
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[bookmark: _Ref490249799][bookmark: _Ref490249706]Figure 12 Frequency estimation error rms plotted versus SNR. 384 Resource Elements and four symbols were used for each TRS burst. The TRS periodicity was 20ms. The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs. 6Hz Doppler spread (Jake’s).
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[bookmark: _Ref490249802][bookmark: _Ref490249714]Figure 13 Throughput plotted versus SNR. 384 Resource Elements and four symbols were used for each TRS burst. The TRS periodicity was 20ms. The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs. 6Hz Doppler spread (Jake’s).

Discussion
The biggest impact on frequency estimation accuracy and throughput comes from extending the TRS pattern in time. In section 6.3.1 and section 6.3.2 we see this as an improvement when we increase the number of TRS symbols per burst at fixed TRS symbol spacing St=4. We see this also as an improvement when using unequal TRS symbol spacing, allowing a large extension of the TRS pattern in time without using an excessive number of TRS symbols. The effect is easy to understand since a large extension of the TRS pattern in time give a large phase difference to measure which in turn leads to better frequency estimation accuracy.
Fixing the TRS pattern in time we see a more limited improvement with larger TRS bandwidth at the cost of a decreased TRS density in frequency (see section 6.3.3).
In designing the TRS pattern a key factor is clearly to ensure a large extension in time while ensuring that aliasing effects are avoided.
[bookmark: _Ref490255219]TRS burst formats – performance comparisons
In this section, performance is evaluated in terms of user throughput and frequency synchronization performance comparing different TRS burst configurations. The comparison was done using the one slot (X=1) format a) in Figure 1 and the two slot (X=2) format b) in the same figure. Furthermore, the TRS bandwidth and the TRS subcarrier spacing was varied according to B = {24, 50} RBs, and TRS subcarrier spacing = {1, 2, 4, 6}.
Frequency and time synchronization for FFT window placement was performed using TRS only and channel estimation was done using DMRS only. 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 equal to 6 and 60 Hz. One TX and two RX antennas are used in these evaluations to model the deployment.  In all evaluations only one TRS burst was used to obtain synchronization, no averaging between TRS bursts was used.
Fine time and frequency synchronization impact of throughput
In Figure 14 -  19 throughput is plotted versus SNR with ideal FFT window placement and TRS based FFT window placement and frequency synchronization for the different TRS formats and Doppler spread. The black dashed line is the Shannon bound for AWGN considering the DMRS overhead and the CP overhead. The black dotted line use a genie window placement (GWP) method for positioning the FFT window and perfect frequency synchronization.
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[bookmark: _Hlk490248341]Figure 14 Throughput plotted versus SNR. Two-slot TRS burst formats (X=2) and 6Hz Doppler spread (Jake’s). The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs. 
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Figure 15 Throughput plotted versus SNR. Two-slot TRS burst formats (X=2) and 6Hz Doppler spread (Jake’s). The TRS bandwidth was 24 RBs and the PDSCH bandwidth was 24 RBs.
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Figure 16 Throughput plotted versus SNR. Two-slot TRS burst formats (X=2) and 60Hz Doppler spread (Jake’s). The TRS bandwidth was 50 RBs and the PDSCH bandwidth was 50 RBs.
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Figure 17 Throughput plotted versus SNR. Two-slot TRS burst formats (X=2) and 60Hz Doppler spread (Jake’s). The TRS bandwidth was 24 RBs and the PDSCH bandwidth was 24 RBs.
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Figure 18 Throughput plotted versus SNR. Two-slot TRS burst formats (X=1) and 6Hz Doppler spread (Jake’s). TRS bandwidth was 50 RBs and PDSCH bandwidth was 50 RBs.
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Figure 19 Throughput plotted versus SNR. Two-slot TRS burst formats (X=1) and 6Hz Doppler spread (Jake’s). TRS bandwidth was 24 RBs and PDSCH bandwidth was 24 RBs.


Frequency synchronization performance

For UE TX purpose the expected requirement on frequency accuracy is 0.1 ppm (of the carrier frequency), if the DL SNR is better than -6dB. For example, at 2 GHz, this would correspond to 200 Hz, and at 600 MHz we need to be within 60 Hz. 
In Error! Reference source not found., the95% percentile for the frequency synchronization error is plotted versus SNR with ideal FFT window placement and TRS based FFT window placement and frequency synchronization for the different TRS formats and Doppler spread.
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Figure 20 The 95 % percentile frequency synchronization error plotted versus SNR. The TRS band width was 50 RBs. Two-slot TRS burst format (X=2) and 6Hz Doppler spread (Jake’s)
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Figure 21 The 95 % percentile frequency synchronization error plotted versus SNR. The TRS band width was 24 RBs. Two-slot TRS burst format (X=2) and 6Hz Doppler spread (Jake’s)
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Figure 22 The 95 % percentile frequency synchronization error plotted versus SNR. The TRS band width was 50 RBs. Two-slot TRS burst format (X=2) and 60Hz Doppler spread (Jake’s)
[image: Nr2_fig_BB2_279018_279033_f_est_error_95percentile_abs]
Figure 23 The 95 % percentile frequency synchronization error plotted versus SNR. The TRS band width was 24 RBs. Two-slot TRS burst format (X=2) and 60Hz Doppler spread (Jake’s)
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Figure 24 The 95 % percentile frequency synchronization error plotted versus SNR. The TRS band width was 50 RBs. One-slot TRS burst format (X=1) and 6Hz Doppler spread (Jake’s)
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Figure 2526 The 95 % percentile frequency synchronization error plotted versus SNR. The TRS band width was 24 RBs. One-slot TRS burst format (X=1) and 6Hz Doppler spread (Jake’s)



[bookmark: _Ref490256986]OFDM sub-carrier spacing (SCS) and frequency synchronization
We will here investigate how frequency estimation works for different numerologies when we maintain the temporal TRS burst pattern so that the Inter TRS burst symbol distances as counted in number of symbols is kept independent of numerology. This means that the time between TRS symbols in seconds will be inversely proportional to the numerology .
We first give some nomenclature and simple facts for different numerologies. The subcarrier spacing  is proportional to the numerology :
 
The OFDM symbol time, the CP length and the total symbol time are all inversely proportional to the numerology :
 
 
Next we define the frequency offset  as the difference between the frequency used by the UE for downconversion and the frequency of the received carrier:
 
We note that assuming that the tx power density is unchanged – a change in numerology doesn’t change the tx power per Resource element.
The phase change phi between two adjacent symbols due to a frequency offset is:
                                                 (a)
We note that the phase change phi is independent of numerology if viewed as a function of  .
As already stated above we maintain the temporal TRS burst pattern so that the Inter TRS burst symbol distances as counted in number of symbols is kept independent of numerology.
We keep the number of symbols used for the TRS independent of the numerology, we just scale the time pattern as given above.
We also keep the number of TRS REs per TRS burst independent of numerology, which makes sense since the tx power per RE is independent of the numerology as long as the tx power density is fixed.
This means that also  (i.e. the number of TRS REs per TRS symbol) is independent of the numerology. As a consequence, we note that the tx power used for the TRS per TRS symbol is independent of numerology.
We have seen that performance is not strongly dependent on B and  as long as the number of resource elements used per TRS burst is kept constant. The exact choice of B and  is therefore not very important.
We note that the TRS overhead is unchanged if the TRS bursts periodicity is kept fixed as measured in seconds.
Since the number of symbols between the TRS symbols is independent of numerology also the phase difference (see eq (a) above) between the TRS symbols will be independent of numerology. 
With both the phase difference between the TRS symbols and the tx power per TRS symbol unchanged one would expect roughly unchanged frequency estimation accuracy in proportion to the subcarrier spacing (this is confirmed by simulations in Figure 26). One would also expect roughly unchanged impact on performance since the impact on performance comes from
a) the phase change between symbols (impacts DMRS filtering and interpolation),
b)  inter subcarrier interference
and both these depend on , i.e. on the frequency estimation accuracy in proportion to the subcarrier spacing.
Frequency estimation range
The frequency estimation range

where m is the minimum TRS burst inter symbol distance is proportional to .
The initial frequency offset can have different sources, e.g. initial frequency offset estimation error from an estimation based on the SS block, doppler shift, frequency drift during DRX.
The initial frequency offset estimation error from an estimation based on the SS block will also be proportional to  if the numerology of the SS block is also changed. The frequency range will thus scale appropriately. If the numerology of the SS block isn’t changed then the initial frequency offset will be independent of numerology. Thus, if the frequency range is sufficient for a low numerology it will be more than enough for a higher numerology.
The frequency drift during DRX and the Doppler shift are in principle independent of the numerology, but they are both proportional to the carrier frequency and the numerology is often scaled with the carrier frequency. For scaling of the numerology with the carrier frequency the frequency range will scale appropriately with the frequency drift during DRX and the Doppler shift. For a numerology change at fixed carrier frequency the frequency drift during DRX and the Doppler shift will be independent of numerology. Thus, if the frequency range is sufficient for a low numerology it will be more than enough for a higher numerology.
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Figure 26 A comparison of frequency estimation accuracy in proportion to the SCS between 30kHz SCS and 15kHz SCS. As can be expected from numerology scaling arguments the curve for 30kHz SCS with TRS-burst inter symbol distance 4-4-4 falls very close to the curve for 15kHz SCS with TRS-burst inter symbol distance 4-4-4 and the curve for 30kHz SCS with TRS-burst inter symbol distance 4-4-19 falls very close to the curve for 15kHz SCS with TRS-burst inter symbol distance 4-4-19. At large SNRs the frequency estimation accuracy in proportion to the SCS is a bit better for 30kHz SCS than for 15kHz SCS for fixed TRS-burst inter symbol distances as counted in number of symbols.
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