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1 Introduction

In order to demodulate data coherently, accurate channel estimates need to be provided. Furthermore, estimates of frequency errors and phase noise are needed for reliable communications. To acquire these estimates, reference symbols (RS) are transmitted, along with the data symbols.

In this contribution, considerations for RS positioning (both DMRS and additional RS for frequency error estimation and phase noise tracking) in the transmission interval (TI) are presented. By transmission interval here it meant the time period for transmission of a block of data on the physical layer, the block of data is typically scheduled in a single control message. See also an overview of proposed DMRS design principles in [1].
2 Discussion
As for LTE, NR will depend on DMRS for data demodulation. The optimal DMRS positioning within the TTI will depend on the use case.  Optimal DMRS placement, density, and periodicity varies, depending on the scenario. Due to the diverse use cases envisioned for NR, flexible RS patterns are needed in order to maximize link throughput. Having flexible DMRS patterns, however, comes at a cost in terms of system complexity.
2.1 DMRS position in transmission interval
A key feature of NR is the support it brings for low end-to-end latency. Data decoding should be performed with as short latency as possible. Since channel estimates are required for data demodulation and decoding, the position of the DMRS within the transmission interval has a large impact on processing time budgets. A schematic (as actual processing times for the indicated steps are highly implementation dependent) example of a processing time budget, for two different DMRS positions, is shown in Figure 1. As illustrated, placing the DMRS later in the TI will delay the decoding, and hence the earliest transmission of ACK/NACK, assuming a fixed processing time. It is therefore, from a latency perspective, preferred to have the DMRS placed early in the TI.
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Figure 1: Illustration of a processing time budget for two different DMRS positions.
In the light of the above discussion related to the improved processing time budget, the following proposal is put forward:

Proposal 1 NR should support Demodulation Reference Signals (DMRS) placed at the beginning of the TI, before the transmission of data symbols starts, or within the first symbols that carry data (if RS and data are mixed in the same symbol)
The accuracy of the channel estimate will decrease over time, e.g., due to frequency errors and/or a time varying radio channel. The channel estimate made at the beginning of the TI may therefore be inaccurate at the end of the TI – hence early DMRS is suboptimal from an equalization performance perspective. Instead transmitting the DMRS in the middle of the TI would improve the tolerance to time variations in the channel. Since the coherence time of the channel and mobile speed is inversely proportional, the tolerated terminal speed could therefore be significantly increased. For non-latency critical applications, it could therefore be beneficial to place the DMRS in the middle of the TTI. The benefit and system impact need to be further investigated. 
Proposal 2 Placing DMRS later in a TI might be motivated for time varying radio channels and where extremely low latency is not critical. Thus benefits of adding such a second DMRS configuration should be studied.
The DMRS placement options discussed above are illustrated in Figure 2 with a) according to Proposal 1, and b) according to Proposal 2.
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Figure 2 Schematic illustrations of two options for DMRS placement; a) is according to proposal 1, b) is according to proposal 2.
2.2 Multiple RS transmission instances in TI
NR should be designed for operation in a large number of different scenarios and use cases. It must support different carrier frequencies and different numerologies, allow for high Doppler, and at the same time be efficient in terms of energy and radio resource usage. It may be concluded that, from a link performance perspective, a single DMRS pattern is not optimal in all scenarios.
In high mobility scenarios, the Doppler spread of the channel can be large, leading to a short channel coherence time. At high carrier frequencies with a terminal moving at high speed, the coherence time of the channel is very short. A consequence of this is that the channel will vary over the TI, leading to a large degradation in decoding performance due to inaccurate channel estimates, assuming a single DMRS placed early. This can be combated by transmitting additional RS later in the TI, allowing for updated channel estimates or in some cases interpolation. Such action will provide accurate channel estimates throughout the TI, improving the decoding performance. Transmitting an additional DMRS in the second half of the TI would therefore be needed for such scenarios. For other scenarios, the extra overhead introduced by repeating DMRS is not motivated. Note that low latency decoding may still be achieved in this configuration. Figure 3 shows a schematic picture of possible DMRS configurations supporting higher speed.
It may also be noted that the fraction of the transmitted energy allocated to DMRS needs to be higher for low SINR compared to high SINR. Hence, even at low speed it may be motivated to support multiple DMRS patterns. In the low SINR, low speed case, however, the increase of DMRS energy allocation may be achieved also with all DMRS placed early in the TI.
Observation 1 Additional DMRS transmission instances later in the TI will be needed for high speed scenarios (high Doppler spread)
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Figure 3 Two options for repeating DMRS within TI in order to support higher speed according to observation 1.

An inherent problem for radio communication systems is that the carrier frequencies of the transmitter and receiver can be misaligned. This frequency difference will give rise to a frequency offset, equivalent to a Doppler shift, at the receiver. If left un-combated, this will have certain implications on the receiver performance. For example, the frequency offset will lead to interference between the OFDM subcarriers, leading to performance degradations. In order to allow for the offset to be estimated, and compensated for, additional RS separated in time are needed.  
Observation 2 An additional reference signal later in the TI might be needed for frequency offset estimation (Doppler shift). This additional RS may have lower frequency density than DMRS
An additional inherent problem in radio communication is phase noise. For NR, which is expected to be deployed at carrier frequencies of several tenths of GHz, phase noise is an even greater challenge. The reason is that phase noise increases with increasing carrier frequency. To a certain extent, phase noise can be reduced using high quality RF components. But for high volume mass market products that is not an option due to the inherent high cost of such components. The alternative is to allow for the receiver to estimate and track the phase noise, in order to adjust the phase of the received signal accordingly. To allow for this, additional RS are needed, potentially in every OFDM symbol. 

Observation 3 A reference signal with high density in time and low density in frequency might be needed for phase noise tracking
Note that the requirement of frequency offset estimation and phase noise tracking may be met by repeating the DMRS pattern with sufficient periodicity. His approach may, however, lead to excessive overhead. It is, as an example, not always necessary to have the same number of layers for DMRS as for the additional tracking RS. With the above observations in mind, we foresee a need for scheduling additional reference symbols, apart from DMRS, depending on scenario. Therefore, the following proposal is put forward:
Proposal 3 Allow for scheduling of additional RS throughout the TI to support frequency error estimations and phase noise compensation
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Figure 4 Schematic illustrations of placements of DMRS according to Proposal 3.
2.3 Multiple TI durations
As mentioned earlier, NR should support a large number of deployment scenarios and use cases. For latency critical applications short TI durations are key to allow for a short feedback loop. In such scenarios the payload size may be small, leading to a large control signal overhead. For other applications, such as mobile broadband, latency may not be as critical. This would call for long TIs, allowing for a reduced overhead, increasing the data throughput of the system. Depending on the choice of TI duration, the RSs should be designed accordingly. For example, the DMRS density in time should be larger for short TIs. For long TIs additional DMRS should be scheduled when needed in order to allowing for DMRS overhead reduction. 
Based on the above discussion, we propose the following:  
Proposal 4 Reference signal placement should depend on TI duration, such that the density in time of DMRS will be increased with shorter TIs.
Figure 5 shows a schematic illustration to the type of RS proposed in proposal 4.
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Figure 5 Schematic illustration of varying DMRS density depending on TI duration.

3 Conclusion

In section 2 we made the following observations:
Observation 1
Additional DMRS transmission instances later in the TI will be needed for high speed scenarios (high Doppler spread)
Observation 2
An additional reference signal later in the TI might be needed for frequency offset estimation (Doppler shift). This additional RS may have lower frequency density than DMRS
Observation 3
A reference signal with high density in time and low density in frequency might be needed for phase noise tracking


Based on the discussion in section 2 we propose the following:
Proposal 1
NR should support Demodulation Reference signals (DMRS) placed at the beginning of the TI, before transmission of data symbols starts, or within the first symbols that carry data (if RS and data are mixed in the same symbol)
Proposal 2
Placing DMRS in the middle of a TI might be motivated for time varying radio channels and where extremely low latency is not critical. Thus benefits of adding such a second DMRS configuration should be studied.
Proposal 3
Allow for scheduling of additional RS throughout the TI to support frequency error estimations and phase noise compensation
Proposal 4
Reference signal placement should depend on TI duration, such that the density in time of DMRS will be increased with shorter TIs .
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