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Introduction
The study item on New Radio (NR) Access Technology was approved in RAN#71 [1] with new use cases and requirements defined in [2]. Since then, several key technologies including advanced multiple antenna schemes, new waveforms and multiple access schemes, and communications in higher frequency bands have been proposed and agreed to be investigated [3]. The design of the NR reference signals (RS) is of critical importance to meet the performance targets.
In this contribution, we discuss the high level design considerations for several types of RSs that are important for the proper system operation: Channel State Information RS (CSI-RS), Sounding Reference Signal (SRS), Beam Measurement Reference Signal (BRS), and Data Demodulation RS (DM-RS).
CSI-RS Design
CSI-RS in LTE-A Pro
In LTE-A Pro (Rel.13 and Rel.14), two types of CSI-RS and associated CSI feedback configurations are supported [4]. The first type, which is known as Class A and uses non precoded CSI-RS, is used to achieve cell wide coverage and provides raw channel state information. The second type, which is known as Class B, on the other hand, uses beamformed CSI-RS. Beamforming provides higher penetration for the CSI-RS and provides a more precise representation of the CSI. In Class B, a UE may be configured with one or multiple CSI-RS resources. When multiple CSI-RS resources are used, each resource is beamformed with a static and cell-specific beam. UE-specific beamformed CSI-RS can be achieved when one CSI-RS resource is configured and UE specific beamforming is applied on a multiple number of ports.
Design Considerations
NR is required to support operation in a wide range of spectrum from sub-6GHz up to 70 GHz. In addition, it is expected that the number of antennas both at the eNB and UE sides will be significantly higher than LTE/LTE-A/LTE-A Pro. For example, up to 256 antennas are envisioned at the eNB while the number of antennas at the UE may be up to 32. Due to the complexities associated with employing such a large number of antennas, beamforming techniques other than fully digital beamforming have been agreed to be studied [5]. While digital precoding may be more feasible for lower frequencies, analog or hybrid digital/analog beamforming may be better suited for higher frequencies. Considering the above requirements, below we briefly discuss several considerations regarding the CSI-RS design for NR. In a companion contribution, our views on the CSI feedback are presented [6].
A new antenna model has been proposed for NR [3]. In this model, as illustrated in Figure 1, the base station may have several antenna panels, where an antenna panel is defined as a two dimensional planar array of antenna elements. According to this model, NR has to support a large number of antenna ports and antenna elements. With the introduction of panels, two important considerations that emerge are the synchronization between the panels and whether the quasi co-location (QCL) assumption holds. Although it may be assumed the transmit receive units within a panel are synchronised, synchronization between panels may not be possible to due to hardware constraints or usage of different local oscillators. In addition to this, depending on the placement of the panels, QCL assumption may not always hold. New virtualization techniques would be necessary to support this new antenna architecture so that a high number of antenna ports and different types of beamforming may be supported. These changes will require new CSI-RS design techniques to be studied in conjunction with the new antenna model. For example, when it is not feasible to virtualize antenna elements over non co-located panels, separate CSI-RSs may be configured for different panels.
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Figure 1 The antenna model proposed for NR [3]
Since NR is going to support a wide range of frequencies, a unified CSI-RS framework that includes all operational frequencies is preferable. Similar to the approach employed in FD-MIMO, two types of coverage may be beneficial. In case of sub-6GHz, both wide coverage CSI-RS (unprecoded) and high penetration CSI-RS (beamformed) may be considered. Beamformed CSI-RS may be dynamically configured and is used to enable more accurate, UE-specific CSI. In addition, high penetration CSI-RS is essential for higher frequencies due to the significant path loss experienced at those frequencies. A hierarchical beamformed CSI-RS can be used for better support of beam measurement with different beam widths [6].
Another important consideration is the overhead associated with the transmission of CSI-RS. In addition to the number of antenna elements and ports, the number of UEs that have to be supported by NR will also be significantly higher, resulting possibly in a significant CSI-RS overhead. One method to control the overhead and improve resource utilization may be on-demand transmission of beamformed CSI-RS. Another benefit of on-demand beamformed CSI-RS is reduction of inter-cell interference. Periodic transmission of CSI-RS is, on the other hand, advantageous for link maintenance and it may be transmitted less frequently and with wide coverage.

Proposal 1: Study a unified framework for CSI-RS that includes unprecoded and beamformed CSI-RS and on-demand transmission of the CSI-RS
Sounding Reference Signal Design
It has been shown that most gains in massive MIMO are attained in multiuser transmission mode and accurate CSI knowledge at the eNB is essential to achieve these theoretical gains [7]. One method for the eNB to acquire DL CSI, is implicit feedback which has been used since the early days of LTE. However, implicit CSI has several disadvantages. Firstly, it is difficult to scale it with increasing number of antenna ports and UEs. Secondly, for multiuser MIMO transmission mode, the information it provides regarding the multiuser interference is limited. One way to address these challenges is to provide explicit feedback of the CSI which also provides the eNB with more freedom in designing the precoding matrices or receiver filters [6]. 
An alternative method for explicit CSI feedback is to utilize sounding reference signals. The underlying assumption for the operation of the SRS is that the downlink and uplink channels are reciprocal and measurement of the uplink channel using the SRS provides knowledge about the downlink channel. Since the downlink and uplink channels use the same frequency band in TDD systems, channel reciprocity may be exploited. Details on how this may be used for uplink MIMO transmission are discussed in a companion contribution [12]. However, several important factors have to be considered.
Firstly, the applicability of channel reciprocity may depend on the number of Tx/Rx antennas, antenna configurations and beamforming capabilities. When the Tx and Rx use different antennas or antenna panels, or when the number of Tx and Rx antennas are different, channel reciprocity may not be attainable. Depending on the specific configuration, long term CSI or partial CSI may be obtained. In addition, for large numbers of antennas and RF chains, calibration may require too many additional circuits or excessive system overhead.
Secondly, the UE should support wideband SRS transmission for sounding the whole channel. This, however, may not be feasible, especially for power limited UEs and higher frequencies where path loss is larger. One solution may be to divide the channel into subbands and sound the subbands in a consecutive fashion at the expense of a feedback delay. We should note that the UE transmit power will impact the measurement accuracy, which in turn may adversely affect the throughput. For example, it is shown in [8] that, SRS impairments result in reduced throughput in SU-MIMO transmission compared to the LTE codebook based transmission.
SRS transmission may be precoded to mitigate the large path loss experienced at high frequencies and enable higher resolution CSI estimation at the eNB. Using the channel reciprocity property, the beam used for the SRS transmission may be determined from the beam used at the receiver. At lower frequencies, similar to the CSI-RS transmission, SRS may also be un-precoded to provide either wide coverage or precoded to provide higher penetration. Although LTE already supports unprecoded SRS transmission, the design may need to be revisited in the context of the new antenna model.
Another important factor to consider is the SRS overhead. It may be beneficial to enable dynamic SRS transmission that can be triggered by the eNB. This, however may result in excessive signalling overhead, especially as the number of UEs increases. Therefore, periodic or persistent SRs transmission may be used in certain cases to reduce signalling overhead. LTE already supports these modes of operation and can be used as a starting point. In addition, the required SRS density may change based on channel conditions, such as mobility and frequency selectivity. For less selective channels with low Doppler, lower density SRS may be sufficient while the density may need to be increased as the channel gets more selective or Doppler increases.
Finally, SRS design should take into account the pilot contamination problem which is a fundamental factor in limiting the massive MIMO performance [7]. The number of orthogonal SRSs should be maximized and coordination of SRSs across neighbouring cells may be considered.

Proposal 2: Study unprecoded and beamformed SRS design to exploit channel reciprocity
Proposal 3: Study methods to mitigate UL pilot contamination
Beam Measurement Reference Signal Design
Beamforming is critical to extend the coverage of NR in higher frequency bands. In RAN1 #85 [5] it was agreed that hybrid digital/analog beamforming techniques should be investigated. The transmitter and receiver beams have to be aligned to obtain the maximum signal power due to the highly directional nature of the beamforming based communications.  Since analog beamforming is applied after digital to analog conversion, measurement of the channel from individual antennas is not possible; instead the composite beamformed channel may be measured. Therefore, one method to determine the best direction is for the UE to measure the quality of various beams, select the beam with the higher signal power, and feedback the index of the selected beam to the eNB. The eNB has to transmit beamformed reference signals, referred to as the beam measurement reference signals (BRS) to facilitate these measurements.
The BRSs transmitted in a specific time interval should cover the whole angular domain to enable all UEs in the cell to perform measurements. This could be achieved by beam sweeping.  BRSs act like cell-specific reference signals and may be transmitted periodically. In addition, UE-specific BRSs may be used to refine the measurements taken from the cell-specific BRSs. For example, a UE may choose one of the beams using the periodic BRS; then the selected beam may be refined by having the eNB transmit UE-specific BRS to that UE with smaller beam width. The multiplexing of the BRS and data may depend on the type of the BRS and the width of the beam. The cell-specific BRSs may be transmitted on the whole OFDM symbol (using all of the subcarriers) while UE-specific BRS may be multiplexed with UE data in the frequency domain.
BRSs are important to determine the cell with the better coverage, and eventually perform handover, in scenarios where there mobility or blockage occurs. Therefore, reliable BRS measurement with inter-cell interference is required. Although spatial directivity naturally provides some level of immunity to interference, this may not always be sufficient, thus methods to orthogonalize the BRSs of neighbouring cells should be studied.

Proposal 4: Study design of cell-specific and UE-specific beam measurement reference signals 

DM-RS Design
The DM-RS is a key aspect of the NR design, because it directly impacts the channel estimation accuracy. It is accepted that the UE-specific, beamformed DM-RS philosophy of LTE should be continued to be used in NR. One of the important design criteria regarding DM-RS is the density of pilot symbols in time and frequency which may depend on the Doppler spread and channel delay spread respectively.  Given that NR has to support a variety of use cases with different requirements, and waveforms with multiple numerologies, the optimal density of DM-RS would be different for each set of parameters. Therefore, it may be necessary to support several DM-RS structures (mapping, density, sequence, etc.) corresponding to different scenarios.
In addition to supporting multiple DM-RS structures, it may be beneficial to adaptively control the amount of UE-specific resources allocated to the DM-RS based on channel conditions or service requirements. For example, in low SINR or for ultra-reliable applications, adding more RS resource will allow the receiver to estimate the channel more accurately so the data can be detected with low error rate. On the other hand, in high SINR or for high data rate applications, some of the resources, which otherwise would be used for transmitting RS, can be used to transmit data.
Another scenario where flexible assignment of DM-RS may be useful is low latency applications. To reduce processing delay incurred at the UE, channel estimation should be completed as soon as possible. To realize this, frame formats with reference signals at the beginning of the subframe have been proposed [9]. This design, however, may suffer from degradation in channel estimation accuracy due to variations of the channel within the subframe. One possible solution is to place additional DM-RS within the subframe and use the additional DM-RS to track the channel. Some waveforms can inherently support channel tracking. For example, the Unique Word (UW) DFT-s-OFDM waveform uses a deterministic sequence (the UW) instead of a cyclic prefix. Since the UW exists in all DFT-s-OFDM symbols, it may be used for channel tracking without any additional overhead [10].
In addition to the above, new technologies studied for NR may require new DM-RS design approaches. One such technology is non-orthogonal multiple access (NOMA).  NOMA schemes may need to support scheduled and synchronous access, as well as grant-free and (potentially) asynchronous access [11]. The accuracy of channel estimation is critical for the operation of these schemes.  For NOMA applications utilizing scheduled based access, orthogonal allocation of the DM-RSs may be used to help increase the channel estimation accuracy. On the other hand, for grant-free communications, collisions between transmissions of different UEs will likely occur and DM-RSs will experience interference. This interference may be from the DM-RS of other UEs (for example when the transmissions are synchronous) or from the data of other UEs (for example when the transmissions are asynchronous). Therefore, DM- RS design should be robust enough to meet the requirements in such scenarios.
Another factor that may impact the design of DM-RS is the use of multiple numerologies within a carrier. To reduce the interference between the subbands of different numerologies, methods such as filtering and windowing have been proposed. Depending on the specific filter/window design, the adjacent channel interference may still be significant, especially on the edges of a subband. This may impact the channel estimation accuracy due to the higher level of interference experienced by the RSs on the edges.
Finally, an important are of study is the DM-RS design for higher frequencies. In addition to data demodulation, beamformed DM-RS is also required to decode the system information carried in the broadcast channel so that initial access can be performed. The DM-RS sequence index and other relevant parameters needed to decode the system information may be acquired after synchronization is achieved. The robustness of DM-RS to phase noise and whether a special RS is required for phase tracking should also be investigated.

Proposal 5: Study a flexible framework for DM-RS design applicable to all NR usage scenarios
Proposal 6: Investigate robust DM-RS structures for new use cases such as non-orthogonal multiple access

Summary
This contribution discussed high level design considerations for several types of RSs for NR. The following was proposed:
Proposal 1: Study a unified framework for CSI-RS that includes unprecoded and beamformed CSI-RS and on-demand transmission of the CSI-RS
Proposal 2: Study unprecoded and beamformed SRS design to exploit channel reciprocity
Proposal 3: Study methods to mitigate pilot contamination
Proposal 4: Study design of cell-specific and UE-specific beam measurement reference signals 
[bookmark: _GoBack]Proposal 5: Study a flexible framework for DM-RS design applicable to all NR usage scenarios
Proposal 6: Investigate robust DM-RS structures for new use cases such as non-orthogonal multiple access
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